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Foreword

The World Ccean Circul ati on Experinent (WOCE) was born of the juncture of
three circunstances:

1. A need, arising fromthe inception of the Wrld Cimte Research Programme
(WCRP). It was recogni zed by both meteorol ogi sts and oceanogr aphers that
t he decadal and |onger variations in the climte depend critically on the
behavi our of the global oceans.

2. An ability, arising fromthe advent of new in situ and satellite
instrumentation to observe as never before the global oceans. The
dermonstrated capability of Seasat to make useful measurenents of the sea
surface elevation and the prospect that there would be other
altineter-carrying satellites was a crucial factor. At the same tine,
continuation of the rapid advances in computer capability promsed to
greatly facilitate both the design and the analysis of a global
oceanogr aphi ¢ experinment and the incorporation of the oceans in global
climte nodels.

3. A willingness, arising fromthe recognition by a substantial portion of
the world' s oceanographic community that the time was ripe to turn again
to | arge-scal e oceanography fromthe process studies which have dom nated
the attention of oceanographers in recent decades.

Thus, A World Circulation Experiment was one of the proposals considered
by the very first neeting of the Conmittee on Climatic Changes and the Ccean
(CCCO in 1979. The Joint Scientific Committee (JSC) and CCCO jointly
sponsored a major neeting of oceanographers and meteorologists in md-1982 in
Tokyo to consider a |arge-scal e oceanographi c experiment in the WCRP. Its
first reconmendati on was that there should be "a Wrld Ccean Circul ation
Experinment to understand quantitively the present state of the general
circulation, in order to assess the sensitivity of the climte systemto
changes in external forcing, whether natural or anthropogenic, on time scales
of decades to centuries should be inplenmented vigorously".

In 1983 the CCCO and the JSC jointly established a Scientific Steering
G oup for WOCE which has produced this scientific plan for The Wrld Ccean
Circul ation Experiment.

It is our expectation that this plan will contribute inportantly to the
devel opment of this crucial experiment within the Wrld Cimte Research

Programe.

AN ANE N

Sir John Mason Chairman P

Joint Scientific Committee P

R W Stewart Chairman /
Conmittee on Cimtic Changes and the Qcean
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Preface

This Scientific Plan for the Wirld Ccean Circul ati on Experinent describes
the strategy for one of the principal projects of the Wrld Cimte Research
Programme. It was developed in response to a decision to give high priority in
the WCRP  to inproving our ability to nodel the ocean circulation. This is a
pre-requisite for devel oping the gl obal coupled ocean-atmsphere nodel s needed
for decadal climate prediction, stream 3 of the WCRP.

WOCE will be the first attenpt to survey the oceanic circulation globally
for a brief period. The aimis to collect a data base that will support the
devel opnent of the gl obal eddy-resolving ocean circulation nobdels that will
becone feasible with increased computer power by the end of the century. WOCE
wi Il carry oceanography into a new era of global analysis and nodelling,
simlar to the advance in meteorology as a result of the gl obal weather
experinent in the 1970's.

The devel opment of satellite observing techniques, in particular, radar
altinetry and scatterometry, has nade possible systematic gl obal napping of
seasurface height and windstress as well as providing information on the
surface fluxes of heat and water. Satellites especially designed for this
purpose will be launched at the end of this decade and the begi nning of the
next. The programme of in-situ neasurements planned for WOCE is designed to
ensure that the nost detailed possible description of the ocean circulation is
obtained concurrently with the satellite observations. These neasurenents are
to be focussed in three core projects outlined in the scientific plan. They
will require a massive deploynment of existing oceanographic research vessels
and instruments, and the investnent of substantial additional resources. It
will also be necessary to upgrade existing procedures for data exchange,
processing and archiving, and to establish special data analysis centres to
create the data bases required for diagnostic and prognostic nodelling. This
Scientific Plan describes the goals and objectives of WOCE and a strategy for
achieving themin terns of the three core projects and the associ ated nopdel
devel opment programme. The broad strategy outlined here will be elaborated and
expanded during the next year or so during the preparation of the WOXCE
| npl enentation Plan. These two docunents will provide individual scientists,
institutions and nations the basis on which to assess their particular
opportunities for participating in WOCE and, to develop their own research

pl ans.

The success of a great scientific endeavour, such as WOCE, depends on the
degree to which individual scientists can contribute to its objectives and
participate init. This will involve decisions on the allocation of existing
resources, and the search for additional neans to carry out personal projects
that fit within the WOCE franework, especially during the intensive observing
period (circa 1990-95). Sone of the elenments of WOCE will be far nore
expensive than those normally carried out by individual scientists and
institutes. Thus, decisions of national authorities or funding agencies to
provide additional resources will be critical to the inplementation of WXCE
Al though there are still five years before the start of the WOCE Intensive
Observing period, the long lead time for acquisition of major facilities and
for scheduling existing resources neans that it is already beconing urgent for
scientists and agencies to decide how they will contribute to the experinent.
Some countries have established national scientific conmittees for WOCE to
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focus discussion on these issues. The scientific steering group welcones this
devel opment as a useful nechanism for the planning of WOCE in those nations
with scientists interested in participating in the experinent.

The success of WOCE will bring benefits to many marine disciplines, going
beyond the particular WRP objectives which guide the experinental design. In
some countries, the notivation for participation may be influenced by potential
benefits other than decadal climate prediction and contributions to WOCE may be
part of broader national research programmes involving elenments that are not
specified in the WXCE core projects. National WOCE conmittees may fornulate
their own goals and objectives, consistent with their own constraints, but
meshing with the WXCE goals, objectives and core projects described in the

Scientific Plan. The degree of overlap of a national programre with the
international plan will determne the |evel of the national contribution to
W\OCE.

The scientific benefits arising from participation in WOCE will come from
access to mmjor facilities such as dedicated research vessels, from priority
use (on the short tern) of data collected individually in conponent activities,
and from priority access (on the longer ternm) to the higher level data sets
derived from the contributions of nany participants. Eventual ly, of course,
the WOCE data base will becone generally available for the scientific comunity
at large through the world data centres.

F.P. Bretherton \{%{ej/
Co- Chai r man :

WOCE Scientific Steering Goup

J.D. Wods AUR~ '> {/\)au =
Co- Chai r man ; —
WOCE Scientific Steering Goup




Summary

Goals and Objectives of the Programme

Stream Three of the Wrld Cinmte Research Programme (WCRP) ains at
characterizing variations of climte over periods of several decades and at
assessing the potential response of clinmate to either natural or nan-nade
influences, such as the increase in the atmospheric concentration of carbon
di oxi de. On decadal time scales, the nmajor scientific problemlimting
climate prediction is the inability to describe and nodel the circul ation of
the World Ccean. Thus, the World Ccean Circul ation Experiment (WOCE) has
been designed to be the principal activity within Stream Three of the WCRP.
This Scientific Plan articulates the rationale for the Experiment and
outlines a coherent and feasible approach to the objectives within which nmore
detailed planning can take place. It also provides a framework within which
the relevance of individual proposals and national contributions may be
j udged.

In order to plan WOCE, the organizers of the WCRP have established the
WOCE Scientific Steering Goup (SSG, supported by the WOCE International
Planning Office in the UK  The SSG have set the follow ng two basic goals
for the experiment;

- ©Goal 1: To develop nodels useful for predicting climte change and to
collect the data necessary to test them

- Goal 2 To deternmine the representativeness of the specific WOCE data
sets for the |ong-term behaviour of the ocean, and to find methods for
determining long-term changes in the ocean circulation.

Each of the goals has been further expressed in terns of several
specific objectives.

For CGoal 1 (which forns the basis of mpbst of the considerations of the
current Scientific Plan), the specific objectives concern certain aspects of
the global fluxes of heat and fresh water, the dynam cal bal ance of the
| arge-scale circulation, the statistical description of the variability, and
water mass formation and nodification. Each of these objectives is discussed
in some detail in the Scientific Plan.

Coal 1 addresses the devel opment and testing of global eddy-resolving
t her modynani cal | y-active nodels for predicting decadal climte change.  Such
model s are beyond present resources but it is anticipated that the next
generation of conputers, available within a few years, will nmake it possible
to use such nodels for ocean basins for extended periods of time. By the end
of the century conputer capacity should allow the nodels to be used gl obally
and the data sets to be collected during the observational phase of WOCE will

be sorely needed.

Observational Programme

The translation of the objectives of Goal 1 into practical experinental
design will involve naking decisions about priorities regarding calls on
resources available within the international community. In order to
facilitate this process, the Scientific Plan identifies three main thrusts or

"Core Projects" that will have top priority.



The Core Projects are:

- Core Project 1 - The dobal Description ains to obtain data that wll
give quantitative global descriptions of the circulation of heat, fresh
water and chemicals and of the statistics of eddies. These constitute a

basic description of the circulation of the Wrld Ccean. Conpari son
with model sinulations based on surface fluxes observed at the sane tine
will provide a powerful test of the nodels. The differing roles of the

various oceanic basins in transferring heat and fresh water and the
degree of regional agreenent between nodels and the Core Project 1 data
set will be of particular inportance. The description of the gl obal
ocean required for this purpose nust be of simlar quality to that
presently available for the North Atlantic with the addition of the
measurenent of sea surface elevation and fluxes by satellite-borne
syst ens.

- Core Project 2 - The Southern (Ccean Experinent is concerned with the
Antarctic Grcunpolar Current and its interactions with the oceans to

the north. This connection of the najor ocean basins in the Southern
Ccean leads to the requirenment that the observational strategy for
studying the oceanic heat flux must be global in nature. O inportance

are also the large quantities of heat supplied at low latitudes and | ost
to the atnosphere south of the Circunpolar Current as well as the
formation of water masses to the north.

Core Project 3 - The Gyre Dynamics Experiment is designed to neet the
objective of devel oping accurate eddy-resolving general circulation
nodel s by a conbination of nodelling and experinents that will directly
address key aspects of the dynamical balance of the circulation and its
response to decadal changes in surface forcing. Priority will be given
to studying processes that are likely to be the preoccupation of
nodellers at the end of the century when increased conmputer power has
hel ped solve many of today's problens but nany inmportant processes will
still need to be paraneterized.

Observing Systems

Al t hough the details of the field progranme are not fixed, its broad
outline is clear. The extrenmely diverse types of observations required and
the multi-year character of WOCE will require the fullest exploitation of the
capabilities and resources of oceanographic institutions around the gl obe.
Since the experiment is global in nature, the major observational systens
will be deployed in all oceans. Si mul t aneous neasurenents wll only be
i mposed where absolutely necessary. The flexibility inherent in the existing
arrangenments for cooperative research in the world-w de oceanographic (and
nmeteorol ogical) comunity will be exploited as far as possible.

Major elements of the WOCE field programme include

- Satellite observing systens including at |east high accuracy altineter
nmeasurenent of sea-surface elevation and scatteroneter nmeasurenent of
surface stress. The expected availability of these systens has led to
initially setting the dates for the Intensive Cbservation Period of WXCE

as 1990-1995.

- A Shi p-based programe to neasure the global fields of tenperature,
salinity, nutrients, oxygen, tritium helium3, fluorocarbons, etc. as
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wel |l as dynamic topography to the extent that major features are
contourable at all depths. This programe will require dedicated
research vessels staffed by teans of skilled and experienced
oceanographers  with the highest quality land-based |aboratory
facilities.

- The measurenent of surface ocean fluxes of heat, water and nomentum
using neasurenents from satellites, ships and buoys and the anal yses of
at nospheric general circulation nodels.

- A system of tide-gauges especially selected to neet WOCE needs within
the 10Cs G obal Sea Level Ohserving System

- Floats and drifting buoys to neasure the interior and surface ocean
velocity and dispersion.

- Avariety of standard oceanographic instruments such as current neters
and acoustic velocity profilers as well as techniques under devel opnent,
such as acoustic tonography which nay be used for either routine or
specialised nmeasurenents.

Data Management

Data nanagenent for WOCE should nmesh closely with that for TOGA but with
some shift in enphasis towards del ayed-node quality-controlled data sets. It
shoul d include the assessment of the utility of existing data types in
achi eving WOCE objectives, the assenblage of existing data for WOCE purposes,
the assenbl age of data sets to be used as boundary conditions on ocean
model s, and the assenblage of data sets for the critical assessnent of
theories and nodel s.

The framework of WOCE data nmangenent has been outlined and will, where
possible, use existing oceanographic data handling systems and archives. O
importance to WOCE will be the establishnment of Special Analysis Centres for
the analysis and preparation of higher level data sets of a particular type
and the creation of a Data Information Unit to keep track of data in such a
way as to assist participants in obtaining the data sets nost able to neet
their particular needs.



- Xiii -

RESUME

BUTS ET OBJECTIFS DU PROGRAMVE

Le troisiéene volet du Programme nondial de recherches sur le clinat
(PMRC) tend a déternminer les caractéristiques des variations du climt sur
pl usi eurs décennies et a évaluer les réactions potentielles du climt a des
i nfluences naturelles ou anthropiques telles que |'augnentation de |la concen-
tration de gaz carboni que dans |'atnosphere. A |'échelle de décennies, la
principale difficulté scientifique qui fait obstacle a la prévision du climat
tient a |'inpossibilité de décrire et de nodéliser la circulation de |'océan
mondi al . Ainsi, |'expérience nondiale concernant |a circulation océanique
(WCE) a été congue pour étre la principale activité au titre du troisiene
volet du PMRC. Ce plan scientifique définit la raison d étre de |'expérience
et décrit une approche cohérente et possible des objectifs de nature a pernet-
tre une planification plus détaillée. Ce plan définit aussi |le cadre propre a
permettre d' évaluer la pertinence des différentes propositions et contribu-
tions nationales.

Pour planifier |'expérience WOCE, |es organisateurs du PVMRC ont créé
l e Groupe directeur scientifique pour WOCE qui bénéficie de |'appui du Bureau
international de planification de WOXCE au Royaune- Uni. Le G oupe directeur
scientifique a défini ainsi les deux buts essentiels de |'expérience

But 1 : élaborer des nodéles utiles pour prévoir |es changenments cli-
mati ques et collecter |es données nécessaires pour |es expérimenter;

But 2 : détermner le caractére représentatif des jeux de données
spéci fi ques de WOCE pour étudier |e conportenent a long terne de
| " océan et rechercher |es méthodes propres a pernettre de déterm ner
les variations a long terme de la circulation océanique

Chacun de ces buts conporte en outre plusieurs objectifs spécifiques

S agissant du but 1 (qui constitue la base de |a plupart des considé-
rations du plan scientifique actuel), |les objectifs spécifiques concernent
certains aspects des flux mondiaux de chaleur et d eau douce, |'équilibre
dynanique de la circulation a grande échelle, |a description statistique de |a
variabilité et la formation et la nodification des nmasses d'eau. Chacun des
ces objectifs est examné en détail dans le plan scientifique.

Le but 1 traite de |'établissement et de |'expérinentation de nodél es
mondi aux actifs sur |e plan thernpbdynam que tenant conpte des phénongnes de

turbul ence pour prévoir les variations climatiques a |'échelle d'une
décenni e. Ces nodél es ne peuvent étre construits a |'aide des ressources
actuelles, mais il est prévu que la prochaine génération d ordinateurs, qu

sera disponible dans quel ques années, pernettra d' utiliser ces nodel es pour
| es bassins océani ques pendant de | ongues périodes. Dici la fin du sieécle,
| a capacité des ordinateurs devrait pernmettre d utiliser les nodéles a
' échelon nondial et les jeux de données devant étre recueillis pendant |a
phase d'observation de WOCE deviendront absol unent indispensables
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SYSTEMES D OBSERVATI ON

Les détails du programe sur le terrain ne sont pas encore fixés, mis
ses grandes lignes sont clairement établies. Les types extrémenent divers
d' observations nécessaires et le caractére pluriannuel de 1'Experience WOCE
appel leront |'exploitation la plus large possible des moyens et des ressources
des institutions océanographi ques de |'ensenble du nonde. Conme |'expérience
a un caractere nondial, les principaux systémes d' observation seront dépl oyés
dans tous |les océans. Des nesures sinultanées ne devront étre faites qu'en
cas d'extréne nécessité. On tirera parti dans toute |a nmesure du possible de
| a soupl esse inhérente aux arrangenents existants en matiére de recherche en
commun au sein de |a comunaut é océanographi que (et météorol ogi que) nondiale

Les principaux éléments du programme WOCE sur |e terrain conprennent
not amment

- des systenes d' observation par satellite, y conpris au noins une
nmesure a |'aide dun altimetre de grande précision de |'altitude
de la surface de la ner et la nmesure a |'aide d' un diffusionmetre
des contraintes exercées sur |la surface. La possibilité de
di sposer prochai nement de ces systénes a conduit a fixer initiale-
ment |les dates de |la période d observation intensive de WOXCE a
1990- 1995s;

- un programme exécuté a |'aide d un navire pour mesurer les chanps
mondi aux de la tenpérature, la salinité, les élénments nutritifs,
| " oxygéne, le tritium |'hélium3, les fluorocarbures, etc., ains
que | a topographie dynam que dans la mesure ou |es courbes des
princi pal es caractéristiques peuvent étre établies a toutes les
profondeurs. Ce programme nécessitera |'utilisation de navires de
recherche spéciaux sur lesquels travailleront des océanographes
qualifiés et expérinentés en liaison avec des installations de
| aboratoire a terre de trés grande qualité;

- la mesure des flux océaniques superficiels de la chaleur, de |'eau
et de la quantité de nouvenent & |'aide de satellites, de navires
et de bouées et |les analyses des nodéles de la circulation
général e atmosphéri que;

- un réseau de marégraphes spécial enent sél ectionnés pour répondre
aux besoins de WOCE dans |l e cadre du systene nondial d'observation
du niveau de la ner de la CO;

- des flotteurs et des bouées dérivantes pour mesurer la vitesse et

la dispersion a |'intérieur et a la surface de |'océan;

- différents instruments océanographiques normalisés tels que les
courantonetres et des dispositifs acoustiques de nesure des
vitesses ainsi que des techniques en cours d' élaboration, telles
que la tonographie acoustique qui pourrait étre utilisée pour des
mesures courantes ou spécialisées.
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PROGRAMVE D' OBSERVATI ON

La traduction des objectifs du but 1 dans des activités expérinental es
pratiques appellera des décisions au sujet des priorités concernant |'utilisa-
tion des ressources disponibles au sein de la conmunauté internationale. Pour

faciliter

ce processus, le plan scientifique définit trois grandes conposantes

ou projets de base qui revétiront la plus haute priorité

Les projets de base sont |es suivants

Projet de base 1 - La description nondiale tend a recueillir des
données qui permettront d' établir des descriptions quantitatives
mondiales de la circulation de la chaleur, de |'eau douce et des

produits chimques, et des statistiques sur les tourbillons. 1]

s'agit la de la description de base de la circulation de |'océan
nondi al . Une conparai son avec des sinulations de nodéles sur la
base de courants de surface observeés sinmultanément pernettra
d' expérinenter trés concretenent |es nodeles. Les rOes distincts
que jouent les différents bassins océaniques dans le transfert de
la chaleur et de |'eau douce et |le degré de concordance régional e
entre les nodeles et le jeu de données du projet de base 1 revé-

tiront a cet égard une inportance particuliere. La description de
| ' océan nondial nécessaire a cette fin doit étre d une qualité
simlaire a celle dont on dispose actuellement pour |'Atlantique
Nord et conporter égalenment la mesure de |'altitude de la surface
de la mer et des courants par des systémes installés a bord de

satel lites.

Projet de base 2 - L'Expérience concernant |'océan Austral porte
sur le courant circunpolaire antarctique et ses interactions avec
l es océans en direction du nord. Cette relation entre |es grands

bassi ns océani ques de |'océan Austral nontre qu'il est nécessaire
que la stratégie d observation appliquée pour étudier les flux de
chal eur océanique ait un caractére nondial. Les grandes quantités

de chaleur fournies a basse altitude et perdues dans |'atnosphére
au sud du courant circumpolaire ainsi que la formation des masses
d' eau en direction du nord revétiront égal ement une grande inpor-

tance.

Projet de base 3 - L'expérience concernant |a dynami que des tour-
billons tend a répondre a |'objectif visant a établir des nodéles
précis de la circulation générale tenant conpte des phénonenes de
turbul ence en entreprenant des travaux de nodélisation et des
expériences qui traiteront directenent des aspects essentiels du
bilan dynamique de la circulation et de sa réaction aux variations
du forcage a la surfacea |'échelle d' une décennie. La priorité
sera accordée a |'étude des processus qui seront susceptibles de
préoccuper |es concepteurs des nodeles a la fin du sieécle |orsque
| "accroi ssement de la capacité des ordinateurs aura sans doute
perm s de résoudre certains des problenmes actuels mais qu'i
faudra encore paramétriser de nombreux processus inportants.
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GESTI ON DES DONNEES

La gestion des données pour WOCE doit étre assurée en étroite coordi-
nation avec celle de TOGA mai s en accordant une plus grande inportance aux
jeux des données en différé ayant fait |'objet d un contrb6le de qualité
Cette activité devrait conporter |'évaluation de |'utilisation des types de
données existants pour atteindre |es objectifs de WOCE, |e rassenbl ement des
données exi stantes aux fins de WOCE, |'assenbl age des jeux de données devant
étre utilisés comme conditions aux limtes sur |es nodéeles océaniques et
| ' assenbl age des jeux de données pour procéder a |'évaluation critique des
théories et des nodéles.

Le cadre de la gestion des données de WOCE a été défini et, dans toute
la nesure du possible, les systenes et les archives de traitement des données
océanogr aphi ques existants seront utilisés. La création de centres spéciaux
d' anal yse pour procéder a |'analyse et a |'établissenment de jeux de données de
plus grande qualité d' un type particulier et la création d un bureau de
|"information sur |es données pour pouvoir localiser |les données de facon a
aider les participants a recueillir les jeux de données répondant |e meuxa
|l eurs besoins particuliers revétiront une grande inportance pour |'expérience
WOCE
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RESUMEN

Chjetivos y fines del program

La tercera corriente del Programa Mundial de Investigaciones Climaticas
(PMIC) tiene por finalidad caracterizar las variaciones del clima durante periodos de
varios decenios y evaluar la posible reaccion del clima ante influencias naturales o
artificiales, como, por ejemplo, el aumento de la concentracién de anhidrido carbdnico
atmosférico. En las escalas cronolégicas decenales, el principal prohlema cientifico que
limita la prediccion climética es la incapacidad para describir y establecer un modelo de
la circulacion oceanica mundial. Asi, el Experimento Mundial sobre la Circulacion
Oceanica (WOCE) constituye la principal actividad dentro de la tercera corriente del
PMIC. Este plan cientifico describe con claridad la razdn de ser del experimento y esboza
un enfoque coherente y viable de los objetivos en el contexto de los cuales podra
realizarse una planificacion mas detallada. Proporciona también un marco dentro del cual
cabe estimar la importancia de las propuestas individuales y de las contribuciones
nacionales.

A fin de planificar el WOCE, los organizadores del PMIC han establecido el
Grupo de direccién cientifica del WOCE, apoyado por la Oficina Internacional de
Planificacion del WOCE en el Reino Unido. EI mencionado Grupo ha establecido los dos
objetivos bésicos siguientes del experimento:

Objetivo 1: Elaborar modelos Utiles para la prediccion de los cambios
climaticos y concentrar los datos necesarios para probar aquéllos.

Objetivo 2: Determinar la representatividad de las series de datos
especificos del WOCE sobre cl comportamiento a largo plazo del océano,
y buscar métodos para determinar los cambios a largo plazo de la
circulacion oceénica.

Cada uno de los objetivos se traduce después en una serie de fines especificos.

En el caso del Objetivo 1 (que constituye la base de la mayoria de las
consideraciones del plan cientifico actual), los fines especificos se refieren a
determinados aspectos de los flujos mundiales de calor y agua dulce, el equilibrio dindmico
de la circulacién en gran escala, la descripcion estadistica de la variabilidad, y la
formacion y modificacion de la masa de agua. Cada uno de estos fines se examina con
cierto detalle en el plan cientifico.

El Objetivo 1 trata del desarrollo y verificacion de los modelos mundiales de
resolucion vorticial activos desde el punto de vista termodindmico para la prediccion de
cambios climaticos decenales. Tales modelos estan fuera de alcance teniendo en cuenta
los recursos actuales, pero se prevé que la proxima generacién de ordenadores, disponible
dentro de unos afios, permitird utilizar tales modelos en las cuencas oceanicas para
periodos de tiempo dilatados. Antes de terminar el siglo, el aumento de la capacidad
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de los ordenadores permitird la utilizacion de modelos a escala mundial y las series de
datos que se concentren durante la fase de observacion del WOCE seran muy necesarias.

Program de observacl ongs

La traduccién de los componentes del Objetivo 1 en un disefio experimental de
caracter practico implicara la toma de decisiones acerca de las prioridades en el momento
de recurrir a los recursos disponibles en la comunidad internacional. A fin de facilitar
este proceso, el plan cientifico identifica tres iniciativas principales o proyectos centrales
qgue merecen la maxima prioridad.

Los proyectos centrales son:

Proyecto central 1 - El objeto de la descripcion mundial es obtener datos
gue proporcionen descripciones mundiales cuantitativas de la circulacion
del calor, agua dulce, productos quimicos y de las estadisticas de los
remolinos. Se trata de una descripcidn basica de la circulacién oceanica
mundial. La comparacion con las simulaciones de modelos basadas en los
flujos de superficie observados al mismo tiempo proporcionara una prueba
importante de los modelos. Los distintos cometidos de las diversas
cuencas oceanicas en la transferencia de calor y agua dulce y el grado de
acuerdo regional entre los modelos y las series de datos del Proyecto
central 1 revestira especial importancia. La descripcién de la circulacion
oceanica mundial necesaria, a este respecto, debe ser de una calidad
similar a la actualmente disponible respecto del Atlantico Norte,
complementada con las mediciones de la elevacion y de los flujos de la
superficie del mar por medio de los sistemas de satélites.

Proyecto central 2 - El experimento del sur del océano se ocupa de la
corriente circumpolar antartica y sus interacciones con los océanos al
norte. Esta conexién de las principales cuencas oceanicas al sur del
océano impone la exigencia de una estrategia en materia de observaciones
para el estudio de los flujos de calor oceanico de caracter mundial.
También tienen importancia las grandes cantidades de calor suministradas
en bajas latitudes y que se pierden en la atmosfera al sur de la corriente
circumpolar, asi como la formacion de masas de agua al norte.

Proyecto central 3 - EIl objeto del experimento dinamico de la corriente
circular es satisfacer el objetivo relacionado con el desarrollo de modelos
precisos de circulacién general de resolucion vorticial por medio de una
combinacion de experimentos y trabajos relativos al establecimiento de
modelos que trataran directamente de los aspectos fundamentales del
equilibrio dinamico de la circulacién y su reaccién ante los cambios
decenales en los forzamientos de superficie. Deber& otorgarse prioridad
al estudio de los procedimientos que pueden
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constituir un motivo de preocupacion para los disefladores de modelos al
final del siglo cuando una mayor capacidad de los ordenadores ayude a
resolver muchos de los problemas actuales, si bien muchos procedimientos
importantes deberdn ser todavia expresados en parametros.

Sstems de observaci on

Si bien no se han fijado los detalles del programa extrasede, el esquema general
aparece con claridad. Los muy distintos tipos de observaciones necesarias y el caracter
plurianual del WOCE requerirdn la méaxima explotacion de las posibilidades y recursos de
los organismos oceanograficos del mundo. Como el experimento es de caracter mundial,
los principales sistemas de observacion deberan hallarse desplegados en todos los océanos.
Las mediciones simultaneas so6lo se realizaran cuando sea absolutamente necesario. La
flexibilidad inherente a las actuales disposiciones relativas a la investigacion en forma de
cooperacion en la comunidad oceanogréafica (y meteoroldgica) mundial sera aprovechada
en la mayor medida posible.

Los principales componentes del programa. extrasede del WOCE son los

siguientes:

Sistemas de observacion de satélite, incluyendo, por lo menos, la medicion
de la elevacion de la superficie del mar con un altimetro de alta precision
y medicién de la tension de la superficie por medio de un dispersémetro.
La disponibilidad prevista de esos sistemas ha permitido fijar inicialmente
las fechas del Periodo de Observacion Intensiva del WOCE en 1990-1995.

Un programa con base en un buque para medir a escala mundial los
campos de temperatura, salinidad, elementos nutritivos, oxigeno, tritio,
helio-3, fluorocarburos, etc., asi como la topografia dinamica hasta el
punto de que puedan perfilarse las principales caracteristicas en toda su
profundidad. Este programa requiere la participacion de buques de
investigacion dotados de personal constituido por equipos de oceandgrafos
especializados y experimentados, con instalaciones de laboratorio con
base en tierra, de maxima calidad.

La medicion de los flujos en la superficie del océano de calor, agua e
impulso, utilizando mediciones de satélites, buques y boyas y los analisis
de los modelos de circulacion atmosférica general.

Un medidor de mareas especialmente seleccionado para satisfacer las
necesidades del WOCE en el marco del Sistema Mundial de Observacion
del Nivel del Mar de la COIl.

Flotadores y boyas a la deriva para medir la velocidad y dispersién en el
interior y en la superficie del océano.



Una variedad de instrumentos oceanogréaficos normalizados, tales como

medidores de corrientes y trazadores acusticos de perfiles de la velocidad,
asi como técnicas en fase de desarrollo, tales como topografia acuUstica,

que puedan ser utilizadas para mediciones de rutina o especializadas.

Gostion de datos

La gestion de datos para el WOCE debe estar en estrecha relacion con la del
TOGA, poniendo en cambio el énfasis en las series de datos de calidad controlada en la
modalidad diferida. Asimismo debe contener una evaluacién de la utilidad de los actuales
tipos de datos para el logro de los objetivos del WOCE, el montaje de los datos actuales
para los fines del WOCE, el montaje de las series de datos para su utilizacion como
condiciones limites en los modelos oceanicos, y el montaje de las series de datos para una
evaluacién critica de las teorias y modelos.

Se ha esbozado ya el modelo de gestidon de datos del WOCE, en el que se
utilizaran, cuando proceda, los actuales archivos y sistemas de manipulacién de datos
oceanogréaficos. Revestira importancia para el WOCE el establecimiento de centros
especiales de analisis para el analisis y preparacion de series de datos de nivel superior de
un tipo determinado y la creacion de una dependencia de informacién de datos para seguir
de cerca estos ultimos, de tal modo que puedan ayudar a los participantes a obtener las
series de datos que mas convengan para satisfacer sus necesidades particulares.
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PE3HME

Uean v 3a4aum [porpammsl

3ajayei TPETbEro HanpaBAeHUA BCEMUPHON NporpaMmbl  WCCAEAOBAHUS
kaumata (BIWK) asafeTca u3lydyenne KoneGaHWih KaumaTa Ha Nepuold A0 HECKO Ab-
KUX LECATUAETWA W OUEHKA MNOTEHUMANbHOM peakUWU KAUMaTa Ha aHTpPONOr eHHbE
BO3AEWCTBUA TaKUE, KaK YBEAUYEHME ATMOCHEPHOM KOHUEHTPAuUMM ABYOKUCU Yrae-
poda. B MacuTale BPEMEHW B HECKONbKO ABCATUAETUA OCHOBHOM HayuHOW nNpo6-
JIeMO, KOTOpas OrpaHWuMBaeT nNPEACKA3aHME KauMmaTa, HABAAETCA HEBO3MOXHOCTL
onucaTtb “ CMOAEAMPOBATH UMPKYAAUMK MupoBOro oKkeaHa. TakuM o6pa3oM, Bce-
MUDHbIM  3KCMEPUMEHT NO UMPKYyAAuMM okeaHa (BOCE) 3annaHvpoBaH B KayecTse
OCHOBHOIO BMAA AEBATEAbHOCTM TPeTbero Hanpasaenus BMUK.  JaHHbi HaYUHbIN
NnaH NPeACTaBAAeT COG0M NOruYecKoe 060CHOBAHME 3TOr0 3KCMNEPUMEHTAa M HaMme-
YaeT COrnacoBaHHbIA M 0OOCHOBAHHLI MOAXOA K PEWEHMI 3a4ay, B paMKax KoOTO-
PbIX MOXeT OCYWecTBAATbCA GOJEE AETaNbHOE MAaHMpoBaHue. [lnaH odecneyvsaeT
CTPYKTYPY, B PpaMKax KOTOpO# MOryT pa3palaTeiBaTbCA COOTBETCTBYWWME KOHKpe-
THHE MPEANOKEHUA U HAUMOHANbHHE BKAAAb.

C uenbiw nnanupoBaHns BOCE opraHs, oTseuvawuue 3a BMUK, yupeauaw
Hayunyw pykosoAsuyw rpynny BOCE (HPT), koTopoit oka3wBaeT NoALepXKy Mexay-
HapolHoe Gwpo nnaHuposawka BOCE, pacnonarawueecs B CoeduHeHHoM Kopones-
cTee. HPI ycTaHoBMAA CAeAyWUWME OCHOBHbLE UEAUM 3IKCNEpPUMEHTa:

Ueab 1: Pa3padoTaTb MOAEAM NO NPEACKA33HUKH KAUMATUUECKUX WU3IMEHE-
HWA W coGpaTb HEOOGXOAUMHE JAaHHbE AAA MPOBEDKW 3TUX MOAENEN.

. Ueab 2: OnpeaesnTb penpeseHTaTMBHOCTb KOHKPETHHX KOMMAEKTOB AaH-
Hbix BOCE, onucuiBawuux A0ArOBPEMEHHOE MOBEJLEHME OKeaHa, W pa3pado-
TaTb METOAb MO ONPEAENEHUH LOATOBPEMEHHLIX W3MEHEHWA OKEaHWUYEeCKOoM
UMPKY NALKK.

Kaxaas M3 3Tux Uenen GopMyaupyeTCA B BUAE HEKOTOPbIX KOHKPETHbIX
3alau.

Ina ueam 1 (KoTopana QopmupyeT OCHOBY GOMbWMHCTBA MPEANCKEHMI
HAaCTOAWEr0 HAy4HOro naaHa) KOHKPETHHE 3a4au4u  BHXBATHBAKT OMPEAEAEHHbE
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aCneKkTh wu3yudyeuus rno0asbHbX NOTOKOB Tensaa 4 NPeCcHon BOAb, JAUMHAMUYECKKN
dafaHC KpynHoMacwTaOHOW UMPKYyAAUWKM, CTATUCTUYECKOE OMMCAHME WU3MEHYMBOCTH,
fopMmupoBaHMA W MoAMBUKaAuMM BOLHbBIX MacC. Kaxaas M3 3Tux 3ala4y 06CYyXAaeTcA
donee AETANbHO B HAYYHOM NAaHE.

Uenab 1 HanpaBaeHa Ha pa3padoTKy W MPOBEPKY rAa0GanbHHX TEPMOAMHAE-
MUYECKUX MOJENEH NO M3YUYEHUH KPYroBOPOTOB C UEALK NPEACKA3aHUA KAMMATuue-
CKUX W3MEHEHW B MacwTtade AecATUMAeTMir. Takue MOLEeAM BHXOLAAT 3@ paMKu
CyuecTBYWWMX PpecypcoB, OAHaKO TnpeaAnonaraetcA, 4UTO CAEAYWHWEE MNOKONEHUE
KOMNbHTEPOB, KOTOPOE MOABWUTCHA B TEUYEHUE HECKOAbKWX NET, NO3BOJMUT WUCNONb-
30BaTb TaKWe MOAEAM ANA OKeaHWUYeCKux 0accerdHOB HAa AOCTATOUHO NPOTAXEHHbLINA
nepuol BPpeMenn. K KOHUY TeKywero CTOAETUA KOMNbHTEPH NO3BOAAT WCMOAb30-
BaTb 3TWM MOAEAM B rno6anbHOM MacwTade, WM N0 3TOW NPUUMHE GOYAYT KpaniHe
HEOGX0AWMb KOMNAEKTH JAaHHbHX, KOTOPHE npelnonaraetca colpaTb 80 BpeMsa Hal-
nodatenbHon §ass BOCE.

MlporpamMMa HalbawAeHUMn

BonnoweHne 3afay Uean 1 B NPAKTUUECKM 3KCMNEPUMEHTANbHHE HaG/wie-
HUA NOTPEGYET NPUHATUA PEWEeHWs OTHOCUTENbHO YCTAHOBAEHMA NPUOPUTETOB NpU
BbAENEHUM PECYPCOB B paMKax MexAyHapoAHOro cooduwecTtea. JTOMy Cnoco6CTBY-
KT B HAYYHOM NAAHE TPW rAaBHbX HanpaBAeHUA WMAW "OCHOBHbLX MpoexkTa", KOTO-
PHE AQAXKHb WMMETb HAWBHLICWWIA NPUOPUTET.

OCHOBHbIMA MNPOEKTAMU ABAAKTCA:

OcHoBHOM npoekT 1 - CucTeMa onucanHusa B rao6anbHOM Macwtale Hanpa-
BAEHA Ha MOAYYEHME LAHHbX, KOTOpbE JadyT KOAMYECTBEHHOE raoGanb-
HOE OMNUCaHWe UMPKYyANsUMM Tenna, NPECHOM BOAL M XMMUUECKUX BEWECTB
MW CTATUCTUYECKME JaHHLE O BUXPHAX. 3TW A3HHHE COCTABAT OCHOBHOE
ONUCaHWe UMPKYyNsUMKM MupoBOro OKeaHa. MowHLM CPeACTBOM MPOBEPKU
Modenen GOyAeT ABAATbBCA WX CPABHEHWME C MOLenAMM, OCHOBAHHLIMM HA
NOTOKax Ha MNOBEPXHOCTM HaG wA3EMbX B 0AHO 4 To Xxe BpemA. (Ocodoe
3HaUeHne OylAeT YAENEHO ONPEAENEHWH POAM PAa3HbX OKEaHWYeckux Oac-
CEeMHOB B nepejaue Tenna 4 NOTOKOB NPECHOW BOAbL, @ TaKxe onpejene-
HWE CTEreHW COrnacoBaHHOCTM B PEruoHaNbHOM MacuwTade Mexly Molens-
MA ¥ KOMNAEKTaMM AaHHbIX, KOTOPHE NPEeAnonaraeTca colpaTb B TEUEHUE
OCHOBHOTro npoexkta 1. 0OnucaHuMe nNoBEAEHMA MUpOBOro OKeaHa, Tpedyi-
weeca Ina 3ToW UennM, AROAXKHO ObTb TaKOro Xe Kayectea, Kak To, KO-
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TOP0E WMEETCA B HacToAwee BpemMs AR pervoHa CesepHon ATNaHTUKK,
Npv HaANYuU LONOAHUTEAbHBIX W3MEPEHUI KOonedaHua YPOBHA NOBEPXHOCTMH
MOPA W NOTOKOB, BHMNOAHAEMbX C MOMOWbLK CNYTHAUKOBHIX CUCTEM.

. OCHOBHOM NPOEKT 2 - 3KCNEpUMEHT B IXHOM OKeaHe CBA3@H C WM3YyUEHUEM
AHTAPKTUYECKOrO UWPKYNENOAAPHOTO TEYEHWA M ero B3auMOLEHCTBUS C
OKEaHaMW, DPACNONOXEHHbMM K CEBEPY OT 3TOiW 061acCTW. CBHA3b OCHOB-
HbIX OKEQHMYECKMX OaccenHos B HXHOM OKeaHe ONPesenseT rA0GafbHblii
XapPaKTep CTpaTermM HaGMOAEHUA NO W3YUEHUI OKEAHWYECKUX NOTOKOB
Tenna. BaXubiM TaKXe FABAAETCA TO GOMbWOE KOAMYECTBO Tenna, NOCTY-
MawUero B HU3KMX wMPOTax M yXOAAWEero B aTMochepy K wry oT UMDKY -~
NENONAPHOro TeYeHusA, a TakXe 00pa30BaHME BOJIHbX -Mact K CeBepy o7
3TOr0 panoHa.

. OcHoBHOI npoexkT 3 - 3KCNEpUMEHT MO AMHAMUKE BUXpen npelHa3HaueH
AnA UEAM Co3haHuMa Modenen obuen UMPKYisuMKM, TOYHO oOnucChHBanmmx
NOBELEHNE BMXPER B KOMOMHAUMM C MOAEANPOBAHWEM M 3KCNEPUMEHTAMU,
KOTOpbE OYyAyT HanpaBAeHs Ha U3YUYEHWE KAHYEBbLIX ACMNEKTOB AMHaMuMuecC-
KOr0 PABHOBECHA UMPKYAAUMKM W €€ peakumm u U3MEHEHNA BHEWHWUX (aK-
TOpoB, HabawAawuMxcs Ha MOBEPXHOCTW B AECATUAETHEM BPEMEHHOM MaC-
wrage. TPUOpUTETHLIMK OyayT ABAATHCA UCCAen0BaAHNA MNPOUECCOB Ha
OCHOBE MOAEAMPOBAHMA C MNOMOUbH 3BM, Korga B KoHue TEKywero crone-
TUA MOWHBHE KOMNbWTEPHHE CUCTEMb noMoryT pewnTb MHOrMEe w3 cerol-
HAWHWX 3alay, 0AHAKO MPU 3TOM MHOMUE BaXHbE npoueccs Bce ewe 0Oy-
AYyT HYXAQTbCA B napaMeTpu3auuu.

Cuctema HabawAEHUA

XOTA LETaNbHHE aCneKTsl NpOrpaMMbl MOAEBHX Has Ak AeHUi ele He onpe-
JeNeHvl, o06WwaA KapTuHa yXe uMeeTcsi. BecbMa pa3Hco0pa3Hble TUNb HaGAwAEHUH
M MHOroneTHWA XxapakTep BOCE noTpeGywT BeCbMa MOAHOMO MCMOAb30BAHUS BO3MO-
XHOCTEA W PpECypCOB OKeaHorpafuueckux YUPeXAEHWH BO BCEM Mupe. TaK Kak
SKCNEPUMEHT ABAAETCA rA00afbHHM N0 CBOEMY XapaKTepy, OCHOBHbE Ha0wha-
TENbHHE CHUCTEMb OYAYT pa3MewaTbCAd BO BCEX OKEaHax. OLHOBPEMEHHbE Hal N~
ABHMSA MOrYT NPOBOAMTHBCA TOMLKO TaM, rhe 3To GyAeT abCOANTHO HEOOX0ANMO .
B MaKCMManbHO BO3MOXHOM CTeneHu GyAeT WMCNOAb30BATHCSH Ta TMOKoCTb, KOoTopasn
npucyua CyWecTBYWWEX OPraHnM3auMm COBMECTHbLIX WMCCAEL0BaHUM MUDOBOIr0 OKeaHo-
rpaguyecKkoro M MeTeopoAOrMYECKOro COOGUEeCTs.



- xxiv -

OCHOBHbIMA 3/1EMEHTAMU Nosesoi nporpammbst BOCE aABaswTCH:

. CnyTHMKOBaA cucTteMa HaGAwAEHWA, BKAKYAA MO KPaitHen Mepe, anbTuMme-
TPUUYECKME HAONNABHMA BHICOKOM TOUHOCTM KOoJeOaHuA YPOBHA NOBEPXHOC-
TM MOPA W WU3MEPEHUS NOBEPXHOCTHOrO HANPAXeHuA C MNOMOWbK CKATTepo-
METpPOB. [IpeAN0NaraeMoe HaanuuMe 3TUX CUCTEM MNO3BOASET NEepBOHa-
YaJbHO OUEBHUTb BPEMA NEPUOAA WUHTEHCUBHLIX Hal0moleHwin BOCE B Teue-
Hue 1990-1995 rr.

MporpaMmMa CyAoBbX HAGANAEHWA MO ONPEAENEHWI TACGANbHLIX NONEA TEM-
nepaTtypbl, CONEHOCTW, COAEPXaHMA nNUTATENbHbHX BEWEeCcTB, KUCAOPOAa,
TPUTUR, reana-3, OTOPXA0PYrneBOAOPOB, a TaKXe AMHAMMYECKas Tono-
rpafua, o0bveM KoTopow OyAeT 3aBUCETb OT BO3MOXHOCTEA W3MEPEHUSA
3TUX OCHOBHbLIX XapakTEepUCTWMK Ha BCEXx rayouHax. 3Ta nporpamma no-
TpedyeT cneunManbHO BLIAENEHHBX WCCAELOBATEAbCKMX CYAOB, YKOMMAEK-
TOBAHHbLIX MNEPCOHaN0M BHCOKOKBaAMduuMpoBaHHbX OKeaHorpados, pacno-
arawnumMx Ha3eMHbiMM  1adopaTopuUAMUM, OCHAWEHHbHIMA BbLICOKOCOBEPWEHHOM
TEXHWUKON.

W3MepEHME NOTOKOB Tenaa, BOAb M KOAMUECTBA ABWXEHMA HA NOBEPXHOC-
TM OKeaHa C MCNO/Jb30BaHWEM CNYTHWKOB, CYA0OB M Oyes, a TaKXE aHa-
M3 Moienen oOuei UMPKYAAUMM B aTMmochepe.

. Cuctema CaMONUCUEB YPOBHA, CNeuManbHo 0TOOpaHHbBX AAA YACBAETBOpE-
HMA noTpedHocTein BOCE, B paMkax [ noGanbHoOW CuUCTEMb HaGAWAEHWUM
ypoBHA Mopsa MOK.

. 3aAKOPEHHbE W Apeadywune Oyn ANS U3MEPEHWA CKOPOCTUM W AUCNEpPCUH
Ha FAYOMHE M NOBEPXHOCTU OKeaHa.

. MoTpelyeTcsAs 3H3AUNTENbHOE KONMUECTBO CTAHAAPTHLIX OKEaHorpa@uueckunx
NpMOOpPOB TaKUX, KaK BEPTYWKW, nNpuGopb aKYCTUYECKOr0 OfnpelesieHuns
npoduas CKOPOCTM, a TaKXE TEXHUUECKME CPeACcTBa, KOTOPHE HAxoAATCa
B CTalun pa3paloTKM, TaKWe, KaK aKyCcTuuyeckue Tomorpafs, KOTOpbE
MOFYT GbTb WCNOAb30BaHb ANA ONEPATUBHLIX WAM CNEUMann3npoBaHHbIX
HaO0 N AEHNIA.
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YnpaBAEHUE AaHHbIMU

ynpasnenue AaHHbMW Ana BOCE AOAXHO BO MHOrOM COBMaAaTbh C TOW CUC-
TeMo#, KoTopas ucnonb3yetca Ans TOMA, OAHAKO C HEKOTOPHM AKUEHTOM Ha KOM-
NABKTH JAaHHbHX, COOMPAEMbX B PEXWME 3aJepXKWM NP OGECNEUYEHMW KOHTPOAA Ka-
yecTBa. 3Ta CUCTeMa AOAXHA BKJAKWYAaTb B CeGA OUEHKY BO3MOXHOCTW WCNOAb30-
BaHWA CYWECTBYWWMX TWUNOB JaHHbHX AAA AoCTuxewuma uenen BOCE, cGop KoMnnek-
TOB JAaHHbLIX, KOTOpbE MOryT ObTb WMCNOAL30BAHM AN GOPMYAMPOBAHMA MNOrpaHUu-
HbX YC/A0BWA B OKEAHUMUECKUX MOABAAX, U COOP KOMNNEKTOB AAHHMX ANA KpUTnue-
CKOX OUEHKU TEOPETUUECKMX MOCTPOEHWMIA U MOAENei.

HaMe4yeHHbe paMku cucTembl 06paGoTkM AaHHbX BOCE npeinonarawT TaM,
rAe 370 BO3MOXHO, WCNONb30BaHWE CYWECTBYWWMUX CWUCTeM 006padoTKM OKeaHorpa-
fuuecKkux JAaHHbX ¥ apxusoB. BaxHoin uenbi BOCE GyaeT co3faHue CcneuMannsv-
POBAHHbLX UEHTPOB dHAAM3a AANA MPOBEAEHMS aHaAM3a WM NOArOTOBKM KOMMNEKTOB
AaHHbIX BbLICOKOrO YPOBHA OMNPEAENEHHOrO TWNa ¥ CO3JaHUE MHHOPMAUMOHHOrO LEeH-
Tpa AaHHbIX, KOTOPbIH MO3BOAMA Obl OKa3biBaTb MNOMOWb Y4YacTBYWWUMM CTOPOHaM B
NONyUYEHNUK KOMNNEKTOB AaHHLIX HawGonee yAoOHHM AAR HUX CNocoGOM.



CHAPTER 1

Introduction

The World Ccean Circul ation Experinent (WOCE) is a najor conponent of the
Wrld dimte Research Programme (WCRP) sponsored jointly by intergovernnmenta
and non-intergovernnent al or gani zati ons. The WCRP is concerned with
di scovering if it is possible to predict climate on tinme scales of severa
weeks to several decades, and to determine the effect of man's influence on
climte (WCRP, 1984). The programme is divided into three Streans concerned
respectively with climte prediction over periods of (1) nonths, (2) years and
(3) decades. A major scientific problemliniting climte prediction over
decades is the inability to describe and nodel the circulation of the Wrld
Ccean (Houghton and Morel, 1984). The organizers of the WCRP have therefore
proposed the Wrld Ocean Circul ati on Experinment (WOCE) as the principa
activity within Stream Three of the WCRP and they have established the
Scientific Steering Goup (SSG to plan and organize the experinent. The tasks
of the SSG are to identify the primary goals and objectives of WOCE, to design
a core research programe including nodelling and fieldwork, to identify the
resources needed to undertake the programme, and to work with international and
national bodies, research institutes, universities, and individual scientists
to achieve the core research programme and to encourage the devel opment of
associ ated projects that support the goals of WOCE. The purposes of this
Scientific Plan are to articulate clearly the rationale for the Experinent, to
outline a coherent and feasible approach to the objectives within which nore
detailed planning can take place, and to provide a framework w thin which the
rel evance of individual proposals and national contributions may be judged

The specific needs of Stream Three of the WCRP cone at an opportune tine
for physical oceanographers. During the past decade or so several devel opnents
have nade it possible for the first tine to discuss global oceanic observations
as a practical possibility. Firstly, the "mesoscale" programmes; for exanple,
MODE, |1SCS, POLYMODE, and CUEA, have delineated the frequency/wave nunber
spectrum of oceanic variations sufficiently well to enable the specification of
the sanpling rates necessary to avoid aliasing time and/or space fluctuations
into lower frequencies, including the nean. Such information is basic for the
design of any large-scale neasurenment system  Theoretical devel opments and the
results of nurmerical nodels have been stinulated by these nesoscal e progranmes
and new questions are being posed about the ocean circulation. Secondly, new
observation techni ques have appeared as a consequence of the programmes that
have been conducted by the oceanographic community and of the continuing

el ectronics revolution. One can cite, for exanple, the ability to nmeasure
chem cal tracers such as nutrients and fluorocarbons on very small sanples
qui ckly while at sea; neutrally buoyant floats trackable over thousands of
kil ometres by acoustic neans or globally using satellites; shi pborne rapid
profiling methods; acoustic tonography for |ong-distance average neasurenents;
current nmeters capable of multi-year in_situ observations; and, nost
conspi cuous of all, satellite neasurements of the global surface wind-field and

surface topography. Thirdly, conputer power has been increasing at a rate such
that one can now handl e global data sets. The conservative expectation is that
over the next decade further increases in conputer power will allow
sophi sticated physics to be incorporated into ocean nodels that can only be

WOCE



tested by global field programes using the new observing capabilities. WOCE
provides a focus for bringing together the new understanding of ocean physics
and sanpling requirements with the new techni ques for ocean observations and
the energing sophisticated model ling capability in a coherent programme wth
great general benefits to oceanography. The expected timng of major WOCE
activities is indicated in Figure 1.

The success of WOCE will clear the way for the devel opnent of conputer
model s t hat coupl e together the global circulations of the ocean and the
atnosphere for the purpose of predicting decadal clinmate changes (Wods
1985a). Experience with present ocean nodels (Robinson, 1983b; N houl, 1985)
reveal s the need to achieve far greater resolution of ocean topography, of
transient eddies (the weather systems) and of narrow i ntense streams which
together play a vital role in the oceanic circulation of heat, water and
chemcals in the planetary climte system At present, because of limtations
in conputer power, these phenonmena can only be sinulated with barely adequate
resolution in a single ocean basin. Basin sinulations are pronising but they
need to be thoroughly tested against as conplete and accurate a data set as
possible, and then extended to the gl obal ocean as computing capability
i ncreases. As the limtations of today's poor resolution are relaxed, nodel

performance will inprove until new barriers become apparent. These new
barriers will relate to inadequacies in paraneterization of processes that are
still too small to be resolved such as convection and turbulent mixing in the

oceani ¢ boundary layers (Wods, 1984).

The successful devel opment of powerful new conputer nodels suitable for
decadal climte prediction depends critically on the availability of data that
unanbi guously describe key aspects of the large scale circulation resolved in
the nodels and the effects of smaller scale processes which are parameterized.
Anal ysis of existing oceanographic data provides inmportant clues to the
selection of those key aspects. For exanple, the nodels nust accurately
describe global circulation, including the fluxes in the Southern Gcean which
link the circulations in the Pacific, Atlantic and Indian Cceans. Surface
boundary | ayer processes that control the ventilation of the gyres also play a
central role in devel oping the coupled nodels. However, itis apparent that
the existing oceanographic archive, which contains data collected under the
influence of restricted dynam cal concepts (for exanple, geostrophy rather than
eddy fluxes of potential vorticity) and with local rather than gl obal
circulation in nmind, is quite inadequate to even answer questions posed by
model s running today. Its deficiencies will becone a nmajor problemin the
future. A new global data set is required to neet the specific needs of
coupling ocean circulation nodels with atnmospheric circulation models for the
purpose of decadal climate prediction. The Wrld Ccean Circulation Experinent
is designed to satisfy that need.

The World Ccean Circul ation Experinent, targeted at a central scientific
problemwi th many potential beneficiaries, is one of the npst exciting
endeavours in planetary science. Understanding how the climte system works on
decadal time scales will be a major achieverment in geophysics; for the first
time it will beconme possible to discuss the global budgets of heat, fresh water
and chemicals circulating through the atnosphere and the ocean on a planetary
scal e (Winsch, 1984). The inpact of decadal clinmate on Society, especially on
the poorer nations economically wvulnerable to changes in the global
hydrol ogi cal cycle on land or fisheries at sea, provides a sense of urgency
that is lacking in basic research. The potential benefit for mankind notivated
the establishment of the World Cinmate Research Programme and Stream Three of
the WCRP will be concerned not only with natural climate variability , but also
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with predicting the consequences around the globe of man's pollution of the
climte system There are many exanples of man's activities that may, within
the next century, have serious effects on our clinmate around the world.  The
most quoted exanple is the pollution of the atnosphere by carbon dioxide and
other radiatively active gases. Prelimnary cal cul ations indicate that mjor
changes in air tenperature, in the pattern of rainfall over the continents, and
possibly in the volunme of Antarctic ice (and therefore of sea level) will occur
in the next century. Such changes woul d require massive remedial investnment
over several decades, starting before the major effects are felt. It is
therefore inportant to have confidence in the nodel predictions. The accuracy
of existing nodels is limted by the inadequacy of their simulation of the
oceani ¢ circulation. The World Ccean Circul ation Experinent is therefore
aimng at a scientific problemthe resolution of which will have great benefits
for mankind, for the rich and the poor, and for those living not only on the
water's edge but also in the interior of continents far fromthe ocean.



CHAPTER 2

The Goals of the World Ocean Circulation Experiment

The WOCE Science Steering Goup has set two goals for the experinment,

Goal 1: To develop nodels useful for predicting clinate change and to collect
the data necessary to test them

Wthin Goal 1 the specific objectives are:

To determine and understand on a global basis the follow ng aspects of the
Wrld Ccean circulation and their relation to climate:

(1) The large-scale fluxes of heat and fresh water, their divergences over 5
years, and their annual and interannual variability.

(2) The dynamical balance of the Wrld Ccean circulation and its response to
changing surface fl uxes.

(3) Conponents of ocean variability on nmonths to years, meganeters to gl obal
scale, and the statistics on snaller scales.

(4) The rates and nature of formation, ventilation and circulation of water
masses that influence the climate system on time scales from ten to one

hundred vyears.

Goal 2: To deternmine the representativeness of the specific WOCE data sets for
the long-term behavi our of the ocean, and to find nmethods for determ ning
long-term changes in the ocean circulation.

Wthin Goal 2 the specific objectives are:
(1) To deternmine the representativeness of the specific WXCE data sets.

(2) To identify those oceanographic paraneters, indices and fields that are
essential for continuing neasurenents in a climte observing system on
decadal time scales.

(3) To develop cost effective techniques suitable for deploynent in an ongoing
climate observing system

This Plan explains the intent and relevance of these CGoals and Cbjectives
in the context of the decadal climte prediction problem and introduces the
strategy for achieving them The principal elements of the WOCE nodelling and
field programmes are then identified and briefly described.



CHAPTER 3
Goal 1

3.1 Introduction: Modelling and Observations

Goal 1 addresses the devel opnent and testing of nodels for predicting
decadal clinate change. In general, nodel developrent involves an iterative
cycle of testing various specific nodel aspects against appropriate data sets,
adjusting the nodel's paraneters or description of processes on the basis of
this examnation, testing the nodel against a broader set of circunstances,
checking whether the nodel's predictions are qualitatively correct, and
identifying further critical quantitative tests for diagnosis of specific nodel
aspects. There nust be a strong feedback between the specifications for nodel
testing and the collection of data.

WOCE Goal 1 is concerned with one major iteration of this cycle: t he
rigorous testing of eddy resolving, thernodynam cally active nobdels on the
scale of an ocean basin, including at least a cyclonic and an anti-cyclonic
gyre, the extension of the nodelling techniques so devel oped to the gl obal
ocean, checking the qualitative behaviour agai nst global observations, and
testing quantitatively against a limted set of diagnostic neasures such as the

oceani ¢ heat flux.

The field programme will be intensive, and will take advantage of the
opportunity to collect long term global observations from the next generation
of ocean-observing satellites. The expected |aunch date of these satellites is
about 1990 and their lifetimes are expected to be 3 to 5 years. The intensive
oceanographi ¢ programme of WOCE is therefore planned to be concentrated on the
period 1990-95, although this may be adjusted because of changes in satellite
[ aunch dates, Those neasurements in the ocean that need to be nmade
simultaneously with the satellite measurements must be made in that period.
QG her neasurenents (for exanple, some aspects of the deep tracer surveys) will
start earlier and continue after the 1990-95 period.

The fact that the intensive field progranme extends over several years
does not mean that the resulting data set will constitute an average or a
synoptic description of the Wrld Ccean during that period. The satellite data
will cone closest to establishing a time series of synoptic observations. Mny
of the in situ observations will be nade only once as part of a rolling
programme extending over five or nore years. Some neasurenents will be
repeated to check for significant changes, and there will be a small nunber of
tinme series. There is no single nanme that describes such a non-synoptic
sanpl e, which aliases nost of the changes occurring within the intensive field
phase. The word "snapshot" captures something of the spirit in which the WOCE
data set should be studied, bearing in nmind the sanpling problenms that distort
the image. Despite interpretation problens the WOCE snapshot will be far nore
coherent and closer to being synoptic than the existing data archive which has
been accunul ated over several decades. It will also be nmuch nore gl obal. The
experiment will be designed to mnimze the problenms of aliasing.
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Any experinment designed to nmeet Goal 1 of WOCE nust address the fact
that the Wrld Ccean is a continuous whole, demanding a unified gl obal
appr oach. However, the interposition of the continents poses rather different
dynam cal problens in each region. The strategy of WOCE has been chosen to
achieve a satisfactory balance between these potentially conflicting needs for
a uniform global coverage, on one hand, and concentration on nore regional
problems, on the other. The field conponent of WXE is based on three Core
Projects, each of which serves to nmeet the specific objectives of Goal 1 in a
different way. Each Core Project provides a particular set of specifications
to be nmet by the various observing elements described in Section 6 of the
pl an. Before discussing the Core Projects in detail, the four bjectives of
Goal 1 are elaborated in terns of their contribution to Coal 1 and our existing
know edge of the ocean.

3.2 Objectives of Goal 1

3.2.1 Objective 1: The large-scale fluxes of heat and fresh-water and their
divergences over 5 years, and their annual and inter-annual variability.

There is a need for data sets that wll reduce the very great
uncertainties about the role of the ocean in the global heat, water, and
chem cal bal ances (Winsch, 1984b). The ocean influences the atnosphere by the
fluxes of nomentum heat and fresh water through the surface (Wods, 1984).
The ocean both stores and transports heat and fresh water and their fluxes in
the ocean determine the zeroth-order climatic role of the ocean and the
integral properties of the entire ocean-atnosphere system At the present
time, there are very few quantitative estimates of the oceanic storage and
transport of these quantities and the extent to which they vary annually and
interannually is alnpst totally unknown. (see for example, Figure 2).
Know edge of how the heat transport wthin the Earth's fluid envelope is
partitioned between the ocean and atnosphere is essential for understanding
climte. The existing data base is only adequate for the estination of heat
transport by ocean currents through a few sections (Bryan, 1982).

Heat and fresh water content are fundanmental properties of the full
three-di mensional ocean circulation and their transport, storage and boundary
fluxes in any ocean nbdel nust be consistent with their conservation. Thus,
this objective involves all the observational and theoretical elenents of WXCE
since essentially all elements of the ocean circulation, ranging from small-
scale mXing, | ar ge-scal e advection, and forcing on ocean basin scal es,
influence the transports of heat and fresh water.

Estimates of heat and water vapour storage and transport are made through
the use of a great variety of oceanographic and neteorol ogical observations.
Direct computations of heat and water flux and divergence can be made by
multiplying estimated horizontal water velocities by estimated tenperatures and
salinities and constraining the results by the requirement that the budgets for
heat and water nust be bal anced over | arge regions. The accuracy of this
calculation is limted by uncertainties in the wind stress (and hence in the
Ekman fluxes), by the inability to stratify data by season and year and by
uncertainties about oceanic reference level velocities (Dobson et al., 1982).
Adequate data for the calculation of nulti-year averages or the determnation
of interannual changes is totally |acking. The WOCE approach to this issue is
to rely upon the basic concepts enployed today on the assunption that they
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Figure 2. Exanples of the uncertainty in estinmates of the transport of heat
and fresh water. In 2(a), from Hall and Bryden (1982), the
northward transport of fresh water in the Atlantic Ccean (x 106 n8
s-1) obtained from Baungartner and Reichel's (1975) val ues of the
net gain of fresh water in the ocean due to evaporation,
precipitation and river runoff is conpared with values obtained at
one |l atitude by Bennett (Be) (1978) and Hall and Bryden (HB). In
2(b), from Tally (1984), a similar conparison is made for the
northward heat transport in the Pacific Ocean as estimated using
surface heat fluxes from Enig (EM (1967), Hastenrath (H (19.80) and
Wrtki (W (1965) and values at one |atitude by Georgi and Toole
(GTI) (1982), Bryan (B) (1962), Bennett (BE) (1978) and Wnsch et al
(WHG (1983).

contain the essence of the problem and to greatly upgrade the quantity and
quality of the basic data sets. This means that nuch inproved wind
measurements, hydrographic coverage, and reference level velocity neasurenents
are needed over periods of tinme adequate for conputing nmultiyear nmeans and
variability about those neans.

One nethod of running an ocean nodel is to force it with observed surface

fluxes of nonentum heat and fresh water. In this case sea surface tenperature
and salinity are calculated variables, and the fields of sea surface
tenperature and salinity are required for verification. An alternative

strategy is to inpose observed surface salinity and tenperature (for exanple,
Bryan and Lewis, 1979) in which case the surface fluxes of both fresh water and
heat are required for nodel verification. In either case the fields of sea
surface tenperature, salinity, and heat and water fluxes are required.
Estimates of the surface fluxes of heat and fresh water are limted by the
accuracy of neasurenents of the wind stress, cloud cover etc, and the validity
of the sem-enpirical fornulae used (Dobson et al., 1982). | mprovenents in the
underlying observations are anticipated through the WOCE surface |ayer
data set, the Ocean Observi ng System Devel opnent Progranmme (1OC, 1984) and
ot her conponents of the Wrld Clinmte Research Progranmme (WCRP, 1984). An
alternative potentially powerful method of obtaining the surface fluxes is from
atnospheric forecast nodels in use at National Wather Centres (Mtchell et
al., 1985; Gordon and Bottomiey, 1985). Assessnent of the best nmethod of
deternmining surface fluxes of nonmentum heat and fresh water from such nodel s
is a priority issue for WOCE. The surface fluxes provide an independent
neasurenent of the transport of heat and fresh water by the ocean (Stomel,
1980) .
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3.2.2 Objective 2: The dynamical balance of the circulation and its response
to changing surface fluxes.

Mbdel s designed to predict decadal climate changes are linmted by conputer

power . Substantial changes in conputer capacity wll, however, occur during
and after the WOCE period. It will then be possible to nodify climte nodels
to include nmore oceanic processes explicitly and nore sophisticated
paraneterization of the processes that cannot be resolved. The circulation is

sensitive to many processes that are poorly represented in existing nodels.
The problem is to decide which of them demands priority in the allocation of
i ncreasing computer power and how best to paranmeterize unresolved processes
given the particular goal of predicting decadal clinate changes. The broad
nmotivation of Goal 1 of WOXCE is to provide the data sets against which possible
changes in nodel design nmay be checked and the better nodel devel oped. Wil e
the other objectives of Goal 1 are directed at providing data on key properties
of the system (such as, heat storage and flux, statistics of fluctuations,
water nass formation) that nodels should be able to reproduce, hjective 2 is
directed at ensuring the nodels include the correct dynam cal bal ances and
responses to forcing. Only in this way will it be possible to establish the
credibility of ocean circulation nmodels so that they can be used wth
confidence in a forecasting node.

Model s of oceanic climate change nust accurately describe the ocean
circulation that results from the changing surface fluxes of heat, fresh water
and nonentum The flux of nonmentum via wind stress forces the interior ocean
t hrough the surface boundary |ayer |eading to the |arge-scale w nd-driven
circulation with its characteristic gyres and intensive boundary currents. The
fluxes of heat and fresh water determine both the characteristics of the water
masses of the upper ocean and the nagnitude of the buoyancy fluxes that drive
what is classically referred to as the thermohaline circulation. The steady
response of the upper ocean, including the nmain pycnocline to this dual forcing
by nonentum and buoyancy fluxes has long been the subject of theoretical study
(Veronis, 1969 and Welander, 1971) but with limted results because of the
non-linear nature of the problem (see Figure 3). Recently, new theoretical
efforts (Luyten, Pedlosky & Stommel, 1982) have renewed interest in this problem
which is basic to describing the upper ocean dynamical response on climtic
time scales. It forms one of the key elements of Cbjective 2. Mny aspects of
the problem can be addressed by considering the fluxes of isopycnic potential
vorticity between the seasonal boundary layer and the pernmanent thernocline
(Wods, 1985b). The experinental programme will need to include neasurenents
throughout the annual cycle both in the surface boundary layer and in the
underlying upper ocean. Vater mass formation by the sanme processes forns part
of hjective 4 of Coal 1.

Anot her aspect of ocean dynamics inportant to climate prediction nodels
that needs attention concerns the gyre scale response to large-scale forcing
(for example, Anderson and Corry, 1985). This includes not only the adjustment
of the sea surface and gyre-scale density field but the changes in the
strengths of the western boundary currents and their role in generating eddies
in their extension regions away from the western boundary (Holland et al.,
1983). The boundary currents and eddies both play ngjor roles in transporting
heat and fresh water (Bryan, 1982). Determning the statistical nature of
these fluctuating currents is part of Cbjective 3.

The location, nature and rate of ocean miXing, especially across
i sopycnals, is also of inportance for climate nodelling. On long tine scales
such nmixing significantly influences the oceanic distributions of density and
i sopycnic potential wvorticity. The relative inportant of diapycnic mxing in
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Figure 3: A neridional section of density obtained from solving the ideal
fluid  equations using observed surface and deep density
observati ons. Note the general simlarity to the structure of thé
ocean but also the singularity at the equator which is typical of
such solutions (from Wl ander, 1971).

the ocean interior and in the turbulent boundary layers is not known (Garrett,

1980) . Insofar as the distributions of certain geochenical tracers are
influenced by such processes, tracers may prove useful as diagnostics of
di apycnal ni xing. The correct paraneterization of mixing remains a critical

climate nmodelling issue to be addressed in WCCE.

Qther dynanmical problems will becone apparent in the design of the Core
Projects discussed later in this document. Sone will need to be addressed by
the WOCE intensive period, others nmay be clarified by regional and/or
process-oriented research extending over a longer period. Al require the use
of theoretical and nmodel analyses strongly supported by measurenent programre.

Experinmental progranmmes designed to achieve Cbjective 2 will usually
require the nost accurate data available from the large-scale observing systens
needed for hjective 1. Increased resolution and specialized observing systens

w |l also be needed to provide the data necessary to address some of the
questions being posed.



Figure 4:

G obal
showing the high variability, especially in the western boundary currents
and the Antarctic Grcunpolar Current (Cheney et al, 1983).

mesoscal e sea height variability measured by the SEASAT altineter
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3.2.3 Objective 3: Components of ocean variability on months to years,
megametres to global scale, and the statistics on smaller scales.

One of the great unknowns of the ocean circulation is the extent to which
it changes with time. Mich classical oceanography is based upon the assunption
that data acquired on the large-scale at different times may be treated as

synopti c. This has been necessary because of the sparsity of such data and
lack of information to the contrary. However, whenever and wheresoever
variability in the ocean circulation has been sought it has been found. It

woul d be nmpbst surprising if a therm-nechanical systemas conplex as the ocean
did not vary on all space and time scales through both external influences and
internal interactions. Motions on nmany space-time scal es have of course been
obser ved. The tides are a well-studied phenonenon (Hendershott, 1981; Marchuk
and Kagan, 1984) and quasi-geostrophic eddies have been observed in many parts
of the Wrld Ccean (Robinson, 1983a). Equatorial waves of various kinds are
inportant in describing the atnosphere-ocean exchanges which are the subject of
TOGA. On the gyre-scale it is known that in the ocean interior the geostrophic
flow as calculated by the $-spiral analysis is variable (Arm and Stomrel,
1983), western boundary currents change in magnitude and direction, and
| owfrequency basin-wide oscillations exist in tide gauge records. Much of
this variability may be seen in Figure 4, which shows the global analysis of
SEASAT data by Cheney et al, (1983).

For the purposes of WOCE it is convenient to divide variability into
fluctuations that occur on time scales shorter than the WOCE intensive
observation period, and those occurring on |longer tinme scales. The latter
mght be referred to as "secular" changes relative to the WOCE snapshot and are
the subject of Goal 2. The former is the subject of Goal 1 Objective 3. It is
important to determine the variability within the five year WOCE snapshot

because:

Fluctuations are intrinsic to the nmechanisns of the |arge scale
circulation, including exchanges within and between gyres.

Unl ess properly understood and handl ed, fluctuations in time and space
can seriously distort estimates of the mean and of the |ower frequency
variability. This phenonenon of aliasing is an inportant sanpling
i ssue,

Know edge of the fluctuations (statistical or detailed) can be used to
test our understanding of the ocean circulation and specific aspects of

nurerical nodels, especially those with eddy-resolving capability,

New instrument systems (for exanple, the scatteroneter and altineter)
can be expected to expose new phenonmena as regi ons of
frequency/ wavenunber space presently unexplored become accessible.  For
exanple, Seasat data suggests the existence of previously undocunented
fluctuations of large anplitude in the Antarctic Circunpolar Current on
tine scales of a few weeks (Fu and Chelton, 1985 and Figure 5).

The observation of secular changes may indicate fundamental inbal ances
in a system supposed to be nearly in steady-state, wth potential
inplications for the quasi-steady physics assuned in nmany ocean nodels,
as well as consequences discussed under Coal 2.
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WOCE wi || provide the data to map sone aspects of the variability on scales of
ocean basins and larger, so as to indicate the strength and positions of the
| arge scale gyres, of the western boundary currents, and of the large tropica
current systens. This will lead to understanding of how the circulation
responds to the varying wind stress and the heat and fresh water transfers to
and from the atnosphere.

330"

Figure 5: The first enpirical orthogonal function of sea level variability
around Antarctica showing previously undetectable nodes of
mot i on. Areas of negative values are stippled (Fu and Chelton
1985) .

There is no WOCE requirement for detailed, day to day, or week to week,
maps of the global synoptic and nmesoscal e eddy field. What is need are
deternminations of the statistics of these fields - their energy density and
time and length scales as a function of geographical position, season, and



atmospheric forcing. Eddies play an inportant role in the large scale dynamcs
of the ocean, by mxing potential vorticity and dynanically passive tracers. A

full understanding of their origin and role is vital. Detailed studies of
isolated features have been taken in recent years (Robinson, 1983a). The WOCE
strategy is to map the regional and tenporal variation of statistical
properties, which will provide a powerful test of eddy-resolving general

circulation nodels (Bretherton, 1984).

Many of the WOCE observing systems will contribute data relevant to
oj ective 3. Altimeter systens will provide data onvariability scales from
the mesoscale to the global and on periods from about six days to several
years, insofar as they can be seen in changing surface topography. The
mesoscal e observations w ll be reduced to frequency-wavenunber spectra (or
equi val ent) as functions of geography and season, the larger scales will be
mapped. In situ measurenments of large scale variability (gyre scale and
larger) will be determined by deploynment of neutrally buoyant floats and
repeated hydrographic and chenical observations. The variability of certain
key qualities, such as changes in inter-ocean mass and heat fluxes and of
inportant strait, sill, and boundary flows, wll be determned through regional
arrays enploying a variety of observational techniques, i ncluding nroored
current nmeters, electronagnetic cables, tide gauges.

3.2.4 Objective 4: To determine the rates and nature of formation, ventilation,
and circulation of water masses that influence the climate system on
timescales varying from 10 to 100 years.

Wat er masses have traditionally been identified on the basis of their
temperature and salinity, often supplemented by information regarding nutrients
and oxygen. Identification of water nasses from different sources has vyielded
val uabl e information about the general circulation of the ocean, especially in
the deep |ayers. For exanple, Wist, (1935) traced Antractic bottom water into
the Atlantic. Reid and Lynn, (1971) followed the flow of North Atlantic Deep
Water into the Pacific. In many regions, water mass analysis continues to
provi de essential information about oceanic transport and mixing. The
sensitivity of climate prediction nodels to particular water nasses depends on
the location and rate of their sources, and on their circulation and renewal
tine. For Stream Three climate prediction, water nasses can be divided into
three categories, with renewal tines that are (1) longer than 100 years, (2) 10
to 100 years, and (3) shorter than 10 years. The nodel predictions of decadal
climate changes will depend nost critically on accurate simulation of the
circulation and mxing of water masses in the second category. They will also
depend on accurately simulating the source rates of water masses in all three
cat egori es. Chjective 4 is concerned with the devel opment of this aspect of
the ocean circulation nodels.

Water mmsses in the interior of the ocean are ventilated with new water
that acquires its initial tenperature, salinity and chenical concentrations in

the surface nixed layer at certain geographical |ocations. It is therefore
necessary to be able to accurately simulate the properties of water in the
m xed layer as a function of the surface fluxes and the circul ation. Thi s

water is subducted into the seasonal thernocline whenever the turbocline
marking the base of the mixed layer rises through the water in response to a
conbi nati on of processes including Ekman punping, reduction of the net buoyancy
flux through the sea surface, and reduction in the wnd stress. Each vyear,
sone of the water in the seasonal thernmocline flows geostrophically into the
permanent thernmocline to begin its circulation around the interior of the
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ocean.  The annual flux of water with tenperature and salinity in prescribed
ranges determnes the source function for the recipient water mass. Bryan and
Manabe (1985) have shown that small changes in the surface buoyancy flux
(produced by quadrupling atnospheric carbon dioxide) produce |arge changes in
this ventilation process. It will therefore have to be sinulated accurately in
climate prediction nodels, which nmeans paying special attention to the seasonal
boundary |ayer (Wods, 1985b).

Direct nmeasurenent of the water mass formation process is difficult, and
may never be perforned on a scale adequate to confidently estimate the total or

annual nean rate of formation. However sone progress can be nade wth
volunetric techniques, wusing criteria of the spatial extent of the process
(for exanple, fromT,S characteristics). Wien used with velocities obtained

geostrophically, or from current meters or Lagrangi an nmeasurenents, one can
obtain volunme fluxes.

A second approach involves the use of those passive tracers which have
i nherent tine information and known boundary conditions. One of the nost
wi dely used has been tritium introduced to the ocean fromthe atnosphere after
bonmb tests (see Figure 6). In the case of steady state, radioactive tracers
(for exanple, Argon-39), the time information lies in the known rate of decay.

STA 74 68 67 64 60 58 56 54 4948 40 38 37 34333231 30 26 27 3 5 N M5 W17
L ‘l-\l 1 1 3 i 1 L 11 L 1 N .l I;-r‘{_ 1 1 \-l/
Lol \ SRR N — T
1.0 1 1.0
Km
2.0 2.0
3.0 4 3.0
4.0 50
5.0 5.0
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50°S 40°S

Figure 6: Tritiumin the western basin of the Atlantic Ccean from neasurenents
taken in 1972-73. The Tritium spike introduced nmostly to the North
Atlantic in the early 1960's (see Figure 19) has penetrated the main
thermocline in the North Atlantic anticyclonic gyre and reached
greater depths to the north as a result of deep convection and the
overflow of deep water (from Ostlund and Brescher, 1982).
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In the case of the transient tracers, the source of information lies in the
known, tinme varying history of the atmospheric boundary condition coupled with
docunentation of the tenporal evolution of their spatial distribution. The
utility of such tracers depends both on the appropriateness of the tine
variation (either decay or source) to the tinme-scales being studied, and on the
degree to which the boundary conditions and/or in situ behaviour are well

known. It should also be noted that the diagnosis of physically interesting
processes (for exanple, formation rates and velocity) is not nodel-independent,

and the neasurenment of nore than one linearly independent tracer, particularly
those with differing time constants and/or surface exchange inpedances, will

general ly inprove the confidence of the analysis.

3.3 The achievement of Goal 1. The WOCE Core Projects

3.3.1 Introduction.

The translation of the four objectives of Goal 1 into practical
experimental design will involve making decisions about priorities regarding
calls on resources available within the international oceanographic commnity
and in appeals for the provision of additional resources. It Is necessary to
agree on criteria for making such decisions. The mechani sm adopted in this
scientific plan is to identify three Core Projects that shall have top priority
for Goal 1. The Core Projects are

Core Project 1 The G obal Description
Core Project 2: The Southern Ccean
Core Project 3: The Gyre Dynamics Experiment

All three Core Projects are needed to nmeet the objectives of Goal 1.
Their aims are conplenmentary, overlapping geographically and sharing the min
observing systems. They differ in experimental philosophy.

CORE PRQJECT 1: Core Project 1 is concerned with obtaining data that can
be used to provide quantitative global descriptions of the circulation of heat,
fresh water and chenicals and of the statistics of eddies. These constitute
the zeroth order description of the role of the ocean in the planetary climte
system  Conparison with nodel sinulations based on surface fluxes observed at
the same tine will provide a powerful test of the nodels and will no doubt
reveal significant errors in them Cues as to the cause of these errors
shoul d be found through exami nation of the differing roles of the various
oceani c basins in transferring heat and fresh water and the degree of regiona
agreement between nodels and the Core Project 1 data set. For this purpose the
description of the global ocean should be of simlar quality to that presently
available for the North Atlantic.

The second and third core projects are designed to provide information on
particular aspects of the role of the oceans in decadal climte changes that
require different experinental considerations than the global average of Core
Project 1.
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CORE PRQIECT 2: Core project 2 is concerned with the Antarctic
Circunmpolar Current, the Southern Ccean and its interactions with the oceans to
the north. The Antarctic Circunpolar Current, by linking the circulations of
the Pacific, Atlantic and Indian Cceans, provides the connection that
transforns the oceanic heat flux froma regional into a global phenonena.
South of the Circunpolar Current large quantities of heat supplied at |ow
latitudes are lost to the atnobsphere with the resulting formation of deep
wat ers; to the north there are regions of node water formation. Large
fluctuations are known to exist in the flow of the G rcunpolar Current and
model predictions are expected to be particularly sensitive to the way these
are represented. However, little is known of the fluctuations and their role
in inter-basin exchanges and this is an area in which WOCE is likely to produce
fundamental discoveries that will change our theories of ocean circulation in a
qualitative way.

CORE PROQJECT 3: Miuch nore is known about the circulations within ocean
basins, especltally in the North Atlantic, which is the best observed.
Neverthel ess, recent developnents in theoretical understanding of boundary
| ayer processes and m xing by quasi-geostrophic eddies have posed fundanent al
questions about the design of circulation nodels, which are sensitive to the
met hod of representing them Other processes pose equally inportant
questions. I nproved resolution permtted by more powerful conmputers will help,
but it would be unwise to assune that nodel predictions will becone insensitive
to the method of paraneterizing notions that renmain unresol ved. The ultimate
aim of developing nodels suitable for decadal clinmate prediction poses
chal | engi ng specifications for the accuracy to which ocean circulation is
si mul at ed. Core Project 3 will study certain processes of one ocean basin in
sufficient detail so that major advances can be made in the nodels for the
basi n which can be later extended with sone confidence to other ocean basins
and the global circulation. Concentrating on these processes in one ocean
basin has many practical advantages. The fieldwork and associated nodel ling
studies of Core Project 3 will be grouped under the general title "WOCE Gyre
Dynam cs Experinment'.

It is expected that the results of Core Project 3 will have general

applicability in mdelling the global circulation. Neverthel ess,' there are
fundanental differences between the ocean basins. The channelling of the
Florida current, the effect of the great width of the Pacific, the Mnsoon

forcing of the Indian Ccean, and the circulation around Southern Africa are
exanpl es of the regional features demandi ng special attention. The dynami cal
probl em of flow across the equator may be resolved differently in each ocean
because of its geography. Conparison of simlar features in the different
ocean basins will be possible using the data sets of Core Projects 1 and 2 and
should lead to clarification of certain aspects of the oceanic circulation.
QG her features may only be addressed by regional studies carried out in
addition to the three Core Projects. The WOCE strategy is to encourage such
regional studies, providing they can make a contribution to the goals of WOCE
and that their tinmng does not draw away resources needed for the three Core
Projects which nust be given priority.

3.3.2 Core Project 1: The Global Description.

I ntroduction: Most of our existing know edge of the |arge-scal e ocean
circulation has conme from hydrographic surveys of various “tracer"
distributions, coupled with use of the dynam c nethod. For example, vertical
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and horizontal sections, of salinity, nutrients, oxygen, have been interpreted
as showing the "sources" of different oceanic water nmasses and inferences have
been drawn about how they nust be noving about the ocean. In this way
oceanographers such as Wist, Wrthington, and Reid, have provided considerable
descriptive know edge of the structure of the large-scale circulation.

The dynanmic nethod, as devel oped over the past 80 years or so, nakes use
of tenperature and salinity nmeasurements and the equation of state to conpute
the density field and fromit the vertical shear of the horizontal geostrophic
flow field. Conbining these with the constraints from transient or radioactive
tracer distributions enables certain estimtes to be nade about the rates of
wat er nmass novenent. The dynanmic method yields a form of inconplete "clock"
establishing relative rates of novenent of the ocean circulation on large
scales. The conbined use of tracers wth geostrophic currents has reached its
hi ghest degree of developnent in the North Atlantic. Few would argue with the
statenment that nore is known about the North Atlantic Ccean than any other
ocean basin.

It is instructive to ask why the North Atlantic is best-known. Sever al
rel ated reasons exist, not least of which is that the major oceanographic
institutions of the western Europe and eastern North America ring the basin.
The width of the ocean is |less than one third that of the North Pacific,
making, trans-oceanic traverses a practical possibility for conventional
oceanographi ¢ vessels. Finally, the North Atlantic, for reasons inconpletely
understood, carries strong waternmass formation signals fromdifferent regions
(for exanple, the Mediterranean, Norwegian Sea, Antarctic,). As a result,
surveys of the physical and chenical properties of the Atlantic have
accurmul ated over the years and, wth some exceptions (nutrients), better
property charts can be nade for the North Atlantic than for any other ocean
basi n. It is no coincidence that during the International Geophysical Year,
only the Atlantic was covered with a systematic, high quality, top to bottom
continent-to-continent grid of hydrographic stations. This survey has until
very recently remained the major source of nodern information on the
circulation of the North Atlantic. It was the North Atlantic that was
recently re-surveyed by an informal consortium at the highest standards
pernmitted by existing instrunentation (Figure 7).

In the other oceans, the data base is largely the result of uncoordinated
surveys (see, for exanple, the Preface to Wrtki et al, 1971) |eaving |large
gaps in coverage in one or nore of the essential fields. Paradoxically, the
best -surveyed ocean, at least in terns of coverage, next to the North Atlantic
appears to be the Southern Ccean, as a result of the intensive efforts made to
systematically cover that ocean during the 1960's to early 1970's using the RV
Eltanin, a special capability ship available at that time (CGordon et al., 1982

and Figure 8).

Al t hough nuch remains to be done in the North Atlantic (see Core Project
3), any substantial further progress in understanding the global circulation
requires a description of the distributions of heat, fresh water and cheni cal
tracers, the dynanic topography, and the surface forcing of all the oceans
that, at a minimum wll permt their discussion with the same confidence that
exists now for the North Atlantic. Such information is necessary, for exanple,
as a data base for any numerical or analytical nodel able to conpute the
transports of heat, salt, etc. in the global ocean. It will also serve as a
foundati on on which to base inprovenents to such nodels and those designed
explicitly for the prediction of decadal climate change. At present in sone
oceans it is not even clear that the density signatures of all the ngjor
current systens (in particular, the deep boundary currents) have been observed,
much | ess their transports been deterni ned. For the nost part the procedures
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Figure 8  Chart showi ng positions of stations occupied by the RV Eltanin and
other vessels in the Southern Ocean as well as contours of potenti al

density og, at 100 neters (from Gordon et al, 1982).

for carrying out this nmajor experinental conponent will be qualitatively
simlar to those that have al ways been used. Use will be made, however, of
more efficient methods and of chemcal tracer observations that have becone
possible in the past few years. Satellite observations of sea-surface
altinmetry and forcing will play a nore inportant role in WOCE The recent
re-survey of the North Atlantic and the existence of the Southern Ccean survey
demonstrate the practicality of the plan.
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The relationship to Goal 1 Objectives: The gl obal progranmme outlined above
constitutes Core Project 1 of WOCE. It addresses, at least In part, all of the
objectives of Goal 1 and Objective 1 of Goal 2.  The hydrographic and chenical
tracer data, nmeasurenents of the surface altinetry and wind stress and any
direct neasurenments of velocity will be combined in nodels in order to
deternmne the fluxes and divergence of heat and water vapour and their annual
and interannual variability. The procedures to be used range from conventional
direct estimates, to inverse nbdels to eddy-resolving general circulation
nodel s (EGCMs). Al will address Objective 1 of Goal 1. Core Project 1 will
contribute to Qbjective 2 (ocean dynam cs) through the nmeasurenent of surface
forcing, surface altinetry, and the interior mass field which can be used with
dynami cal mpdels to study the |arge-scale ocean dynami cal bal ances over the
full range of oceanic conditions, though not in such detail as will be done for
an ocean basin in Core Project 3.

The principal contribution of Core Project 1 to Objective 3, on oceanic
variability, is through two disparate neans. The first, and probably the nore
inportant, is by the satellite nmeasurenent of sea-surface altinetry over the
range of oceanic variability from spatial scales of about 20 kmto 10000 km and
time scales of 20 days to 5 years. Secondly, the in situ variability will be
determ ned through repeated hydrographic surveys (principally directed at the
annual and interannual conponents of variation), and through extended tine
series of observations from specific fixed stations (for which the Panulirus
Station may be considered the prototype). Finally, the fornation rates and
fluxes of water masses (Chjective 4) will be determned through the combination
of all the Core Project 1 elements into models of the circulation, anal ogous to
those used for heat flux and divergence cal cul ations.

Elenents of the Field Progranme: The SSG is devel oping a plan for each ocean,
through a series of workshops intended to elucidate optimal sanpling strategies
for each one, dependent upon what is already known. The el enents of the plan
for each ocean will address the follow ng desirable results:

Adequate spatial coverage (see, for exanple, Figure 9) so that all the
maj or features of tenperature, salinity, nutrients, oxygen, Tritium
Hel ium 3, fluorocarbons, Carbon-14 (to the extent that useful results may
be obtained using snall water sanples) and dynam c topography are
contourable at all depths where signatures of spatial change are
detectabl e and, on a coarser scale, some sanpling of "large vol une"
tracers such as Krypton-85, Argon-39 and Radium 226 so that their
| arge-scale or nean concentrations may be determned. The results of this
basi ¢ descriptive programme will be both the initial background data
needed for any dynanmical/chenical nodel of the ocean, also a reference
state against which to determne future climtol ogical changes in the
ocean, be they in heat or salt content, or stable tracer concentration.

In those regions, especially high latitudes, where a strong baroclinic
annual cycle is expected, surveys will be repeated sufficiently frequently
to determne the magnitude and phase of the cycles. Special attention
will be paid to the depth of winter time mxing at high latitudes, a
paranmeter of considerable inportance in understanding both the heat |oss
fromthe ocean and the injection of potential vorticity into the
geostrophic ocean interior. Mich of this work will probably be conducted
usi ng expendabl e probes on ships-of-opportunity.

Sufficient surveys will be done in each ocean during the intensive 5 year
period of the altimeter and scatteroneter mssions that conparisons can be
made between the absolute and variable conponents of flow as determ ned
hydrographically and from measurements from the spacecraft.
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Tide gauges, neutrally buoyant floats, current neter arrays, etc. wll be
depl oyed in each ocean so as to allow the determnation of the absolute
geostrophic flow fields before, during, and after the altineter nissions

As a result of the conbination of these measurenments into a variety of
model s, the neridional flux of heat and fresh water will be a known for
each ocean as a function of latitude and the flux divergence will be known
with an uncertainty of no nore than 10%  The nagnitude and phase of the
annual cycle in each ocean will be determined with an uncertainty of no
more than 20% The najor elenments of the fluxes in each ocean (Ekman
drift, advection, eddy fluxes) wll be deternined.

Time series of hydrographic data fromstations placed in carefully chosen
representative regions wll be obtained. The Panulirus hydrographic
station off Bermuda upgraded to determ ne basic chemical tracers
(nutrients, fluorocarbons, Helium3, Tritiumetc.) is an exanple of what
is required (Figure 10). The pl acement of such stations depends on the
availability of platforms and manpower and the need for representative
stations in key |ocations.

The major experimental conmponents necessary to acconplish Core Project 1
are satellite altimeters and scatteroneters, vessels capable of highest quality
hydr ographi ¢ and chemical measurenments (with the capability of neeting the
special manpower and endurance requirements in the Southern Cceans (see section
6.3.1)), drifters for deep direct velocity observations in regions of strong
flows, XBT's (principally for high latitude work and the determ nation of
m d-latitude tenporal aliasing), a tide-gauge network (for both altinmetric
calibrations and nonitoring flows through certain straits), plus volunteer
observing ships for the calibration of the satellite scatteroneters.

3.3.3 Core Project 2: The Southern Ocean.

Understanding the global circulation inplies a thorough description of the
role of the Southern Qcean both as a pipe-line for nass transfers between the
other oceans and, on a zonal average, as a region where heat supplied at
lowlatitudes is lost to the atnmosphere. Neither of these aspects is presently
wel | descri bed. Neverthel ess a 60-year long history of descriptive physica
oceanography in the region, has provided a clear picture of the water masses
present and of the basic zonal circulation (Gordon et al. 1982). Wat is
largely lacking, in spite of recent efforts, 1s a quantification of the rates
at which neridional transfers take place as well as of the rates of the intense
interactions with the atnosphere and the resulting production of the bottom
waters that find their way through the deep gl obal ocean. These requirenments
formthe basis for the design of the Southern Ccean Experiment of WOCE some
aspects of these issues have been addressed by a recent SCOR working group
(SCOR, 1985).  Problens associated with the difficult working conditions, the
vastness of the region, and the conplexity of the processes involved will make
these objectives difficult to attain. Special attention will need to be given
to the allocation of resources to the Southern Cceans.

In recent years progress has been made in establishing the total strength
and variability of the circunpolar transport across the Drake Passage
(Whitworth, 1983). Di rect observations of current combined with hydrographic
station data suggest that a |arge part of the variability through the passage
is due to variations in the barotropic flow and that the transport relative to



- 25 -

65
6-6

L

C

L

LA |
=366

—_—

<

365 -

36-5

DEPTH
1
N
Q
T
—

-300-t T
. s} 4_
1 : M ]
|- A s
-400'i%'r{l:'ﬁ'r{+:!’\r+’“:%%,/%ui.,{:%/?\lif%%.
1950 1955 1960 1965 1970 1975 1980 1985

Figure 10: Salinity as a function of time and depth at the Panuliris Station.
Variability is evident at all time scales sanpled.

a deep reference level is relatively stable at ~108 n8s-1 (Nowlin et al,
1977and Wiitworth and Peterson, 1985). The neridional profile of the tota
current has a filamented structure. The possibility that the Antarctic
Circunpol ar Current has a Sverdrup bal ance exists but evidence of strong
deflections of the flow over the najor meridional ridges would necessarily
nodi fy this picture (Stommel, 1957 and Baker, 1982). The Drake Passage appears
to be the only, and very valuable, in situ experinental site at which the total
circunpolar flow can be measured during WOCE. Previous work in the area during
the International Southern Ccean Study (Witworth, 1983 and Witworth and
Peterson, 1985) should permt a tested and economical sanpling strategy to be
devel oped. It would wuse current nmeters, pressure gauges, and repeated
hydr ographi ¢ sections supported by what should be an excellent altimetric
coverage by both the TOPEX and ERS-1 satellites.

The zonal heat and fresh water fluxes at other neridional sections south
of Africa and Australia have been estimated using the baroclinic velocity field
relative to a deep reference Ilevel. It seenms unlikely that determination of a
reference level velocity by direct current measurenment would be feasible on
these long sections and, therefore, in WOCE reliance will have to be placed on
repeat ed hydrographi ¢ sections conmbined with pressure gauges and sea-surface
altinmetry in order to cope with both ice-free and iced cover conditions. The
latter should be supplenmented, where possible by island tide gauges. By
providing the estimtes of the surface geostrophic field sea-surface el evation
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measurenents can, during WOCE, significantly narrow the error bars on the
overall velocity field. South of the Antarctic Convergence these should al so
give excellent estimates of the total geostrophic current since there the
baroclinicity is small.

The value of additional instrumented sections across the Southern Ccean
should not be assessed with regard to whether they mght provide neasurenents
equivalent to those in the Drake Passage but rather whether they might provide
key measurements to test future nunerical nodels of the circunpol ar ocean

There is still little information as to the extent to which bottom topography,
in particular the mgjor ridge system influences the dynamcs of the Antarctic
Circunpolar Current. Theoretical evidence is however beginning to clarify

the nature of the dynamcal interactions between the gyre and circunpolar flows
that must be nmonitored over the period of WOCE

The meridional transfers into and out of the Southern Ccean are of
particular inportance to Cbjective 1 of Goal 1. These have only been partially
expl or ed. Past work on meridional exchanges has enphasised the spread of
Antarctic Intermedi ate and Bottom Water and the return of deep water. The
experimental nethod that seens mpst likely to yield circunpolar estimtes of
the rates at which watermass exchanges proceed at all depths is that exploiting
the time-dependent evolution of the distribution of anthropogenic and
radi o-active tracers. This technique is beginning to show some success in
estimating the rate of production of bottomwater in the Atlantic and an
enhanced neasurement progranme in the Southern Ccean would be very effective.
It is essential for WOCE to pursue and expand those aspects of transient
tracers that can provide measurement of transfer processes on decadal time
scal es.

It is evident fromwork in recent years on the boundary currents of the
three southern continents that potentially |arge heat and nass transfers can
t ake place between one ocean and another in conparatively narrow regions.
Adequat e sanpling of these boundary currents is difficult but nay be possible
by a combination of the systematic measurement of sea-surface elevation for the
estimation of the surface currents and regional drifter nmeasurenents supported
by exploratory XBT and Ship-of-Qpportunity sections across the current
Satellite imugery will also be of value.

The regions to the north of the Antarctic convergence are one of the mgjor
areas of mode water formation and the geographical extent of this process needs
to be napped as well as the rates of production. A combination of the use of
transient tracers, in particular the freons, wth XBT neasurements supplenented
when possible by nmore advanced CTD profiling systens such as the Batfish
appears to provide the best chance of gaining the needed data.

Rel ationship to the Goal 1 bjectives:

To the extent that it will provide general information of the Southern
Ccean, Core Project 2 addresses all the Objectives of CGoal 1. It is however,
designed to focus on (bjectives 1 and 4 In particular, interbasin exchanges
are a key element of any overall description of the large scale fluxes of heat
and fresh water. Simlarly, the large atnospheric exchanges in the Southern
Ccean and their attendant water mass formation and nodification are basic
elements of the global water mass formation and distribution.
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El enents of the Field Progranme:

The experinmental elenents to be applied in the Southern Ocean will, by
necessity, need all the techniques and tools listed previously for the gl obal
description, Core Project 1. Additional methods will be used to address the
special operational and dynam cal problems of the Southern Ccean:

. The flow through Drake Passage wi || be neasured using a conbination of
current neter, pressure gauge, and alimetric neasurenents. Estimates of
transports through other sections will also be made, but for the npst part
have to be done without the aid of direct current neasurenents because of
the long distances involved.

The large vertical migration of the principal water masses along isopycnal
surfaces will pose additional requirements on traditional hydrographic

sanpl i ng.

Surface neasurenents of stress and the fluxes of heat and fresh water wll
be particularly inmportant for estimates of water nmass formation and
nodi ficati on.

Speci al enphasis will be placed on obtaining nmeasurenments of geochenical
tracers for the purpose of estimating rates of formation, transport and
modi fication of water masses.

The vast neasurenment progranme, requiring hydrographic and geochem cal
stations with research ships, cannot be achieved with the linted
resources of the small fleet of suitably equipped ships operating in the
Sout hern Ccean. Special arrangements will have to be nade (see Section
6.3.1).

3.3.4 Core Project 3: The Gyre Dynamics Experiment

Qur understanding of permanent gyre circulations rests on classical papers
by Sverdrup (1947), Stommel (1948), Munk (1950) and others (see Stommel, 1965)
who exploited the idea of barotropic potential vorticity conservation. Their
theories explained the existence of western boundary currents and the
| arge-scale linear (Sverdrup) return flow to the east of them An early
application of computer nodelling to the ocean circulation investigated the
non-linear intense flow in the western boundary current. The extension to
baroclinic flow led to theories of the permanent thernocline (Wl ander, 1971),
in which isopycnic potential vorticity is conserved along particle
trajectories. Layered solutions of the thernocline equations (Luyten et al,
1982 and Figure 11) have recently revived interest in this problem Rhines and
Young, (1982a,b) have investigated the inplications of the mxing of potential
vorticity on density surfaces. Systematic experimental and theoretical studies
of transient eddies in the last twenty years have led to the recognition of
their influence on the permanent circulation and conputer nodel s have reveal ed
the great sensitivity of the distributions of passive scalars and potenti al
vorticity to eddy mxing (Holland et al, 1983). These devel opnents have
stimul ated re-exam nation of all aspects of gyre circulation theory, including
the linear regine, the strongly non-linear boundary currents, surface forcing
by the wind stress and buoyancy flux, and the general vorticity budget of
gyres. Contenporary pre-occupations also include the inpact of water nasses
from margi nal seas and the mxing of passive scalars and isopycnic potential
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Figure 11: Schemmtic neridional cross section of the Luyten et al (1982) nodel
showing the layers of depth, hi, outcropping at |atitudes,
yi (x). The Ekman punping changes sign at ywx).

vorticity across the permanent stream ines where they are bunched together in
unstabl e boundary currents.

In principle, it is possible to resolve these issues by neans of conputer
eddy-resolving general circulation nodels (EGCMs) in which the non-Iinear

features are treated explicitly. Theoretical studies of gyre dynamcs
indicate, however, that to increase the horizontal and vertical resolution
sufficiently to construct such global EGCMs will require an increase of

conputer power of about three orders-of-magnitude. This is likely to be

achieved early in the next century. For the present, high resolution nodels
for limted regions of the Wrld Ccean can be used to clarify issues that will
arise in the design of future gl obal EGOWE.

Core Project 3 is designed to neet the objective of developing accurate
eddy-resolving general circulation nodels by a conbination of nodelling and
experinents that will directly address key aspects of the dynanical bal ance of
the circulation and its response to decadal changes in surface forcing. The
aimwill not be to study the details of physical processes, but rather to
survey their large scale signatures in sufficient detail to relate the detailed
know edge gained in other investigations to the gyre-scale circulation. One of
the points to resolve in the experinental design is just how much detail of
each phenonena nust be observed to support nodel devel oprent.

The difficulty experienced in deriving an accurate description of the
circulation fromexisting data, even inthebest observed basin (the North
Atlantic), enphasises the need to concentrate the nmeasurenents into a single
basi n. The choice of basin will depend on a bal ance between logistic
conveni ence, background information, and the availability of the essentia
features needed to be studied, including both cyclonic and anticyclonic gyres,
a western boundary current, and large regional variation in Ekman
suction/punping, depth of winter nixing and eddy kinetic energy.

Priority will be given to studying those processes that are likely to
cause nodellers problems at the end of the century when increased conputer
power is available but many inportant processes will still have to be
parameteri zed. They include the seasonal | y-varying upper boundary |ayer, the
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hi gh Rossby number mesoscal e jets associated with eddy m xing, diapycnic mxing
in the thermocline, and the turbulent boundary |ayers on the bottom and sides

of the basin. It will also be necessary to neasure transient motions that will
be resolved by the nodels, but which may not be accurately sinulated because of
the limted spectral w ndow of integration: exanples include baroclinic

planetary waves, quasi-geostrophic eddies and topographically influenced
mot i on. Finally, the experiment will be concerned with dynanical aspects of
the fluxes between the chosen basin and its neighbours, including the overflow
at sills and cross-equatorial notion. These will be studied for their inpact
on the dynamical balance in the particular basin chosen for Core Project 3,
rather than for their inmpact on the global circulation.

The planned activities of Core Project 3 could be grouped under various
headings (not nutually exclusive), such as, ventilation of the thernocline,
i nternal -ocean dynami cs, eddy dynamics, diapycnic mxing, exchange between
yres, equatorial dynamics, and the deep circulation. The observing systems to
%e depl oyed for WOCE will provide special opportunities for studies in these
areas after 1990, but sone aspects of the fieldwork will start earlier and nay
conti nue beyond the planned mission lives of the WOCE generation of
oceanographic satellites. The exact conposition of Core Project 3 will only be
deternmined after future planning, keeping in mnd the priorities set by the
requirement for inproved nodels for decadal clinmate prediction. Sone
possibilities are discussed bel ow

There is a solid foundation of know edge about the physical processes that
control the flow of potential vorticity and passive scalars into the
thermocline fromthe turbulent boundary layer, in which the tenperature,
salinity and chemcal concentrations of ' seawater are influenced by the surface
fluxes. The first steps have been taken to incorporate these processes into
circulation nodels so that the gyre response to changes in surface fluxes can
be conput ed. However,' theoretical studies indicate that ventilation is a
hi ghly non-1inear process, dependent not only on the wind stress curl (Ekman
Punpi ng), but also on advection of water through the seasonal boundary Iayer,

he depth of which varies with the surface fluxes, the mean circulation and the

transient eddies. It nust be included in COMs, which will be sensitive to the
met hod of paraneterizing the ventilation process. Experinental investigation
of the ventilation process demands accurate measurement of the circulation and
seasonal cycle in the nixed layer and seasonal thernocline (Wods 1985b and
Figure 12).

The interior ocean is driven by wind and buoyancy forcing at the surface,
the nature of which is the subject of the ventilation experinent just
outlined. Water is subducted from the boundary |ayer into the permanent
thernocline with a given potential vorticity. Recent theories (Luyten et al,
1983, Rhines and Young 1982a,b) neke inportant predictions concerning the |ack
of ventilation in certain "shadow zones" and the effect of nixing of potential
vorticity. Rhi nes (1985) has predicted that new water subducted fromthe
boundary layer into the thernocline provides only a fraction of the water
circulation around the gyre and that the remminder, which increases towards the
line of zero wind stress curl, is old recirculating water. O her water masses
are introduced by deep convection in the north or the overflows from narginal
seas. These also force the ocean circulation, especially the deep flows, and
form part of the boundary conditions on the theories just discussed. Model s
and theories of the gyre circulation must reconcile the roles of all the
driving mechanisms and their interacting influence on the interior circulation.

These and other ideas and theoretical predictions raise questions
regarding the nature of the large-scale gyre circulation, which provide
sensitive tests of ocean nodels and their ability to describe decadal changes.
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Ot her aspects of the internal ocean dynam cs may be equally inportant. Sone
could be clarified by accurate mapping of the isopycnic potential vorticity and
the velocity field of the pernmanent circulation, with spatial resolution
appropriate to the crowding of streamines in western boundary currents. The
measurement of these quantities in the presence of energetic transient eddy
motions poses a sanpling problem which will dominate the experinental design.
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Figure 12: Variation of the depth of the m xed |ayer and various isopycnals
during a 4 year integration of a mixed |layer nodel follow ng the
trajectory of water circulating in the Sargasso Sea (according to
the general circulation nmodel of Sarmiento (1983)) show ng the
subduction of water-masses fromthe seasonal m xed |ayer. The
inset shows the path of the Lagrangian mxed |ayer integration and
annual trajectories of surface waters (from Wods and Bar kmann
1986) .

WOCE will be the first investigation of large scale circulation since the
di scovery and exploration of the quasi-geostrophic eddies that are known to
play an inportant role in the permanent circulation (Robinson, 1983a). The
regional variation of eddy kinetic energy is a key variable for WOCE.  Eddies
receive their energy fromthe large-scale circulation and in turn diffuse
| arge-scale potential vorticity, heat and other properties, as well as transfer
monentum to deep circul ations. They play a najor role in the interaction
between the gyres. It has been proposed that the regional distribution of eddy
kinetic energy may provide a sensitive test of GCM dynamics (Bretherton,
1984). In order to test GCM by comparing their predicted eddy energy
distributions with those observed during WOCE it will be necessary to ensure
that all other relevant factors have been observed and sinulated. This cannot
be achieved on the global scale of Core Project 1, but the prospects are better

for doing so in the Gyre Dynamics Experiment.  The experimental strategy wll
be to map the eddy kinetic energy throughout the basin including both the
vertical variation and the seasonal cycle (Dickson et al. 1982). Conpari sons

with the large scale circulation, especially in the deep water, and with the
distributions of isopycnic potential vorticity and various tracers should
provide opportunities to quantify the role of eddies.

The equatorial zones are regions of special interest. Since the flows
there are ageostrophic, the neasurement of the inter-hem sphere flow is
difficult and may pose problens in the design of Core Project 1. Gyre-scal e
nunerical nodels often exhibit problens in the equatorial zone that may be
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resolved by greater resolution, although this is far from clear. G eater
understanding of equatorial dynamics is required for nodel devel opnent.
Al'though the ocean above 1000 mis being investigated during TOGA, process
studies to clarify questions of particular inportance to WOCE are required,
especially in the deep flows. One such question may be the behaviour of deep
western boundary currents near the equator.

In the context of WOCE Goal 1, the principal role of diapycnic mxing
concerns the dissipation of the variance of passive scalars and potenti al
vorticity created either during subduction fromthe nmixed | ayer or during eddy
mxing in the thermocline. It is of practical inportance to know the rates of
diapycnic nixing and its regional variation in the context of the permanent
circulation and the eddy energy distribution, as well as that of various
tracers. Di apycnic mxing is however known to be so low that it does not
appear to present a critical problem for ocean circulation modelling (Garrett
1979) and thus nmay be of lower priority than other conmponents of Core Project
3.

The site of the Gyre Dynami cs Experinment

The North Atlantic Ocean offers the required conbination of features
within a logistically convenient and accessible area and has already been
chosen by the WOCE NEG for a series of GCM experinents. The one process
obviously missing is the interaction between the circulation in a basin and the
circumpolar current, but is not logistically feasible to mount the Gyre
Dynami cs Experinment in the Southern Heni sphere.

The relationship to Goal 1 Ohjectives

Core Project 3 is directed prinarily at bjective 2 of Goal 1, the
dynani cal bal ance of the ocean circulation and its response to changing surface
fluxes. The aspect of ocean ventilation is however directly related to
bj ective 4, water nass formation, and the investigation of eddy dynamics
relates to ojective 3.

El enents of the Field Programre:

Core Project 3 will use all of the experimental elenents of Core Project 1
at their ultimate accuracy; for exanple, deternination of the surface
geostrophic flow with the accuracy necessary to support all aspects of the
programme will require the best possible absolute sea-surface altinetry. In
addition, the project wll:

Use hydrographic station data to map potential vorticity on various
density surfaces, to calculate geostrophic shear and to npgp the
distribution of geochenical tracers as indicators of ventilation rates and
m xi ng

Require surveys with towed undul ating vehicles, acoustic doppler current
profilers, XBTs, and surface drifters to map the depth of winter
convection and the source of potential vorticity in subduction regions.
This will be coupled with the best available surface flux nmeasurenents
fromall sources.

Determine the circulation in the upper ocean directly by noored current
meters, drogued drifters and tracked floats. In the deeper ocean the use
of current neters and deep floats will map the mean circulation and
provide information on eddy fluctuations.

Various specialized tools such as acoustic tonography may be used to
eluci date aspects of particular dynam cal problens.
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CHAPTER 4
Goal 2

4.1 Introduction: The WOCE Approach to Monitoring

The second goal of WOCE . . . to deternmine the representativeness of
specific WOCE data sets for the |ong-term behaviour of the ocean, and to find
nmet hods for determining |ong-termchanges in the ocean circulation . . . .
addresses the need to develop systenms to nonitor changes in the ocea
circulation after the WOCE intensive period. The WOCE data set will strongly
i nfluence oceanographers' ideas about the ocean circulation in the next century
even though it will be primarily assenbled during a single five year period.
Since it cannot represent the circulation as it changes over future decades,
the strategy is to use the data set (including the surface forcing functions)
to devel op nodel s capable of accurately predicting the changes that occur in
the ocean circulation as one part of the planetary climte system For this
strategy to work it will be necessary that the WOCE data set, or specific parts
of it, are representative enough of the |arge-scale |ong-term behaviour of the
ocean so that its use to develop and verify models for clinmate prediction will
have produced nmodel s that are valid for that purpose, From anal ysis of these
climate nodels and of the WOCE data sets thenselves, it should be possible to
identify certain sensitive indicators of changes in the ocean circulation
| ocated at a few key positions. Measurenents of these indicators should form
the basis for a skeletal ocean nonitoring system The collection of data using
this systemafter the WOCE intensive period is not part of WOCE.  Providing the
design basis for the systemis.

While it is possible, in principle, to contenplate climte prediction
model s running solely on atnospheric data, this would require both that the
oceanic part of the nodel responds correctly to the inposed surface fluxes, and
that the surface fluxes predicted by the atnospheric part of the nodel are
sufficiently accurate. This ideal is unlikely to be achieved and one nust
assune that there will have to be on-going observations of critical elenents of
the ocean circulation systemto constrain the predictions of climate nodels.
Ccean nonitoring for this purpose does not require honbgenoeous, systematic
gl obal observations of the internal structure of the ocean in a manner
equivalent to the Wrld Weather Watch. The aimwill be to identify a small
nunber of neasurenents that can be nade econonically and which provide the
i nformati on needed to constrain the inpact of Ilinmted spatial and tenporal
resol ution, erroneous paraneterizations and/or erroneous surface fluxes on the
oceanic climte predicted by coupled ocean-atnosphere GMs. It is premature
to specify, even in the broadest terms, what those measurenments should Dbe,
al though the CQcean Observing System Devel opment Programme (1 OC, 1984) has
identified a range of possibilities. The final selection will have to rely on
the results of sensitivity studies with nmodels based on the WOCE data set and
using conputer power available at the end of the century.

The design of an ocean nonitoring system for climate purposes will also be
i nfluenced by the experience gained during WOCE with new or novel ocean
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observing systemns. For exanple, WOCE should elinmnate the need to observe
tides so that they can be renoved as a source of error in future altineter data
and greatly reduce the need for surface calibration of scatteroneter w nds.
Gven the inportance of this aspect of WOCE it nmy be desirable to incorporate
into the field progranmme a nunber of new observing systems that are candidates
for long termnonitoring, but which have not yet reached a sufficiently
advanced stage of development to justify formal incorporation into the plan for
achieving Goal 1.

4.2 Objectives of Goal 2

4.2.1 Objective 1. The representativeness of the WOCE data sheet

The question as to whether the nulti-year WOCE data set will be
reresentative of the behaviour of the ocean over longer time periods is a
difficult problem In the long-termit can only be addressed by examining the
predictions of the nodels that have been developed to describe the data set
(including the surface forcing functions) and which are conpl etely consistent
with it, taking into account sanpling errors. If the predictions are valid,
one will indeed be able to say that the WOCE data set is representative. The
proof however would require nmany years of data after WOCE

A nore useful approach, especially if an ocean nonitoring systemis to be
based on the WOCE experience, is to ask whether the WOCE data set and the
model s devel oped fromit are consistent with everything known about the ocean
systemthat is seen to be inportant to its evolution or as a neasure of that
evol ution. If there is enough redundant information, considerable confidence
that the WOCE data set is representative may be gained. In this context it
must be renmenbered that nuch is known about the ocean system from historica
data which is often of a process-oriented and/or regional nature. Mre will be
known before the end of WOCE from such sources. In addition, an inportant
conpl ement to WOCE in support of nodel devel opment and testing could come from
the rapidly developing field of pael eo-oceanography. A though usually [acking
in detail, paeleo-oceanographic scenarios provide tests of nbdels of the
complete climate systemin distinctly different paraneter ranges and may thus
be inportant for establishing confidence in nodel performance under conditions
of significant climte change.

O particular inportance as a test of the WOCE data set is the question of
whet her or not the ocean nodels based on it are capable of reproducing wthin
the limts of error (arising both fromthe statistical uncertainty of the data
set and from the inadequate representation of physical processes in the nodels)
these properties of the ocean that are signatures of time-scales nuch |onger
than the WOCE intensive period. The nost obvious of these properties are the
| arge-scale tracer distributions, including those of tenperature and salinity.
Taking this approach, tests of the representativeness of the WOCE data set will
i nclude such questions as whether:

There is reason to believe the WOCE data set provides adequate information
to test the parameterization in nodels of those processes believed to be
inportant for climate prediction, for exanple, the integrated effects of
upper ocean ventilation and deep-water formation.
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G obal scal e eddy-resol ving nodel s can describe both the observed eddy
statistics and the large-scale distribution of heat and fresh water or
their fluxes.

Such nodels can also describe the tinme-dependent evolutions of various
ant hropogeni ¢ ocean tracers with appropriate tine-scales

As WOCE is planned and carried out other tests of the representativeness
of the data set will undoubtably become apparent. This aspect of WOCE will be
pursued during the analysis phase of the experinent.

4.2.2 Objective 2: To identify the oceanographic parameters, indices and
fields that are essential for continuing measurements in an observing system
for climate on decadal timescales.

In order to provide the scientific basis for designing an observing system
that could be deployed on an ongoing basis in a cost effective manner to
monitor climate change on decadal and longer tinescales, it will be necessary
at the end of WOCE to identify conbinations of variables which are both
sufficient to deternine the key features of such change and capabl e of being
measured to the required accuracy. Efficient selections can then be made from
anong such conmbinations in relation to the available technol ogy and ot her
constraints.

The nunerical nodels devel oped and tested in WOCE will be used to test the
sensitivity of inferences about decadal changes in data inputs of various

ki nds. Such an analysis should not be independent of the tests of the
representativeness of the WOCE data set described above. I nformation gained
under Goal 1 objective 3 about the ocean variability on shorter timescales will
enabl e inproved estimates of the mninum sanpling require. \en analysed wth
the use of ocean nodels it may also provide an initial indication of the
magni t ude of decadal changes thensel ves.

The design of a realistic observing system requires actual experience as a
basis for iterative inprovenents. There are neasurenents that can be
identified now that are likely to be included in a future observing system and
for which proven observational techniques are avail able. Time series of sone
of these measurenents exist. Careful evaluation of their best use as

indicators of climate change can be started now.

4.2.3 Objective 3: To develop cost effective techniques suitable for
deployment in a climate observing system.

To be in a position to deploy a cost effective system after WOCE
devel opment is needed of new observing techniques that show promnise of major
advances in neasuring key fields or indices. Sone may use new wor ki ng
principles or enploy nore appropriate sanpling techniques. A criterion for
sel ecting new observing techniques at this time should al so be the expectation
that such techniques, although still under devel opnent, could contribute
significantly to the objectives under Coal | during the WOCE snapshot
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To achieve this objective, it will be inportant to foster throughout the
countries of the world, -the skills likely to be necessary for the deploynent of
post WOCE ocean observing systens and the nodelling techniques (for exanple,
four-dinmensional data assinilation) needed to exploit them for climate
prediction.

4.3 Achievement of Goal 2

Much of the achievenent of Goal 2, especially as it concerns the
representativeness of the WOCE data set will need to be carried out after the
intensive field phase of WXCE. Details of this work will be greatly influenced
by the final experinmental design of the Core Projects that constitute the
achi evenent of Goal 1. O inmportance will also be the state of nodel
devel opment, which will also be influenced by the WOCE data sets and
availability of the faster conputers needed for global nodels of adequate
resol ution.

The representativeness of the WOCE data set wll actually be attacked
initially within the Core Projects of Goal 1. The data set will obviously be
conpared with historical records where the latter include measurenents of
sufficient density and quality. Mny conparisons of the type listed in 4.2.1
will be part of the cycle of nmodel devel opment and verification that forns the
very heart of Goal 1. For example, within Core Project 1 the data obtained on
the evolution of various tracer fields before and during the intensive phase of
WOCE will be conpared with fields conputed from gl obal nodels using the WOCE
data set. Consi stency of the two fields would at |east test whether the
hypot hesis of representativeness should be rejected. Various technol ogi cal
devel opments can be studied at this tinme and indeed nmust be started in the near
future if they are to be available and of proven reliability after the
intensive period of WOCE.  Satellite ocean observing systens provide an exanple
of the long lead tine that is necessary for devel opment of an effective
observation sytem Post - WOCE systens should be of inproved reliability and
availability. Ccean tonography is another potentially inportant measurement
systemrequiring a long time for devel opnent.
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CHAPTER 5
WOCE Modelling

5.1 Introduction

Goal 1 of WOCE addresses the devel opnent and testing of ocean nodels
capabl e of predicting climte change. No single nodel is likely to be general
enough to meet all aspects of this requirement. The achievenent of Goal 1 and
its nore detailed objectives involves the strong interaction between nodelling
and field activities. As scientific planning continues, nodelling results will
play a major role in the design of the field programme. The present and future
capabilities of ocean nunerical nmpbdels and their role in WOCE are discussed in
this chapter.

5.2 Model Characteristics and Use

The ultimate nodel for climate prediction purposes would be a
t hree-di mensional tine-dependent global nodel capable of resolving the full
wave nunber range of geostrophic notions and of predicting the fields of
tenperature, salinity and tracers given the surface fluxes of nomentum heat,

fresh water, and gases. At present, no model with these characteristics
exists, although eddy-resol ving general circulation nmodels (EGM) have been
run for linited-size ocean basins (Figure 13). Using a domain 60" wide from

the equator to 65N, and a resolution of one-third degree in the horizontal and
15 levels in the vertical, such a nodel requires about ten hours of time on the
fastest vector conputers to sinulate one year of real time (Cox, 1985). It is
not practical to bring this nodel to equilibriumusing its full eddy-resolving
resol ution; coarse grids with special time-stepping procedures nust be used
for this purpose. Only then can the nmodel be integrated using its full
capability for a very linmted period of time (-15 years). A gl obal EGCM of
simlar resolution would require in the order of 100 hrs conputer tine per
sinulated year. This is beyond present resources. However, itis anticipated
that within a few years the next generation of conputers will nake possible the
use of such a mpbdel for nore extended periods of time, the nunber of numerical
experiments will have to be linited. Thus, oceanographers will be forced to
use the results of |ess conprehensive nodels, often of basin scale, throughout
the planning phase of the WOCE field programe.

Several institutions have used or are using non-eddy-resolving general
circulation nodels of basin or global scale. Mst use levels to represent the
vertical variation, but at least two are being formulated and tested using
isopycnal co-ordinates (Bleck and Boudra, 1981 and Marchuk and Sarkisyan,
1985). The nodel formul ated by Sentner (1974) has been w dely used. Mor e
recently a conputationally faster nodel has been devel oped by assuning
geostrophic balance in the interior (Mier-Reiner, 1985). Even when used at
high resolution this nodel cannot generate eddies and so they nust be
paramet eri zed. Most other nodels in use could, in principle, generate eddies
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Results of the integration of a general circulation nodel with a
grid spacing of one degree (panels a, c and e) and of one-third
degree (panels b, d and f). The Bernoul i functions (contour
intervals of 5 dyne cmin panels a and b), a passive tracer
(arbitrary units and tinme since ventilation in panels ¢ and d) and
potential vorticity (units of 10-9 ¢cml s-1 in panels ¢ and f) are
showmn on the o = 26.0 surface, lying in the subsurface
t her nocl i ne. The position at which the surface outcrops is
indicated by the dotted line to the north of each panel. The
effect of eddies, which are present at the finer grid spacing, is
evident in both the pattern of flow and the distributions of the
tracer and potential vorticity (from Cox, 1985).
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if used at high enough resolution but do not at the normally used resolution of
| -5 degrees that is necessary to conduct nany experinents at basin or gl obal
scale. These nodels have provided our only results of global ocean-atnmsphere
coupling (Schlesinger et al., 1985 and Marchuk et al, 1985).

Simple nmodels with inconplete physics have frequently been designed for
studying specific processes. Such model's will continue to play a key role in
t he devel opnent of global circulation nodels because they can lead to greater
understanding of the nore conplete nodels and the processes they describe. O
special nention are quasi-geostrophic eddy resolving nodels which have been
used for many studies of eddy dynamics and of the best paraneterisations of
eddies in non-eddy-resolving GCMs (Holland et al., 1983 and Figure 14). Thei r

use will surely continue, especially if they are generalised to include sone
t her modynani cal processes (Marshal |, 1981). They can be used to explore the

Figure 14: A perspective drawing of the Gulf Streamregion in a three-layer
ocean basin nodel. The layers represent the quasigeostrophic flow
at 150 m 650 m and 3000 mrespectively and the flowis forced by
inflow and outflow alone (no wind is present in this integration).
The strong neandering of the unstable Stream the presence of a
cold-core ring that has broken off fromthe Stream at an earlier
time, and the very strong eddy field in the deepest l|ayer are
evi dent (provided by Holland).
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paraneter dependence of many inportant processes and they require much |ess
conputer time than EGOM. Initially these nobdels all used depth as the
vertical coordinate but recently isopycnic coordinates (Bleck and Boudra, 1981)
and vertical nodes have also been used. The relative merits of the three types
of formulations has not yet been fully assessed.

5.3 Inverse Modelling/Data Assimilation

In WOCE there is the need for techniques to combi ne dynam cal principles
with information obtained from various data sets. For exanple, the
deternmination of the dynanmically consistent, 3-dinmensional absolute velocity
fromthe fields of heat, fresh water or tracers; the examnation of the role
of mxing in the heat, salt and potential vorticity budgets; and the optimm
design of an experinent. A reasonably direct method for obtaining the velocity
field is to exploit the principle of potential vorticity conservation using the
B-spiral technique (Schott and Stommel, 1979, O bers et al., 1985 and
Figure 15).

Mbdel s for use with data can incorporate various dynam cal principles,
such as the thermal w nd bal ance, nmintenance of the barotropic vorticity
budget, or conservation of heat, fresh water, or nass. Different types of
data can be used with these dynam cal principles, including nmeasurenents of
heat, fresh water or tracer concentration, current, surface fluxes of heat and
fresh water, and sea surface elevation. The nodel can be fitted to the chosen
data set using a nunerical |east squares or maximum |ikelihood fitting
procedure. Resul ts obtained fromthe procedure include the best fit node
parameters, statistical errors of the paraneters resulting from data errors and
aps, and the residual error of the best fit nodel. This techni que, often
referred to as inverse nodelling, has not yet been applied to all available
data combined with all useful dynam cal constraints. [ nverse nodel ling has
however succeeded in conbining w dely-based data with many of the nore
i mportant dynam cal constraints (Wnsch; 1978, and Figure 16).

Data assimlation provides an alternate approach for comnbining dynam ca
constraints with data to yield a description of the ocean state (Bengthorsson

et al., 1981 and Marshall 1985). In this technique data is conpared with the
first results obtained from integrating a nodel. The nodel is then again

integrated forward in tine, making use of the new data and the process
repeated.  Wile various techniques are available in principle for conbining
observations with nodel predictions, the practical success of the process
depends on having a reasonable nmodel and sufficient data to constrain the

model . As for the inverse technique, the analysis produced by data
assimlation will be dependent on the nodel scheme used. The experience from
met eorol ogy is, however, that the analysed fields are very useful. This is

al so expected to be the case for WOCE and other |arge-scale oceanographic
experiments.
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5.4 The Role of Models in WOCE

54.1 Use in experimental design.

During the planning of each project, nodels can be used to some extent for
'observing system sinulation' to help in the choice of experimental strategy.
For exanple, high resolution nodels can help to deternmine the inportant space
and tine scales in each oceanic region of interest and to give information on
the accuracy with which different variables should be neasured. One may
distinguish, in principle, between two nodelling approaches: direct nodelling
and inverse model I'ing.

In the direct modelling approach experiments are carried out using various
physi cal assunptions and the nodel outputs are then investigated to deternine
whet her the consequences of the different physical hypotheses can be tested and
di stingui shed between on the basis of the available data. | f discrepancies
between the predictions and data are found, the models can be iteratively tuned
to inprove the fit. The value of alternative data sets for nodel testing can
also be investigated. In this manner, an optiml experinental design and data
anal ysis strategy can be gradual |y approached through a process of successive
trial and error.

Inverse nodelling attenmpts to automate and quantify these iterative
procedur es. By carrying out inverse nodelling conmputations for different
classes of nodels, the ability of a given data set with specified error bounds
to distinguish between different  physical models  can be  expressed
quantitatively. By repeating the exercise with different data sets, the
advant ages and di sadvantages of different experimental designs can be assessed,
thereby providing a quantitative basis for the devel opment of an opti mal
experinental strategy.

Al though inverse nodelling represents the natural approach to designing
WOCE, the technique has not yet been applied in its nost general formto ocean
circulation studies. The difficulty lies in the conplexity of realistic ocean
circulation nodels and the need to carry out a |arge nunber of ocean
circulation calculations in the iterative optiml fit algorithnms that
characterize the inverse nodelling technique. Accordingly, inverse nodelling
met hods have only been applied using various inconplete sets of dynamca
constraints. The application of the nethod has furthernore been nainly
restricted to the nmean, tinme-averaged ocean circulation. An ext ensi on of
inverse nodelling studies to the variability of the ocean circulation would be
val uabl e for WOCE

Wil e the distinction has been nmade here between inverse nodelling and a
direct nodelling approach, it should be recognized that the distinction my
become blurred as nodels are used in different combinations for experinenta
desi gn probl ens.

The design of all the core projects of WOCE could greatly benefit from
nodel studies of this type. However, it is likely that initially, nodels will
not play a major role because of the lack of availability of the necessary
anal yses. Core Project design will however include the numerical nodelling
comunity in order to inprove this situation where possible.
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5.4.2 Data analysis.

Inverse models and data assimlation techniques can play an inportant role
in data analysis as well as in experinmental design. The amount of data which
will become available is, however, vastly greater than any data anount so far
used in inverse models. Devel opment of inverse nodels with a view to analysing

observations is a priority in WOCE [t is unclear at present whether a data
assimlation procedure similar to that used routinely in neteorol ogy, and
proposed for TOGA, is practical for conbining data into a dynamically

consi stent framework in WOCE The difference is that in large areas of the
extra tropical ocean eddies represent a large part of the variability. Mdels
which explicitly resolve the eddies will be grossly underconstrained since only
one instrument (the altimeter) can sanple fast enough to resolve them On the
other hand, if non-eddy-resolving nodels are used, eddy variability nust be
interpreted as 'noise on the data (eddy-resolving nodels may be used to
denonstrate the effectiveness of this approach). Nonet hel ess, the data
assimlation approach should be explored to determine if it can be a viable
met hod of analysing the data, distinct from inverse nodelling.

5.4.3 Relationship of models to core projects.

Al the model s described above are relevant to the core projects of WOCE
G obal GCMs relate nost obviously to Core Projects 1 and 2. Basin and gl obal
scal e EGCMs, as they becone available, and inverse nmodelling have many uses for
all core projects. In addition, conceptual nodels will play a significant
role, especially in Core Project 3, the gyre dynanics experinent.

A nodel ling effort has already conmenced, using a variety of basin scale

@MW and other sinpler nodels, to study the Atlantic circulation. The
objective is to investigate the consequences of specific design strategies and
to highlight areas of special sensitivity or interest; for exanple, where the

signal is large or where nodel physics is contentious (as indicated by
di sagreenent between differently fornulated nodels). A variety of GMs will
be run to seasonal equilibrium (hundreds of years) to exam ne the basin ocean
state and seasonal cycle. Subsequently a variety of shorter extension runs
(-25 years) will be performed to determne the range of interannual
variability. Qutput fromthe nodels will include surface topography, nass
transport stream functions, heat transport, potential vorticity on isentropic
surfaces and a variety of other quantities. These will be conmpared with
observations where possible. They can also be used as indicators of the range
of low frequency variability likely to be observed during WOCE A nunber of
experinments to assess the value of specific proposed neasurenment progranmes is
anticipated as well as tracer studies involving Tritium Strontium90 and bonb
Car bon- 14.

5.5 Computing Requirements

The nodelling effort required for the design and anal ysis phases of WOCE

is imense. The major goal of WOCE, the devel opment of ocean nodels for
climate prediction, requires nodelling effort that is diverse in nature and
whi ch cannot be allowed to place undue reliance on any single nodel. A variety

of differently fornulated nodel s addressing the whole range of WOCE problens is
necessary.
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Al 't hough nmany countries are devel oping nodelling capacity, a najor
expansion in nmodelling is required to parallel the large field programme. A
major increase in conputing resources will be needed, to support both the
model | ing studies and to handle the vast anmount of data to be anal ysed. It is
therefore essential that adequate conputing resources be nade avail able before,
during, and after the WOCE intensive period. In sone countries this matter is
in hand or being addressed, in others it is not. It should be noted that
adequate conmputing facilities to nake use of the data are of relatively nodest
cost in conparison to the cost of obtaining it. They must be supported.
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CHAPTER 6

field Programme

6.1 Introduction

Al though details are not yet fixed, the broad outline of the WOCE field
programme is clear with the experimental design being based upon the follow ng
gui ding principles.

The experiment will be global in nature and the major observati onal
conponents will be deployed in all oceans.

The requirenent of sinultaneity of neasurements will be inmposed only where
absol utely essential.

The flexibility inherent in the existing arrangenents for cooperative
research in the world-w de oceanographic (and neteorol ogical) comunity
will be exploited as far as possible.

The extrenely diverse types of observations required, and the nulti-year
character of WOCE require the fullest exploitation of the capabilities and
resources of the oceanographic organizations scattered around the globe. Mny
mechani sns for collaborative research have been constructed in the past years
and the scientific community has been able to create arrangenents for field
operations appropriate to specific needs. Reliance will be placed as far as
possi bl e upon existing organisations, groupings and mechanisnms for the design
and operation of WOCE. The WOCE progranme managenent will, as far as
possible, be operated from several different centres; for exanple, satellite
prograns will be carried out primarily by government agencies, while the
hydr ographic, chenical, float and other programmes will be organized and run by
various government and private oceanographic |aboratories. A role of the WXCE
I nternational Planning Ofice wll be to provide overall gui dance,
communi cation, and consultation where needed. Independence of work at sea will
be encouraged provided it is consistent with the goals of WOCE. Overall data
quality is however vital and will require close cooperation between all WOCE
groups.

Maj or elements of the WOCE field programme are discussed bel ow.

6.2 Satellite Altimetry

Satellite altimetry is intended to provide the nmjor global scale
measurenents of the ocean itself. It provides a framework for the in situ
observati ons. As described in detail by (Wnsch and Gaposchkin, 1980) the
altimetric measurement provides an estimate of the surface pressure
distribution and its variations. Surface pressure is a dynamcal variable
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appearing in the boundary conditions of the ocean circulation. Because of the
nature of the neasurenment, one nust exanine separately the issues of tine
dependent and tinme average notions. It is inportant that neasurements of
surface altimetry be conbined with those of surface w ndstress in order to
deternmine the ability of nodels to describe the oceanic response to surface
wi nd forcing. Thus, satellites with altineters'and scatterometers should be

flown at the sane tine.

The planning for WOCE is built around the availability of two major
altimetric systems: the French-American TOPEX/ POSEIDON mission, and the
altineter on the ERS-1 spacecraft. TCOPEXPCSEIDON will fly in about 1991 with
a nonminal lifetinme of 3 years, and with a potential extension to five years.
It is highly desirable that ERS-1 and TOPEX/ POCSElIDON should be in orbit
si mul taneously, because the altimeter systemto be flown on ERS-1 is of SEASAT
quality and of considerably | ower overal | accuracy than that of
TOPEX/ PCSEI DON. There are several inportant considerations. First, there are
many thousands of points in each 10 day period when the tracks of the two

systems cross each other. As described in Cheney and Marsh (1981) these
crossings pernmt the two systens to intercalibrate in such a way that the
conbination should ensure that the ERS-1 system accuracy will ultimtely

approach that of TOPEX/ POSEI DON.

Tradeof fs regardi ng possi bl e spacecraft orbits are nade between the
density of spatial coverage on the ground, the interval between re-visit tines,
and the latitude of coverage. Further conplications arise from the necessity
to avoid undesirable aliases of the many line frequencies of the solar and
| unar tides. TOPEX/ POSEI DON is planned for a 10 day repeating orbit, with
coverage only to latitudes equatorward of about 63". To deal with the polar
regions the intention is that ERS-1 will fly to latitudes of about 73". The
repeat time of this ground track will be three days shifting at intervals to
eight day repeats. In addition to providing the high latitude coverage, this
more frequent repeat time will provide the higher frequency sanpling necessary
for adequate neasurenments of nesoscale variability in some regions (near
western boundary currents). The repeat time will be subject to change during
the course of WOCE in the light of experience as the data cones in. The
coverage of TOPEX/ POSEIDON and ERS-1 are shown in Figure 17.

Sone objectives of WOCE need the tine average ocean circulation determ ned
over as long a period of tine as possible. The approach to be taken for
observing the tine average is to conbine altinetry wth known hydrography in
dynami cal nodels. The wuse of altinetry for this purpose requires the
subtraction of accurate estinmates of the Earth's gravitational equipotential
(the geoid) fromthe altinetric sea surface. Exi sting geoids provide useful
accuracy only to spherical harnonic degree and order of about 6 (wavelengths of
about 6-7000 kmj. Provision of a geoid adequate for oceanographic use is being
approached in three ways. First, there is considerable data available in the
archives of NASA (USA), CRGS/CNES (France), and DGFl (Germany) that have not
been used in calculations of the existing best geoids. The groups invol ved,
sponsored by their agencies, are in the process of conmputing better gravity
fields and geoids. By the start of the intensive WOCE period, it is expected
that these efforts will have resulted in a geoid with significantly increased
accuracy, which  will provide an interim surface for use wth
TOPEX/ POSEI DOV ERS-1 data in the early stages of those m ssions.

The full benefits of the altinetric mssions will not be realized, and
hence the goals of WOCE will not be net, unless a further mjor inprovement can
be nmade to the geoid. Estimates suggest that one needs, and could use, geoids
with accuracy better than a few centinetres and wavel engths of a few hundred
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ki lometers and | onger. The GRM mission of NASA (USA) will therefore nmake a
valuable contribution to WOCE. This is the Gavity-Magnetic mssion. There is
no specific similtaneity requirement for GRM- nerely that the data sets becone
available for tinely use with the other WOCE data. Additionally, there is the
French GRAD10 mission for which studies have been carried sufficiently far to
suggest it coul d also directly address the WOCE needs.

Gound tracks of TOPEX Poseidon (dotted lines) and ERS-1 (solid
lines) on a Lanbert equal area polar projection for |-day of
coverage in the Southern Hem sphere. The higher latitude coverage
of ERS-1 and the frequency of cross-overs can be seen.

Figure 17:
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Lastly, one may note that any estimate of the near-surface geostrophic
flow nade in the presence of an altimetric measurenent yields an estimte of
the slope of the geoid. Thus, ocean nodels that synthesize all observations
wi |l provide estinmates of the geoid. Even in the absence of GRM one of the
end products of WOCE woul d be inproved gl obal geoids.

6.3 Hydrography

6.3.1 Introduction.

The hydrographic field programme is a conponent of each of the core
projects and contributes to the different goals and objectives.

The standard observations of tenperature and salinity will provide the
dynam cal link, on the longer tine scales, between the surface pressure field
and the interior. In this they will be supported by the kinematic observations
of deep drifters and in sone cases current neters.

The existing base, particularly that dating from the advent of
salinoneters but including earlier data, 1is still a useful source for the
statistical definition of the density field.  However, particular problens lie
in the extrenely uneven global distribution of the data set; the Atlantic was
conparatively well surveyed during the 1GY, the Southern Ccean has been |ess
wel | covered and the Pacific and Indian OCceans only poorly. A major resurvey
was recently started of the Atlantic and is now being extended to the North
Pacific. A particular feature of these new surveys is the inclusion of both
neridional and zonal sections with close enough station spacing to permt
spatial gradients of the density field to be well determned at intermediate
and |arge scal es.

WOCE offers a great opportunity to either repeat or augment past surveys
inawy that will permt the merging of satellite derived sea-level, wind and
hydrographic data sets to estimate the absolute velocity field in intermediate

and central waters and, to a lesser extent, in the deep flows. Separate
know edge of tenperature and salinity are required to conpute the oceanic
transports of heat and salt at a number of sections. Essentially the same

measurenents are needed as for dynamical calculations, except that data nust be
obtained to the bottomif the Bryden and Hall (1980) technique is to be used to
estimate fluxes. Several outlines for global repeated surveys have been
devel oped but nuch further research is necessary before settling on a final
WOCE plan. An exanple of a recent high quality section is shown in Figure 18.

A strong case can be made for formng a dedicated team of experienced and
conmi tted oceanographers to undertake the bulk of the WOCE survey using a
consistent set of instrumentation and anal ytical nethods (for the measurement
of the geochenmical tracers discussed in Section 6.4 the case is at |east
equal ly strong). The need for a dedicated research ship or ships for such
hydrography and geochem cal tracer measurements is thus evident. The
conpletion of the survey wll require vessels wth |long endurance and
high-latitude capability, particularly for work in the Southern Ccean (see
section 3.3.3). Scientific planning, nanagenent, and operation of such
dedi cated vessels could be by a nechanism simlar to that used by the
International Ccean Drilling Programe. This concept of dedicated research
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Figure 18: Data from a recent detailed section taken across the North Atlantic
at 24°N Shown is the salinity field. Even with the indicated
station spacing several features are only marginally defined in
both the near-surface and deep water nmasses (from Roenm ch and

Winsch, 1985).

vessels staffed by teans of skilled and experienced oceanographers and wth
| and based support and |aboratory facilities has, for planning purposes, been
christened RV WOCE.

6.3.2 Variability.

Little evidence exists on the extent to which variability exists in
hydr ographi ¢ dat a. This is an inportant design question for the WOCE
hydr ographi ¢ progranmme. It is clear however that repeated surveys in certain
areas are required to examne the interannual signal in the tenperature and
salinity fields arising from a nunber of specific causes, including
fluctuations in inter-basic exchanges, variations in evaporation-precipitation,
deep convection, and changes in the strength of the gyre and circunpolar flows.
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The interannual signal is known tobesignificant in sone high
latitude areas; for exanple, as measured by changes in total content of heat
or fresh water (Lazier, 1980). Deep convective processes are regional in
character and the exchanges across sills are inportant. An observationa
programme to detect these signals does not demand extrene precision but does
demand consideration of concentrated sanpling in space and tine. A coherent
programe, using the mininmum resources likely to be available, is being
considered for the North Atlantic where there is already a good data base and a
number of oceanographic |aboratories with interest in the area. The North
Atlantic, as does the Southern Ccean, has regions of deep convection that
supply the world ocean with deep water as well as w nter convection that feeds
the central waters. The strength of the gyre can be nonitored by sections
across the western boundary current.  The hydrographic sanpling programme will
require at |east seasonal sanpling in the high latitudes and annual sanpling in
the sub-tropical gyre. These will be supported by a frequent ship of
opportunity programme of XBT's.

The repeated surveys will also be needed to reveal the extent to which the
non-synoptic nature of the large-scale data base degenerates its val ue. The
representativeness of the hydrographic data is inportant, not only in the
context of Goal 2, but also as a check on the validity of the interpretations
that will be made. To some extent this can only be achieved by oversanpling
the tenperature and salinity field in time. It is proposed that WOCE take
advantage both of existing time series of stations such as are typified by the
"Panulirus' station (see Figure 10) and Station 'Papa' (in the past) and by
establishing a few new stations per gyre; for exanple, in the North Atlantic
near Iceland, Ireland and Madeira. These coul d provide valuabl e additiona
constraints, in association with other data, for inverse nethods, and woul d
have the advantage of being the hydrographic data with a sanpling rate closest
to that of the satellite data. The programme shoul d be extended to the gl oba
ocean by gaining the interest of the |aboratories of the regions.

6.3.3 Additional surveys.

The mapping of tenperature, salinity, and potential vorticity on isopycnal
surfaces is an informative tracer of water mass formation and spreading.
Al though further studies are needed, it appears that mapping on the scale of
the global  survey discussed above is unlikely to provide adequate
representation of the fields. Pre-WOCE surveys will go a long way to filling
in the gaps but additional sections, especially in the nmeridional direction
will be highly desirable.

6.4 Geochemical Tracers

Potentially the nost powerful technique for obtaining both the formation
rates and transport of water masses on climatological timescales |ies not just
in the use of tenperature and salinity as discussed in the previous section but
in the use of a whole suite of passive tracers. To the extent that a
particular tracer's boundary conditions and in situ behaviour are both
understood and well behaved, it is possible to extract information fromits
distribution and evolution which represents an integral over  sonme
characteristic space and time scale. Quantitative rate information arises from
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a known radi oactive decay constant (for exanple, with Argon-39) or from
observation of the evolution of a transient tracer whose atmospheric history is
known (for exanple, tritium and chlorofluorocarbons). QOpportunities arise for
conmparison of two or nore tracers within a given water nmass that, by virtue of
their differing boundary conditions and "rate constants", provide independent
i nformation. Such conparisons serve as a test on nodel consistency. I'n
particular, the use of long-lived tracers provide the best prospect of
estimating changes in the circulation of deep water masses. The difference in
the spatial and tenporal input of several tracers is illustrated in Figure 19.
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Figure 19: The surface delivery as a function of time, (a), and latitude, (b)
for Tritium Carbon-14, Krypton-85,  carbon dioxide, and the
chl or of [ uorocarbons (freons). Note how the strong input pul se of
Tritium nostly to the northern hemisphere, contrasts to the steady
global increase in Krypton-85 and the chlorofluorocarhbons.
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Qur know edge of tracer distributions and water nass tinescales is best in
the North Atlantic as a result of two mgjor field prograns: the global GEOSECS
(1972) and TTO (1981-1983) in the North and Tropical Atlantic (see Figure 20)
and of the continued efforts of many individual research groups. There is a
firmidea of the inventories of such tracers such as Tritium and Carbon-14, and
their evolution, permtting the testing of sinple transport nodels. The |evel
of sophistication of the questions that can be asked and answered with tracers
iS beginning to rise. Unfortunately, the situation in the other nmmjor ocean
basins is less enviable. GEOSECS provided a coarse-scale coverage of tracers
in the South Atlantic (1973), Pacific (1974) and Indian (1978) Cceans, but it
is clear that the large scale distributions of these tracers needs to be better
defined.

METEOR 56 5
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Figure 20: Cruise tracks and station locations for the Transient Tracers in
the Ccean programme (from Brewer et al, 1985).
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A prelimnary strategy, based on the crudest consideration of the |arge
scale distributions of tenperature, salinity and oxygen, can be put forth to
indicate the scale of the problem It is not yet a detailed specification.

The dobal Scale Resolution: This is the coarsest scale of sanpling ained
at examining the 100 year advection tinescales of the main the
t hernohal i ne overturning. The resolution in the horizontal would be of
order 3000 km spacing, or a few stations per major ocean basin and in the
vertical perhaps 5 or 6 sanples. The primary tracers would be Argon-39
and Carbon-14 (the latter to high precision). Special attention will be
given to those abyssal basins where these tracers provide tests of
st eady-state nodel s.

The Basin Scal e Resolution: This refers to a resolution of order 500 km
characterizing the tracer inventories in and input to the min
thernocline, as well as node-water formation and circulation. The tracers
of interest are bonb Carbon-14 (probably neasured on small vol une
sanpl es), Krypton-85, Tritium Helium3 and the chlorofluorocarbons, along
with the suite of "classical" tracers such as nutrients and oxygen.

Smal | - scal es: These are of particular inportance in the vicinity of
boundary currents, sites of inter-basin exchange, and in special regional
process studies. Hi gher resolution measurenents of sone of the tracers

menti oned above nmay be required in these regions. Tritium Helium3, and
the chlorofluorocarbons, as well as oxygen, may prove especially useful.
Qe her tracers, such as Radon-222 and Radi um 228, used in parallel
geochem cal programes, could supply supporting information.

6.5 Ocean Surface Fluxes

The ocean surface fluxes of heat, water and nomentum are needed to run
the forcing for the thernmphaline and w nd-driven ocean circul ation. The
accuracy to which these fluxes can be determned was investigated as part of
the Cage Feasibility Study (Dobson et al., 1982). Sone or all of these fluxes
can be derived using the data fromsatellites, fromin situ measurements (the
Vol untary Cbserving Ships (VOS) and/or buoys), or by using atnospheric general
circulation nodels (AGCMs). Each of these methods provides 'spot estinmates' of
the fluxes at given points in time and space. In general the small-scale, high
frequency flux variability is of simlar magnitude or greater than the clinmate
scale variations. Thus, a large nunber of spot estinmates are needed if the
spatially and tenporally averaged val ues required for WOCE are to be provided
to acceptable accuracy. Furthernore the net heat and water fluxes are
cal culated as the difference between conponent fluxes of |arger nagnitude but
with opposite sign. For example, the total heat flux represents the bal ance
between the latent and/or sensible heat fluxes and the net radiation, itself
the sum of the upward and downward |ongwave and shortwave terns. It is
unlikely that adequate sanpling can be achieved for each of the conponents on a
gl obal basis. Errors in estimation of individual components can result in
uncertainty of the net flux simlar to or greater than its magnitude. The
useful ness of spot estimate techniques for WOCE flux determ nation has
therefore been questioned (for exanple, Sarachik, 1983).

An alternative method of flux determination is the budget residual
technique. The total heat flux can be obtained fromradiation nmeasurenents at
the top of the atnosphere and the atnospheric heat budget. Alternatively, it
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may be calculated from an ocean heat budget applied between basin wide

hydr ographi ¢ secti ons. Budget techniques may be nore successful than spot
estimates because they provide the required quantity, the net flux, averaged or
integrated over the budget period or region. However, there are several

limtations to the budget technique. The net flux typically represents a small
difference between |arge advective terns and the accuracy of the result may be
doubtful. COcean nodels may require, as input, values of the net flux at higher
space and tinme resolution than is provided by budget. I ncreased physical
under st andi ng necessary to inprove clinmate nodels requires know edge of the
i ndi vidual heat flux components in addition to the net flux. Sonme of these
restrictions are overcone by using a variation of the budget technique, that
is, the estimation of the fluxes by an ocean nodel given a prescribed sea
surface tenperature. However, the WOCE goal of obtaining the data to test such
ocean nodel s requires that flux data be obtained by independent means.  Thus,
itwll be inportant in WOCE to estimate the surface fluxes both by budget and
spot estimation techniques. The strategy for the latter nmust therefore be
considered in nore detail.

VOS net eorol ogi cal observations can be used to estimate each of the
fluxes. The bul k aerodynamic forrmul ae are used to derive the stress, and
sensible and | atent heat fluxes from observations of air and sea tenperature,
air humdity and wind velocity. In addition, the radiative flux formulae
require cloud anount and, |less critically, cloud type. Precipitation is
derived from the 'present weather' observations. Unfortunately sanmpling by VOS
is only likely to be adequate in restricted ocean regions such as the North
Atlantic and North Pacific. The large expanses of the tropical and southern
oceans are poorly sanpled. Even in well sanpled areas the VOS estimtes my
contain significant biases of unknown nagnitude (Taylor, 1985).

Satellite data can be used toestimte sone, but not all of the fluxes.
Stress can be derived from scatteroneter data (see Section 6.6) or nicrowave
radi ometer wind speeds in conmbination wth wind directions obtained from cloud
motions or other techniques. Net surface shortwave and upward |ongwave
radiation can be estimated from satellite infrared radi ances. Precipitation
estimates can be nade using conbinations of infrared and microwave data but
adequat e accuracy has yet to be denonstrated. Monthly mean |atent heat flux
can be estimated from nicrowave radioneter estimtes of total water vapour and
wind speed conbined with satellite derived SST values. However, the algorithm
is strictly enpirical and adequate accuracy has only been denonstrated on a
restricted regional basis (Taylor, 1985). Methods for estimting sensible heat
flux or downward longwave flux using satellite based techniques have yet to be
demonstrated. In general, all satellite based flux estimtes must be validated
against in situ data to avoid errors due to sensor drift, changes in
atnospheric transm ssion or oceanic conditions, or the use of inappropriate
al gorithns.

Drifting buoys (Section 6.10) can be used to provide the data for
satellite calibration and validation or to inprove the sanpling in areas where
VOS observations are inadequate. Al though drifting buoys can (or soon will be
able to) neasure all the required fluxes, such 'flux buoys' are too expensive
to be deployed in adequate numbers to be the sole source of flux data over the
world ocean.  Sinpler buoys measuring air pressure and sea surface tenperature
provi ded val uabl e data during FGGE for AGCM initialization. Such buoys, with
the possible addition of air tenperature and, with nmre difficulty, wind
velocity and hunmidity sensors, wll be deployed for WOCE

AGMs can be used to provide values of the ocean surface fluxes as a
product of the data assimlation and analysis stage. The basic data needed for
AGCM initialization over ocean regions are the surface air pressure and
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temperature values, and profiles of atnmospheric tenperature, hunidity and
wi nd. Most nodels al so use surface wind velocity neasurenents. Sources of
these data are: for air pressure, VOS augnmented by drifting buoys; for SST, a
conbi nation of satellite, VOS and buoy data; and for atnospheric profiles,
radi osondes and satellite sounders. The AGCM uses these data to nodel the free
at nosphere flow The surface flux values estimted depend on the use of a
boundary | ayer paranetrization that nust represent the conpl ex physical
processes occurring in a cloud topped boundary |ayer. Model tuning only
ensures that the surface fluxes, in conmbination with other nodel schemes such
as the convective adjustment and cloud-radiation interaction, maintain the
required climatol ogy. Pronpted by attenpts to couple atnospheric and oceanic
GO, wvalidation of the nodel flux values against in situ measurements has
commenced, . Present AGCM derived fluxes do not neet the WOCE accuracy
requi renents, but significant inprovenents are expected before 1990.

In summary, at present neither satellite nor in situ measurenents can
al one define the surface fluxes throughout the global oceans. There are
potential advantages in using AGCM derived fluxes but considerable devel opnent
of this technique is needed. The strategy suggested for obtaining WOCE surface
fluxes is, therefore, as follows:

Satellites offer the greatest promise for global ocean surface flux
det erm nati on. Attenpts to estimate all components of the fluxes
using satellite data must continue. However, even the gl obal
estimation of only sone conponents of the fluxes can provide useful
constraints for the devel opment and eval uation of clinate nodels.
Al satellite flux estimates nmust be validated against high quality
in situ measurenents in areas where these are available.

Despite the above, it is probable that over nuch of the world ocean
satellite and in situ data will not be adequate to determ ne the net
heat and water flTuxes directly from the observations. The use of
AGOMs to produce flux anal yses offers the possibility of optimm
conbination of in situ and satellite data using the constraints
inplied by the physical processes nodelled. It also enables the use
of additional information, such as satellite tenperature and
moi sture soundings, which is available on a global basis. The aim
therefore is to ensure that overall regions the data required for
flux retrievals and the devel opnent and validation of AGCM fl ux
estimtion schemes.

In situ measurenments from VOS or flux buoys can provide estinates of
alT the fluxes, at best for some ocean basins only. These will be
valuable for regional ocean circulation studies. However, the nmain
and vital use will be for calibration and validation of satellite
flux retrievals and the devel opnent and validation of AGCM fl ux
estimtion schenes. Careful evaluation, and conparison with high
quality measurements, w |l be necessary to identify and renove any
systematic biases in the observations.

The satellite measurement (Section 6.6) and atnospheric nodelling
requirenents of the above strategy are assumed to be as for the WCRP in general
and are not further discussed in this scientific plan. More details of the
role of the VOS fleet are given in Section 6.8.
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6.6 Satellite Winds

6.6.1 Introduction.

Measurenents of the ocean surface fluxes of nomentum vorticity, heat and
water are required for WOCE, all are dependent on the surface wind field, the
measurenent of which is therefore identified as an inportant requirenment for
WOCE. Surface buoys and Voluntary Qbserving Ships are the nmajor sources of
such data, but they provide coverage and accuracy of linmted quality.
Satellite microwave scatteroneter systens, to be flown on the ERS-1 and NROSS
satellites, offer the potential to determine global surface wind to the high
accuracy required for WOCE. However, realisation of this potential wll
require a coordinated surface wind and wind stress programme within the WOCE
Projects are necessary to provide increased understanding of the physics
involved in scatteronetry, to obtain high quality data for calibration and
validation, and to interconpare satellite scatteroneter data.

6.6.2 Accuracy required.

The accuracy required of wind neasurenents depends both on the scale of
t he oceani ¢ phenonmenon being considered and on the property of the wind field
which is of inportance. In nost cases the relationshps are non-linear and a
wi de range of scales are inportant. For exanple, the Sverdrup transport
depends on the curl of the wind stress averaged over spatial scales of several
hundreds to thousands of kilonetres and time scales of weeks to nonths.
However, this average may be dominated by smaller scale, shorter duration,
events. Simlarly, nodels of the global ocean need to sinulate the cumlative
effects of those notions in the ocean mixed |ayer which are driven by peak
winds lasting only a few hours or days. In future the critical time and space
scal es and the corresponding wind field accuracies will be determ ned nore
precisely by sensitivity studies using ocean general circulation nodels. At
present only approximte target accuracies can be stated for the surface w nd
field.

In many |arge-scale studies monthly nean wind and wind stress data will be
conmbined to follow the devel opment of the seasonal cycle in successive years.
The natural spatial scale of such a time average is, over the main ocean
expanse, of order 5 degrees of longitude by 2 degrees of latitude. For some
areas and certain studies (for exanple, the effect of high wind events on ocean
m xed layer depth), space and tine averages on shorter scales will be required
(Harrison, 1984; Saunders, 1976). Typically, 20% of the nonthly nmean stress is
consi dered an adequate accuracy. For WOCE this should define the nmean stress
to an accuracy considerably better than the equivalent observational
uncertainty in other critical variables such as the distribution of
tenperature, or the transport in the western boundary current. Thus it wll
allow uncertainties in the inmposed wind stress to be elinmnated as a
contributory factor when conparing nodel results and observations. Since the
curl of the wind stress is the required quantity for ocean circulation studies,
the relative accuracy of the stress between adjacent 5 deg. by 2 deg. averaging
areas must be 10% or better. Al'though this nmay seem nore stringent, a
significant proportion of the scatteroneter error sources are likely to be
spatially coherent over such distances allowing increased relative accuracy to
be attai ned.
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Accuracy specification in terns of percentages is based on the assunption
that the error spectrumis simlar to the spectral variability of the stress.

Providing the sanpling is adequate, this is probably true. An accuracy of
20% of the wind stress is equivalent to aboutwlfiPospeetie or 0.5 to
to 0.8 ms for wind speeds up to 10 ms and relative accuracy of 0.2 to
0.3 m-1 for wind stress curl. In 20 m s-1 nean winds, 1.5 ms-1 absolute

accuracy and 1.0 ms relative accuracy woul d be needed. A 10% wi nd speed
accuracy is also a minimumrequirenent for definition of the surface turbul ent
fluxes of sensible and latent heat. These are required to an accuracy of the
order of 10-15 Wm2 rms or better (Dobson et al, 1982), which is equivalent to
about 10% of the monthly mean flux.

6.6.3 Scatterometer accuracy.

The technical specifications for the scatterometer mssions planned
during the WOCE are shown in Table 1.

Table 1

Scatteroneter specifications

Data sources: Freilich 1985 (NRCBS);  Haskell, 1983 (ERS-1); WCP-91, 1984
(MOS-2). Launch dates are subject to change.

Satellite NROSS ERS- 1 Mbs- 2
Launch date 1989 1989 Proposal
Lifetime (yrs) 3 3

Scatteroneter NSCAT AML SCAT
Frequency G 14 5.3 14
Swath km 2x600 500 500
Range m's 3 - 30 4 - 24 ?

All three instruments have sinmlar accuracy/resolution specifications,
that is the greater of 2 ms-l or 10%in wind speed, 20 degrees in w nd
direction (after anbiguity renmoval), and processing to 50 km spati al
resol ution. However for AML these values only apply over a 400 km swath.  Such
accuracies are for individual wind retrievals, the accuracy for nonthly nean
val ues depends on whether the errors are random and the nunber of sanples
avai | abl e.
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Consider first the sanpling density. This must be sufficient to reduce
both the randomerrors in the scatterometer wind retrievals and the noi se due
to natural small scale variability to an acceptable |evel. Estimates suggest
60 to 100 independent observations in each averaging donain are necessary
(WCP-81, O Brien et al., 1982), a requirenment that would be satisfied by NROSS
and ERS-1 conbined. If only NROSS data were avail able, adequate sanpling nmay
be obtainable for many areas, since this is a two-sided scatteroneter with 1200
kmtotal swath width (see Figure 21). However, loss of data where atnospheric

Figure 21: Gound coverage of NROSS in the Southern Hemisphere for |-day using
the same projection as Figure 17.
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wat er concentration is high would degrade this situation. The narrower swath
of the ERS-1 scatteroneter, and the possibility of a less than 100% duty cycle,
suggests that sampling by this instrument alone will only be adequate in high
| atitudes. Conbi nation with other data would be necessary in other regions.
However the ERS-1 scatteroneter should be |ess affected by rain. In all cases,
it will be inportant to ensure that the scatteroneters are operated
continuously over the ocean.

wind speed is the critical variable when considering the systematic
errors in the scatteroneter data. The resolution of the wind direction
anbiguity was a serious problem for analysis of the Seasat scatteroneter
measurenents. However, the use of 6 antennae on the new satellites reduces the
problemto a 180 degree anbiguity. Only 2% incorrect direction choices would
introduce a significant error; however, wuse of ancillary data (e.g., cloud
motion vectors) should result in a correct choice. Hence, provided the
capillary wave direction is uniquely related to the wind direction, the wnd
direction will be obtained to an adequate accuracy.

Determination of the w nd speed requires know edge of the relationship
between the isotropic surface roughness and the wind stress. This relationship
mght vary with surface tension and viscosity (both tenperature and hence
| atitude dependent), surface contam nation, non-equilibrium sea state, etc..
Resul ting biases which nay exist are of the order of 10-20% (for exanple, Liu,
1984). Present algorithnms are enpirical and there is an urgent need for
research toward greater physical understanding. A potentially serious error is
that due to clouds or rain. For NROSS, operating at Ku-band frequency, even
light rain may be significant for 0.5 m s-a mean accuracy. The effect is
much smaller using the C-band frequency adopted for ERS-1, however, the penalty
is a reduced sensitivity of the backscatter anplitude to wi nd speed. W nd
retrievals contamnated by liquid water are likely to be biased |ow although a
bias high has also been reported (Guymer et al., 1981), again greater
t heoretical understanding is required. El i mi nation of rain contam nated data
may also result in a bias because of the correlation in many regions between
wind speed and rain rate. Combined use of scatterometer and passive nicrowave
radioneter data, and conparison of the results fromdifferent scatteroneters,
will be necessary to minimze this error source.

6.7 Surface Meteorological Observations from Voluntary
Observing Ships

6.7.1 Introduction.

The need for surface neteorological neasurenents from the VOS fleet has
been detailed in Section 6.5. Unfortunately, there are at present |arge ocean
areas where very few VOS observations are obtained. There is also the
possibility of systematic errors in the VOS data. Thus, there are two basic
WOCE requirenents with respect to VOS observations. Firstly, it is inportant
that the present system be nmaintained and indeed that the nunber of
observations be increased whereever possible. For purposes such as the
initialization of numerical nodels, globally distributed observations are
required. Secondly, sources of systematic errors in the VOS data nust be
identified, the resulting biases quantified and appropriate corrections
applied. Then, using selected ocean areas for which the VOS sanpling is
adequate, It will be possible to validate the surface fluxes predicted by
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coupl ed ocean atnosphere general circulation mdels or estimated from satellite
observati ons.

6.7.2 Sampling improvements.

Sampling studies (Niiler et al., 1985, Taylor, 1985) suggest that at |east
20 independent flux estimates per nonth within a 5 degree by 5 degree or
simlar latitude/longitude area are required to neet TOGA and WOCE accuracy
requirenents. In areas where there is significant variability on smaller
scales, or large horizontal gradients, nore sanples wll be necessary (Ware
and Strub 1981). The fluxes should be well defined in areas with nore than 100
observations. On this basis, nobst of the Atlantic and Pacific areas north of
latitude 30'N are well sanpled by the VCS Sanmpling in the tropical Atlantic
and | ndian Oceans woul d becone adequate with a nobderate inprovenent in
observation density. Sanpling in other areas is poor but, at least for
tropical areas, significant inprovements may be possible (WP, 1985). The
existing density of VOS reports is indicated in Figure 22.

First priority nust be given to increasing the nunmber of observations
transmitted in near real-time on the GIS. Such data is necessary for numerical
model initialization and validation, and for the validation of satellite
observations. National neteorological agencies will need to nmake every effort
to recruit nmore VOS ships, particularly those operating in tropical or southern
ocean areas, and to make inprovenments in the radio comunications |inks.
(oserver motivation will have to be increased by wide publicity, throughout the
VOS system of the ainms of the WCRP and the inportance of inproved VOS
observations for WOCE experinents. This must be continued for the -duration of
WOCE by means of regular information bulletins.

Despite these inprovenments, maxi num data coverage will only be obtained by
using delayed-node observations from the GIS and data from ships'
met eor ol ogi cal | ogbooks. The value of observations fromthese sources nust be
stressed, and national neteorological agencies are asked to ensure that all
del ayed node observations are forwarded to the GIS, 'and that international
exchange of  ships’ | ogbook data continues to be conducted in an
expedi tious manner. Fishing vessels which operate away from standard shipping
lanes, have been suggested as a potentially inportant source of increased
observations (Cutchin, 1983). Whereas GIS transm ssion of data nay be
inpracticable, the recruitment of such ships to provide |ogbook reports for
WCBP purposes must be consi dered.

6.7.3 Accuracy improvements.

In order that WOCE requirenents be net systematic biases in VOS data that
cannot be renoved by averagi ng nust be eval uated and corrections made.
Typically, residual errors in the mean air and sea tenperatures nust be |ess
than 0.30G air humidity errors less than 0.5 g kg-I, and wind conponent errors
less than 0.4 ms-1. There is evidence of biases in VOS data that are of the
same order or greater than these linits, although the exact value of these
bi ases i s unknown. For example, budget studies (Bunker et al., 1982) have
suggested that the latent heat flux from ocean to atnosphere nmay be
under esti mat ed, perhaps by 60% However, the VOS underestimate the flux by
| ess than 10% when conpared to weather ship data (Bunker, 1976; Dobson et al.,
1982). If weather ships are assumed to achieve accuracy simlar to, or better




“a._mum v
1 x

7 VRN
o,

4

Figure 22:

Average density of meteorol ogical observations during the period 27 Novenber 1978 to 5 January 1979.
As well as ship and buoy reports, coastal

Shaded = >4, hatched = >2 observations/day for 5" squares.
and island stations are included; the latter give an exaggerated data coverage in areas such as the SE

Pacific. (Data Source: FGGE (Qperations report, Vol. 3., Summary of Data Collected 27 Nov. 1978 - 6
March 1979, WMO, GCeneva).
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than, the research ships that participated in GATE, then the overall
underestimate of the latent heat flux by the VOS would be no nore than 10 to
20% (Tayl or, 1985). For the WCRP it will be necessary to deternmine the true
value of such biases for all oceanic conditions. To achieve this there is a
requirenent that a linmted subset of the VOS fleet will provide higher quality
measurements of known accuracy. Data from these ships would serve as reference
values for the rest of the VOS observations and for the validation of satellite
data, particularly scatterometer and cloud nmotion w nd val ues, sea surface
temperature and near surface humidity. The exact nature of this subset, the
nunber of ships required, the methods of neasurement and calibration, the nmeans
of reporting, and the necessary data nmanagenment procedures will require a
detailed inplementation study.

6.8 Upper Ocean Observations from Merchant Ships-of-Opportunity

In WOCE there is a need for neasurenments of the change in heat content in
the upper ocean, primarily as a way to inprove the reliability of estinmates of
the heat flux. A significant contribution in this regard can be nade by
mer chant shi ps-of -opportunity.: The precision being sought in WOCE for the
surface heat flux is about 10 watt m . This is some 10% of the neridional
flux in the sub-tropical Atlantic. Prelimnary’ work during the Cage
Feasibility Study (Dobson et al., 1982) suggests that sonme 4 annual repeats of
5 east-west |ines of XBTs from ships-of-opportunity would allow this accuracy
to be achieved over the 5 year intensive period of WXCE in the North Atlantic.

Estimates of the near surface velocity field are -required to assist the
interpretation of the global hydrographic and heat content data. It is
however, difficult to make these neasurenents systematically over a wide areas,
al though inferences can be drawn from data from sources such as drifting buoys
and satellite neasurenments of altinmetry and w nd-stress. At present doppler
acoustic logs are fitted to several hundred ships and a practical possibility
exists of determining near surface currents on horizontal scales of 10s of
metres to an accuracy of a few centinetres a second. The addition of inboard
processi ng enabl es sonme existing Doppler configurations to be used as current
profilers of the upper ocean boundary layer to depths of the order of 200 m

Nati onal support will be sought for the establishment, follow ng design
studies, of XBT sanpling lines using regular services of the nerchant fleet,
especially of those already participating in the VOS system For the velocity
measurenents a GPS navigation set should be installed, together with either
el ectromagnetic or acoustic doppler logs or profilers, in order to permt the
absolute determnation of the near surface velocity profiles to approximtely
0.1nm s-1

6.9 In-Situ Sea-level Measurements

Plans exist for a dobal Sea Level Cbserving System as part of [QCs
Ccean Cbserving System Devel opment Programme (10C, 1984 and Figure 23). It is
to serve many research purposes including the needs of TOGA and WCE  Wthin
WOCE there is the need:

to use the tide gauge network in coordination with sea-bed pressure
recorders and inverted echo-sounders to provide both calibration
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points for altinmetry and precision basin scale neasurenents of
sea-surface slope

to use an exended network to assist in resolving outstanding tidal
ambiguities and so to greatly facilitate the interpretation of the

altinetric signal for WOCE

to obtain precision gyre scale observations at the centinmetre |evel
using a carefully selected subset of tide gauge stations of the
proposed network. This will enable the estimation of the strength
of the gyre circulation and provide regional neasurenments of the sea
surface slope across major current systems, including the western
boundary currents and Drake Passage.

A study is urgently required to identify key stations to neet the needs
of WOCE and to allow time to put themin place. Tentatively 60 sites have been
chosen (in addition to those identified for TOGA and/or those existing for
ot her purposes) for this purpose and attention is being given to poorly
observed regions such as the Indian Ccean, the Southern Ccean and nmaj or
i nter-ocean passages.

I mpl ementation of the internationally co-ordinated systemwll require
mpjor efforts by Menber States in maintaining, reactivating, up-grading and
installing new sea-level gauges, and assisting other countries in devel oping
their national sea-level stations.

6.10 Drifting Buoys and Floats

6.10.1 Introduction.

There are nmany types of drifters, each devel oped, or being devel oped, with
a specific neasurenment capability. It is useful to distinguish between buoys,
which drift on the surface serving prinmarily as instrunent platforns, and
floats, both surface and subsurface, whose drift is the measurenent of
interest. However, drifters are a class of remte instruments with common
characteristics. They are expendable, possibly with on board data processing
but with no permanent data storage. They need to communicate via satellites or
specialized receiving stations. Power linmitations and positioning dictate that
these satellites be polar orbiters with Data Coll ection Locations Systens
(DCLS) such as presently provided by Service Argos. Thus, the maintenance of
DCLS satellites throughout WOCE is essential. Al drifters inherently follow a
parcel of ocean, nmore or less well depending on the type, and therefore the
sanpling and neasurement characteristics differ fundamentally from ot her

t echni ques.

6.10.2 Subsurface floats.

Deep floats have been used successfully during the last decade to explore
the circulation around gyres and the statistics of transient eddies (see, for
exanple, Figure 24). Their tracks provide a good approximation to water
particle trajectories. Modern floats whose tracks lie on isopycnic surfaces
mninize the error, nmaking it reasonable to assume that floats are Lagrangian
tracers. The floats can be tracked acoustically at frequent intervals, or by
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Figure 24: Trajections of floats that have been in the @l f Stream and which
lie at a depth of about 700 m (from Rossby et al, 1983).

the Argos satellite system at nuch longer intervals when the floats briefly
surface between periods of deep drifting. The latter nethod is attractive for
exploring the slow circulation in the deep ocean.

Floats will be used in a variety of ways in WOCE. The scientific plan for
Core Project 1 requires the deep ocean to be seeded with floats to determne
the velocity field. Such a direct approach to determining the circulation is
attractive, because it does not suffer from uncertainties that arise in
di agnosi ng-the circulation from observed patterns of scalars using the inverse
t echni que. However, design studies have shown that a large number of velocity
measurenents will be needed in each neasurenent cell (say 1 degree x 1 degree)
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to determne the pernmanent flow to an accuracy of plus or minus 20%in the
presence of nuch nore energetic transient eddies. The method is therefore
resource limted. It would, in principle, be possible to seed the ocean with
enough deep floats to deternmine the deep circulation to the specified accuracy
over a five year period, but the cost would al nost certainly be too high.

Gven a nore nodest nunber of floats, the WOCE strategy will be to deploy them
in selected regions where they can have greatest inpact in defining the
circulation.

Floats will also play an inportant role in helping to answer fundanmental
questions about the circulation at a nore qualitative |evel. They can
contribute to the central problem of Core Project 2; nanely, the mechanism by
which water carried between basins in the circunpolar current becones
incorporated into the circulations within the Pacific, Atlantic and Indian
Qceans, and vice versa. Float tracks will be interpreted, in a nmanner
anal ogous to flow visualization in laboratory fluid dynamcs, to discover where
and how such exchange occurs and will support the diagnosis of large-scale
circulation using other data. The results will also draw attention to regional
or phenonenol ogi cal aspects requiring special attention in prognostic nodels.

In Core Project 3, floats will be used in a variety of ways, including to
determne the annual displacement in the seasonal boundary layer, to extend the
altinetric maps of eddy energy at the sea surface down into the thernocline, to
expl ore exchange between the cyclonic and anticylconic gyres, and so on. In
this study of gyre dynamics wthin a single basin, it will probably be
necessary to use acoustic tracking to achieve eddy-resolving tenporal
resol ution. This will require deploynent and routine servicing of a nunber of
moored tracking systens, with data recording and/or data transm ssion via
satellite.

WOCE will use a nunmber of different types of subsurface float. They
i nclude the SOFAR float (used extensively during MODE and POLYMODE), the

closely related RAFCS float and the intermttently surfacing (POP-UP) float
tracked by the Satellite Argos systemafter drifting in the deep ocean for up
to one year. Launching a float can take several hours if the ship remins on
station to check the systemis operating correctly. Recovery can involve
significant ship time in searching and will normally not be attenpted. The aim
will be to minimze ship time involved in drifter operations by integrating it
into other oceanographic work.

The acoustically tracked floats will require deploynent of tracking
systems. The experinmental design is not yet conplete, but a reasonable working
hypot hesis woul d be of order tens of units per ocean basin. Servicing the
moorings woul d be done annually but can hopefully be integrated into other
oceanographi ¢ operations as the time involved is largely one of passage.

The mean useful lifetime of a float should exceed one year. The
depl oyment strategy has not yet been worked out and will depend critically on
the nunber of floats available.

6.10.3 Surface drifting buoys.

Buoys drifting on the ocean's surface provide a conveni ent instrunent
platform for neasurenments such as sea level pressure, sea-surface tenperature,
and perhaps humidity, precipitation, surface salinity, and near surface
currents relative tothe buoy notion. The use of such buoys in indicating the
near-surface current is shown in Figure 25.
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Figure 25: A selection of trajectories of surface buoys that have been in the
Qulf Stream showing, for exanple, the onset of convoluted neanders
east of 70'W (from Ri chardson, 1983)

The satellites primarily collect the data and determine the buoy position,
with the buoy drift being of secondary inportance. The surface buoy needs to
be relatively large to support the sensors and house an adequate power supply
for powering the sensors and for regular satellite transnmissions. Near rea
tine data return is often advantageous. The sensor suite is being designed to
be nmodular to allow any subset to be enployed for a particular purpose. Sone
useful configurations for Surface Drifters are: sea |evel pressure and
sea-surface tenperatures (as deployed in FGGE); a vertical thernmistor chain for
moni toring changes in heat content; wind velocity, air tenperature, air
humi dity, sea-surface tenperature and precipitation, fromwhich the surface
fluxes of monentum turbulent heat and noisture can be cal cul ated using bul k
fornul ae; and an acoustic doppler velocity profiler for near surface relative
currents. A severe linitation on the nunber of sensors is the limted bit rate
of the DCLS satellites. O order 1000 of the sinpler FGGE configuration could
be depl oyed, but probably fewer than 100 of the nore expensive heat flux or
velocity drifters will be affordable and will therefore be used in special
regi ons.
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6.11 Moored Instrumentation

Moored instruments, especially current neters, are capable of providing
detailed tenporal information at a linmted nunber of depths and sites.
Al t hough much of what is presently known about the distribution of abyssal eddy
kinetic energy comes from noorings, their inability to cover |arge geographical
areas limts their usefulness as a primary survey tool in WOCE However,
arrays of noored current meters are well-suited for studying nost boundary

currents, the flow through narrow passages, for nonitoring the eddy kinetic
energy at a few sites, and for some process studies related to Core Project 3.

There are various |aboratories with the capability to deploy instrunmented
moorings for lengths of time up to two years. The cost of noored
instrumentation is not closely related to the length of the deployment, so the
capability is being developed to increase the length of deploynments. The usual
t echnol ogy involves subsurface noorings, which nakes telemetry of the data not
feasible at present.

The number of instruments avail able worldwi de are in the thousands,

al though not all of these are capable of the |onger deploynent tines. The
number of noorings possible depends upon the number of acoustic releases
avail able, which is at |east several hundred. The principal constraint on

moored current neters for WOCE is the ship time and specialized nmanpower to
prepare, to deploy and to recover the instrunents and to process the data.
Even so, it seenms likely that resources should be available for a program of
one hundred noorings per year, wth nost of these being placed in boundary
currents and passages between basins, with a few being used to nonitor the eddy
kinetic energy levels in remte places such as north of the Antarctic
Circunpolar current in Core Project 2.

6.12 Specialized Research Techniques

There are a nunber of observing systems that have not been mentioned in
detail in this Scientific Plan. Some such as free-fall profiling CIDs are in
the early state of development. (Ohers such as those using acoustic
tomography, while better developed, are still not considered as suitable for
use in a routine way during the WOCE intensive period. In addition, many
specialized systenms such as towed CIDs or acoustic velocity profilers, which
exist within certain laboratories, are only likely to be available on a linited
basis in WOCE and are not seen to be of such inportance as to warrant special
efforts regarding further devel opment or the diversion of mgajor resources at
this time. Notwithstanding this present assessment of such systems, many may
indeed play an inportant part in WOCE and form a nore substantial part of
inplementation plan. In addition, some systems used in a linmted way in WOCE
may well be found suitable as part of ocean nonitoring systens in the future.
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CHAPTER 7

Data Management

7.1 Introduction

Data managenent for WOCE should nesh closely with that for TOGA.  However,
aspects of WOCE require sone difference of enphasis.

The strongest enphasis on data nmanagenent in WOCE (as in TOGA) will
be on quality and tineliness. Tineliness probably will not include
"near real-time' as in TOGA except in regard to delivery of in situ
calibration data for satellite systens.

WOCE will be crucially dependent on non-operational systens,both
satellite and in situ, whereas TOGA is heavily dependent on
operational systems. The strongest requirenent of WOCE will be for
del ayed-node quality-controlled data sets.

The goals of WOCE enphasize the building and testing of nodels
rather than just their initialisation. Thus, gridded data sets and
anal ysed fields will not be the only end-products required fromthe
experinental programe.

WOCE Data Managenent can be separated into three conmponents:

The assessment of the utility of existing data types in achieving
WOCE obj ect i ves. This woul d enabl e a useful sub-set of existing

data to be assenbled for WOCE purposes.

The assenbl age of data sets to be used as boundary conditions on
ocean nodel s.

The assenbl age of data sets for the critical assessnent of theories
and nodel s.

7.2 Conceptual Framework

A framework within which WOCE data management could be devel oped, in
parallel wth other WCRP conponents, was laid down at a OOCOIGXSSICE ad hoc

meeting in Paris in Cctober 1984. It is summarised here.

The flow of data from source to scientist is shown in its sinplest formin
Figure 26, which shows the |inks between sensor, scientist, and archives. An
inportant function within the data management flow is that of international
data gathering and quality control. This may be organized either on a gl obal
or regional scale, but preferably on an ocean basin scale and upwards. The
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Figure 26: A schematic presentation of the proposed WOCE data
managenent structure

data is then passed either directly to a permanent data archive or to a special
anal ysis centre, which may also provide an internediate data archival
function. Since centres perfornming this latter function are generally project
orientated and of limted life span, it is inportant to ensure that all data
eventual |y reach a pernmnent archive.

Because of the nultiplicity of data centres, data flow paths and archives
there is a critical need for coordination. Sone primary tasks will be to:

plan data preparation and flow paths, including the coordination of
data exchange nmedia and formats.

inform scientific users as to progranmme status and data
availability, including the preparation of lists of projects and
centres, inventories of data holdings of the centres, progress of
i nterconparison exercises, and summaries of results

In general data will not flow directly through any coordinating group,
al though project information assenbled in the course of coordination will
becomre part of the permanent data archive.

The concept of data levels used to describe the stages of analysis during
FGGE will be used during WOCE (Table 2). The definitions of the various data
| evel s enconpass and extend those adopted for TOGA (Plan for the TOGA

Scientific Progranme, 1984). In addition, for certain data types, particularly
satellite data, level 0 data is defined as raw dat a; for exanple, as
telemetered froma spacecraft that requires data processing for conversion to

Level 1I.

Scientists act as originators of data and as analysts of their own data
and of data obtained from other programre conmponents. The main source for the
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TABLE 2

Definition of Levels of Data

Level | data are instrunment readings, nornally in engineering
units  (e.g. volts), that require conversion into neteorol ogical
and oceanographic variables specified in the data requirenents.
The raw data records are to be retained by the participants but
not, in general, exchanged as part of the standard data flow.

Level Il data are values of the universal neteorological and
oceanographic variables either obtained directly from instrunents
or derived from Level | data, e.g. wind velocity, sea |level, SST.
These data are subdi vi ded into two  classes with different

timeliness characteristics.

Level [l-a data are WW | GOSS, and  other i nformation
required for research and nonitoring activities in which rapid
data availability is inportant.

Level I1-b data are distinguished fromLevel Il-a data by a del ayed
cut-off allowing the acquisition of a nore conplete data set and/or the
application of quality control.

Level IIl data are processed products derived from level 11
data by anal ysis techniques.

latter will be fromthe permanent data archives through the supply of |evel
Il-b and level Il data to the scientist. However, there will be many cases in
which this route will be too slow for the scientists" research requirenents.
The level Il and 111 WOCE distributed data bases are designed to provide these
data in a tinmely fashion. The scientist will also be able to obtain data
directly fromthe Special Analysis Centres (SAC s). However, since the SAC s
will not necessarily have a User Servicing Interface, which exists at the
Permanent Data Archives, data flow to the user may be coordinated or regul ated
by a data coordination group. An inmportant part of the data cycle is the
feedback from the reseacher to the data bases of additional level Il data and
quality control information concerning level |l data.

The inportance of establishing a data tracking nechanismis enphasi zed by
Figure 27. which shows a possible flow of data information within the
progr amre. In this nmodel, a scientist needs only to interface initially with
the "Data Information Unit" to obtain information as to the status and
availability of data that he does not already hold. However, the actual flow
of data to the scientist will be along paths defined in Figure 26 or through
less formal routes. Further elaboration of a data tracking nechanismis given
in Section 7.6.
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Figure 27: Illustration of the need to track the flow of information
bet ween programe elenents and the scientific community.

The operational systens of WMO and | OC and the permanent archive in the
World Data Centres (WCs) are the only elenments on Figure 26 that are in
place. The latter may not, as discussed above, be able to satisfy the criteria
of timeliness in all cases. This does not preclude the possibility that sone
of the functions for WOCE will be co-located with the WCs or supporting
NODC' s.

The follow ng paragraphs discuss some elenments of Figure 26 and how they
m ght be inmplemented in support of WXCE

7.3 Operational Data Collection

Oper ati onal data collection enconpasses data from neteorol ogical
satellites, ships of the WOs Voluntary Observing fleet, and additional
observations, mainly of ypper ocean tenperatures by nerchant shi ps- of -
opportunity' operating within the 1GOSS system

Transmi ssion, processing and distribution criteria for these data are well
defined and are being actively exploited in the initial phases of TOGA  WOCE
will need to establish interfaces between the operational data distribution and
the WOCE Special Analysis Centres and data bases.

7.4 Research Data Collection

Research data will be collected froma nunber of distinct platforms:
satellites (earth observations and data relay), ships-of-opportunity, and
research ships. The procedures for handling research data have not been well
defined and WOCE will need to develop guidelines for their treatment.
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7.4.1 Satellites.

Data from satellite sensors such as the TOPEX/ POSEIDON and ERS-1
altimeters and the NROSS scatteroneter are central to WRP objectives. It is
in this area that the nost obvious initial problens will arise. Raw data flows
are orders of magnitude greater than for traditional oceanogr aphic
observati ons. Moreover the systens are the responsibility of agencies not
under the control of the oceanographic comunity. These agencies in general do
a substantial part of the early processing of the data or comission to have it
done. ESA is arranging that there be provision for ERS-1 products up to |evel
Il and there seens no doubt that there will be systenms in place to handle the
altimeter and scatteroneter data. These systens may be distributed. In the
USA, PQODS/JPL can be expected to play a sinilar role for altimetry and the
NROSS scatteroneter. Plans for other satellite sensors are at present unknown.

During WOCE, the ARGOS systemwill continue to act as data collection
pl at f or ms. From the sensors on drifting buoys and pop-up floats data will be
transmitted to the USA and France and subsequently distributed to users.
Wthin the wider framework of the data banks of the IO | ODE system the
Canadi an NODC has made an offer, for exanple, to take (with the agreenent of
users) the Argos tapes from Toul ouse, France, on a regular basis, to reformat
theminto the international G-3 format within 30 days of receipt, to maintain
an archive and within 30 days of a request to nake available the data, together
with information on quality control.

7.4.2 Ships-of-opportunity.

The WOCE progranmme using ships-of-opportunity is as yet undevel oped. The
primry collecting agencies for systems such as Doppler profiling logs will be

research groups. If the data route is through the project scientist then the
data will be sinmilar in nature to other research data and can be handled in a
simlar way. If the route is through | GCSS, for exanple, for real-time XBTs,

it falls within the realmof Operational Data Acquisition for which there is a
wel | defined but under-utilised operational GIS format.

7.4.3 Research ships, platforms and moorings.

The collection of data from research ships, platforns, and noorings will
rest alnost entirely with the laboratories concerned. As part of participating
in WOCE, laboratories will agree to calibrate, document and pass on data to the
appropriate national or international centres wthin a short period after
collection of the data. The individual investigators and |aboratories wll
have their traditional priority in the initial analysis of the data during that
short period, after which other WOCE participants will have appropriate access
to it through the national or international centres. National organizations
shoul d ensure the tinely submission of the data to those centres.

7.5 Special Analysis Centres

The Special Analysis Centres, or their functions, are nost inportant for
the success of WOCE as a gl obal experinent. At present, unlike some of the
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other elements of the proposed data management plan, there is neither any clear
specification of requirenents nor, in consequence, any identification of such

centres. It is expected that theae will systematically produce the level Il
data that many research projects will require. The FGGE anal ogy woul d be to
the ECMF's role in generating gridded data sets. In WOCE, however, level I1]
"products' may be nore diverse. For exanple, a centre concerned wth

sea-surface topography will concern itself with, at least, the follow ng data
sets:

Altimetric range data corrected for tropospheric, ionospheric and
bias effects

Epheneris data for each satellite derived fromtracking data, force
model s, station positions

Ceoid data derived from gravinmetric (satellite and in situ)
observations, satellite tracking and nean altineter data.

Data fromthe in situ tide gauge networKks.
The Centre woul d produce sea-surface topography filtered and averaged over a
variety of space and tine scales. This woul d be adjusted as successive

i nprovenents are made to the input data through better geoid nodels,
ephenerides, etc..

7.6 Data Information Unit

The overall functions of a Data Information Unit have been explained in

the Section 7.2. In the early stages of the WOCE programnme, devel opnent of
data nmanagerment needs to be closely tied to the devel opment of the research
progr amre. In particular, the eventual creation of a data information unit

needs to be first tested through a pilot or denonstration activity. This pilot
period should result in the establishment of a such a unit.

The Data Information Unit would assist participants in WOCE by pointing
them towards the location of the data bases nobst able to match their particular
needs. For exanple, some potential centres have expressed a wllingness to
carry out part of the necessary processing and topass data on to specialised
groups but not a willingness to interact directly with the scientific comunity
at large. GCthers, while ready to nake their own data i mediately available to
others for specific purposes, will wish to inpart sone delay to its general
rel ease. The Unit would also assure that the 'products' flowing back to the
WOCE data base as part of the feedback from researchers are of known quality.

The SSG with some urgency, needs to identify groups willing and conpetent
to assume responsibilities as Special Analysis Centres and for providing parts

of the distributed data bases.

7.7 Data Base and Archives

Level | data bases

It is recommended that level | data be maintained by the originating
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agenci es/ |aboratories whenever possible for the duration of the
experinent and for the subsequent 5 years.

Il data bases

The level Il data bases are a vital concern of WOCE data nanagenent
as they nmust provide WOCE scientists with timely access to quality
controlled level Il-a and 11-b data. They may with some advant age
be co-located with Special Analysis Centres as long as they may be
accessed separately.

It would be appropriate for in situ data to be assenbled as
regi onal (ocean wide) data-bases naintained at active and well
equi pped regional centres. Steps will be taken to identify
potential volunteers for this task. It is also necessary to confirm
that centres such as JPL/PODS, NCAR and equival ent organisations in
Europe and Japan will naintain their level 11 satellite data bases
for 5 years beyond the duration of the experinent.

Per mnent Archive

There is no reason for WOCE to depart fromthe practice of using
WC s A and B as the Permanent Archive assuming they are willing and
able to undertake the task. It will be essential for the WOC s to
maintain the WOCE data set as a readily accessible entity

irrespective of any merging that the WODC's might wish to do with
other data sets.
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