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FOREWORD

At the United Nations Conference on the Human
Environment held in Stockholm in June 1972, it was
emphasized that the earth's climate is of basic importance
to man and his well-being. Climatic variability and
possible change are still essentially unpredictable although
they are significant factors in the continued development
of both industrialized and developing countries. Some of
the most important problems that confront us were very
well summarized in the SMIC report "Study of Man's
Impact on Climate", (1) which was available at the UN
conference and served as an important reference document. In recommendation 79d of the conference, it was
recommended that the World Meteorological Organization (WMO) in co-operation with the International
Council of Scientific Unions (ICSU) "continue to carry
out the GARP (Global Atmospheric Research Programme) to better understand the general circulation of
the atmosphere, the causes of climatic change and whether
these causes are natural or the result of man's activities".
As early as 1967 the WMO and ICSU agreed to develop
GARP and created the Joint Organizing Committe (JOC)
to be the responsible body for the planning that was
required. Although the emphasis at that time was placed
on studies aimed at increasing our understanding of the
large-scale fluctuations in the atmosphere which control
the weather, in order to increase the accuracy of forecasting over periods from one day to several weeks, the
importance of increasing our knowledge about climate
was also recognized. This was clearly spelled out as a
prime GARP objective stating that "GARP is a programme for studying those physical processes in the
troposphere and stratosphere that are essential for an
. understanding of ...
(b) the factors that determine the statistical properties
of the general circulation of the atmosphere which
would lead to a better understanding of the physical
basis of climate" .
At its eighth session in London in March 1973, the JOC
considered in detail the role of GARP for studies of
climate and its fluctuations. It was proposed that the next
step towards an active programme would be the organization of an International Study Conference on the Physical
Basis of Climate and Climate Modelling. The Executive
Committees of WMO and ICSU agreed to this proposal
(1) SMIC, 1971. Inadvertent climate modification. Report of the

Study of Man's Impact on Climate. MIT Press, 308 pp.

and asked for support from the United Nations Environment Programme (UNEP) to organize such a conference.
This request was approved in January 1974.
The conference was held at Wijk outside Stockholm
during the period 29 July to 10 August 1974 with a total
attendance of about 70 scientists from different parts of
the world. Their devoted work during two weeks has
resulted in the present report. Thanks should be extended
to those who agreed to prepare the basic material in the
form of summary presentations (see Appendices) which
served as a starting point for the discussions. The report
of the Panel on Climatic Variation to the US GARP
Committee (2) was made available to the conference
participants through the US National Academy of
Sciences and served as a source document for the conference. The work of finally transforming the draft report
available at the end of the two conference weeks into a
well-balanced and logical document has been carried out
by Prof. John Kutzbach, to whom special appreciation
is given.
The report should serve as a basis for further actions
of three different kinds:
1) Close international and intergovernmental cooperation
is called for to tackle such a global problem as the present
one. Even broader collaboration wm be needed than has
been developed so far in the GARP when dealing with
the problems of the general circulation of the atmosphere
and extended and long-range weather forecasting. The
first three chapters of the report should provide the
necessary information on the scope of the problem and
on the basic approach to be followed in order to pursue
a global programme on climatic research.
2) Progress in the field of climatic research can only be
achieved through a considerably expanded scientific effort.
Chapters 4 and 5 outline in some detail the most urgent
problems that need to be solved.
3) Chapter 6 describes the global observational programmes required to implement the studies described in
chapters 4 and 5. Global collaboration must be based on
increased national efforts in order to obtain sufficient
resources for an expanded programme. Particularly costly
(2) U.S. National Academy of Sciences, 1974. Understanding
climatic change, a programme for action. Report of the Panel
on Climatic Variation to the U.S. Committee for GARP.
(In press.)
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are the global observational efforts. Chapter 6 is also
intended to serve as a basis for decisions on priorities by
nations that wish to take part in a global programme of
climatic research.
The plans as developed in this report may seem very
ambitious, but the unanimous conviction was expressed
by the participants that only by pursing a research programme of this kind can we determine the potential of

Stockholm, 10 August 1974

mathematical calculation for predicting and explaining
the climate quantitatively. In fact prospects are good that
mathematical models will provide an understanding of
the basic controls of the climate which will prove essential
for the future management of the natural resources of the
earth. In addition to the basic programme on climatic
research proposed in this document we obviously need
to understand the impact of climate on man and his
activities better than we do to-day.

SUMMARY

Following a proposal by the Joint Organizing Committee on GARP the World Meteorological Organization
(WMO) and the International Council of Scientific
Unions (ICSU), with support from the United Nations
Environment Programme (UNEP), organized an International Study Conference on the Physical Basis of
Climate and Climate Modelling at Wijk outside Stockholm
during the period 29 July to 9 August 1974. The present
report gives a detailed account of the results of this
conference. It is proposed that an international research
programme on climate and climate change be organized
by WMO and ICSU. The report contains a large number
of recommendations for action to advance our knowledge
in this field of science of central importance for the proper
management of man's global environment.
The scope of the problem is outlined in the first three
chapters. Examples are given of the way in which the
climate is important for life on earth and how man is
dependent on the climate and its variations. It is stressed
that as yet our understanding of the physical, chemical
and biological processes that interact in creating the
present climate are incomplete and that we do not know
what major mechanisms are responsible for the changes
in the past. It follows that we are at present not able to
tell what kind offuture climatic changes are likely to occur
nor can we assess the extent to which man himself may
inadvertently cause such changes. The climate system,
comprising the atmosphere, the oceans with sea ice and
the land surface, is exceedingly complex and involves the
hydrological processes, the behaviour of vegetation and
the fluctuation and melting of snow and ice. Thus for the
quantitative study of the climate and climate changes it
is essential to develop mathematical models. Before
proceeding to a detailed analysis of the basic problems
encountered in climate modelling our present knowledge
about climatic changes in the past is summarized.
Particular attention is given to the different characteristics of climatic changes associated with variations from
one year to the next or over decades, centuries or longer
periods of time. Obviously our knowledge about climatic
changes is less detailed as the time scale increases. Novel
methods for obtaining much more detailed information
on past climatic changes from analysis of tree rings, pollen
and deep sea sediments will undoubtedly greatly advance
our knowledge.
The fourth chapter treats the overall design and utility
of climate models. A variety of modelling approaches,

ranging from simple to most complete models are
proposed, the latter naturally putting very high demands
on computer resources. It is emphasized that simpler
models may well be useful for extended integrations if
properly calibrated with the aid of more complete models.
Current General Circulation Models developed for
understanding the present behaviour of the atmosphere
and for advancing extended and long range forecasting
will play an essential role in the development of climate
models. The methods developed for taking into account
the basic physical processes in general circulation models
may need to be revised for climate models because of the
more stringent demands for very long integrations. Also,
much more attention must be paid to the oceans, the
cryosphere (ice and snow), the processes at the land
surface and the role of the biomass than has so far been
the case. An attempt is made to specify tentatively the
modelling requirements and parameterizations that at
present seem necessary in order to be able to deal properly
with this whole series of fundamental processes in an
adequate manner. A number of different kinds of
experiments with climatic models may be envisaged. It is
very important to establish more clearly, if possible, to
what extent future climatic changes are predictable and
the requirements for such predictions. Studies of the
sensitivity of climate to changes in climatic variables, such
as solar irradiance, or carbon dioxide concentration in
the atmosphere, are judged as most important, as are
studies ofclimatic variability in space and time, particularly
the concurrence of extreme climatic patterns associated
with, for example, drought. It is emphasized that the
practical utility of climate models for providing quantitative and reliable answers to the various problems herein
described remains to be established. However, it is the
opinion of the participants that no obvious alternative
approach exists, and that only by pursuing a broad
programme of the sort proposed can one expect progress
in this field.
The fifth chapter presents research programmes to
advance our knowledge about basic and often complex
physical, chemical and biological processes that need to
be parameterized in order to be included in climate
models. In each one of the seven research fields the basic
scientific problems are presented. A series of modelling
experiments is proposed to help clarify the relevance of
the various processes considered. Finally, observational
programmes are outlined, which are considered as
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necessary for a successful approach. These are of three
different kinds: firstly, intensive observational efforts of
limited duration are required to develop proper parameterization schemes to describe the detailed processes.
at work; secondly, global or semi-global observations of
key parameters are needed to test and validate climate
models;thirdly, some external or internal paranieters need
to be monitored for long periods of time to permit the
recognition of possible future climatic changes.
The final chapter of the teport presents in some detail
feasible observational programmes. The fundamental role
of the World Weather Watch (WWW) and the First
GARP Global Experiment (FGGE) is emphasized, but

the climate problem poses additional requirements for
observations. Since global coverage often is an absolute
necessity to permit a proper use of the data, the development of satellite techniques is greatly emphasized. Nevertheless, ground based observations will remain of central
importance.
It is of course impossible to summarize a detailed report
such as the present one and do justice to it. To facilitate
the use of the report recommendations are found towards
the end of each chapter, and also each subsection in
chapters five and six, rather than in a final chapter of the
report. In this way it should be easy to study parts of the
report and still obtain a clear idea ofthe actions proposed
and their justification.

Sur une proposition du Comite mixte d'organisation
(CMO) du GARP, l'Organisation meteorologique mondiale (OMM) et leConseil international des unions
scientifiques (CIUS) ont organise, avec le concoursdu
Programme des Nations Unies sur l'environnement
(PNUE), une Conference internationale d'etude sur les
fondements physiques du climatet l'etablissement de
modeles climatiques, qui s'est tenue a Wijk pres de
Stockholm, du 29 juillet au 9 aout 1974. On trouvera
ci-apres un .compte rendu detaille des resultats de cette
conference. Outre une proposition visant a ce que 1'0MM
et le CIUS entreprennent l'execution d'un programme
international de recherches sur le climat et les changements climatiques, le rapport recommande un grand nombre de mesures propres a approfondir nos connaissances
dans ce domaine scientifique qui est d'une in;tportance
capitale pour une saine gestionde notre environnement.
Les trois premiers chapitresconstituent un expose de
la question et de ses ramifications. lis contiennent plusieurs exemples illustrant l'importance du climat pour la
vie de l'homme sur la terre et la fa90n dont l'homme
depend du climat et de ses variations. Les auteurs
insistent sur le fait que notre comprehension des pro~
cessus physiques, chimiques et biologiques, dont les
actions conjuguees creent les conditions climatiques
actuelles, est encore tres incomplete et que nous ignorons
quels sont les principaux mecanismes qui sont a l'origine
des changements climatiques passes. li s'ensuit que nous
sommes actuellement incapables de decrire la nature des
changements climatiques qui pourront se produire a
l'avenir, de meme qU'il nous est impossible d'evaluer dans
quelle mesure l'homme peut lui-meme provoquer de tels
changements par inadvertance. Le systeme climatique,
qui englobe l'atmosphere, les oceans et les glaces en mer,
et les terres emergees, est extremement complexe et il
faut, pour le comprendre, tenir compte des processus
hydrologiques, du comportement de la vegetation ainsi
que de la fluctuation et de la fonte des neiges et de glace.
Ainsi, toute etude quantitative du climat et des modifications climatiques exige l'elaboration des modeles
mathematiques. Avant d'entreprendre l'analyse detaillee
des problemes fondamentaux lies a la mise au point de
modeles climatiques, les auteurs font le point de ce que
nous savons des changements climatiques survenus dans
le passe.
lis insistent notamment sur les differentes caracteristiques des changements climatiques associes aux varia-

tions qui ont pu se produire d'une annee a l'autre, sur
une ou plusieurs decennies, voire sur des siecles ou des
periodes encore plus longues. 11 est clair que nos connaissances des modifications anterieures sont d'autant
moins detaillees que la periode sur laquelle elles ont
porte est plus longue. La mise au point de methodes
modernes permettant d'obtenir davantage de precisions
sur les changements climatiques passes, en analysant les
anneaux de croissance des arbres, le pollen et les sediments marins, constituera sans nul doute un tres grand
pas en avant.
Le quatrieme chapitre est un expose general sur la
conception, la mise au point et l'utilite des modeles climatiques. Toute une gamme de methodes nous sont proposees, allant des modeIes les plus simples aux plus
complexes, ces derniers faisant bien sur tres largement
appel aux ressources de l'informatique. li faut savoir que
les modeles les plus 'simples peuvent se reveler fort utiles
pour proceder a des integrations plus larges, a condition
d'etre correctement etalonnes au moyen de modeles plus
complexes. Les modeles de la circulation generale qui
ont ete etablis pour nousaidera mieux comprendre le
comportement actuel de l'atmosphere et pour faciliter la
prevision a moyenne et a longue echeance joueront un
role primordial dans la mise au point de modeIes climatiques. Peut-etre sera-t-il necessaire d'adapter, pour la
construction de ces modeles, les methodes servant a
integrer les processus physiques fondamentaux dans les
modeles de la circulation generale, etant donne que les
modeles climatiques font intervenir des integrations
beaucoup plus longues. 11 faudra aussi tenir bien davantage compte des oceans, de la cryosphere (glace et neige),
des processus a la surface terrestre et du role de la biomasse. On s'est efforce de definir, a titre provisoire, les
conditions et les parametres qui, semble-t-il, devront
etre pris en consideration dans les modeles climatiques de
fa90n a pouvoir tenir dument compte de tous les processus
fondamentaux. On peut envisager la realisation d'un
certain nombre d'experiences differentes au moyen de
modeles climatiques. li est tres important de s'efforcer
de definir plus clairement dans quelle mesure nous
pouvons prevoir les futurs changements climatiques et
de preciseI' les conditions a remplir a cette fin. L'execution d'etudes sur la sensibilite du climat aux modifications des variables climatiques - eclairement energetique
du soleil, concentration de gaz carbonique dans l'atmosphere- est jugee des plus importantes; il en va de meme
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pour les etudes sur la variabilite climatique dans l'espace lieu, il faudra effectuer des observations, a l'echeUe du
et dans le temps, particulierement en ce qui concerne globe ou d'un hemisphere, desparametres cles, afin de
l'apparition de conditions climatiques extremes associees, verifier la validite des modeles climatiques; enfin, une
par exemple, a la secheresse. Certes, il reste encore a surveillance prolongee de certains parametres externes
determiner l'utilite pratique des modeles climatiques pour ou internes sera necessaire pour determiner l'eventualite
fournir une reponse quantitative et digne de confiance de futurs changements climatiques.
aux differents problemes. Cependant, il n'existe apparamLe dernier chapitre du rapport decrit de fayon assez
ment pas d'autre solution et ce n'est qu'en entreprenant detaillee les programmes d'observation realisables. 11
un vaste programme du type propose que l'on peut met l'accent sur le role fondamental de la Veille meteoroesperer progresser dans ce domaine.
logique mondiale (VMM) et de la Premiere experience
mondiale
du GARP (PEMG), tout en faisant etat de la
Le cinquieme chapitre propose plusieurs programmes
necessite
d'obtenir des donnees d'observation supplede recherche propres a ameliorer nos connaissances des
mentaires.
Les auteurs insistent notamment sur la mise
processus physiques, chimiques et biologiques fondaau
point
et
le perfectionnement des techniques d'obsermentaux, et souvent complexes, qui doivent etre parapar
satellite,
du fait qu'il est souvent indispenvation
metrises en vue de leur introduction dans les modeles
sable,
pour
pouvoir
utilement employer les donnees
climatiques. Les auteurs ont distingue sept principaux
ceUes-ci
concernent l'ensemble du globe.
recueillies,
que
domaines de recherche pour lesquels ils decrivent les
Cependant
l'importance
des observations fournies par les
problemes scientifiques fondamentaux a resoudre. I1s
stations
en
surface
continuera
d'etre preponderante.
proposent l'etablissement d'une serie experimentale de
modeles qui permettront de preciseI' dans queUe mesure
il faut tenir compte des differents processus examines.
Ce chapitre decrit aussi plusieurs programmes d'observation dont l'execution apparait comme necessaire pour
la reussite de l'entreprise. Ces programmes sont de trois
sortes: tout d'abord une campagne d'observation intensive, de duree limitee, devra etre faite afin de determiner
les parametres dont il faudra tenir compte pour decrire
convenablement les processus consideres; en deuxieme

11 est difficile de resumer un rapport sans passeI' sous
silence certains aspects pourtant importants. Pour plus
de commodite, on trouvera a la fin de chaque chapitre,
ainsi que dans chacune des sous-sections des chapitres 5
et 6, un certain nombre de recommandations que les
auteurs ont prefere ne pas grouper dans un ultime chapitre
de conclusion. Ainsi, le lecteur pourra n'etudier que
certaines parties du rapport tout en ayant une bonne
idee des mesures proposees et de leur justification.

RESUMEN
Como resultado de una propuesta del Comite Conjunto de Organizaci6n del GARP, la Organizaci6n
Meteoro16gica Mundial (OMM) y el Consejo lnternacionalde Uniones Cientificas (ClUq, con el apoyodel
Programa de las Naciones Unidas para el Medio
Ambiente (PNUMA), organizaron una Conferencia
lnternacional para el estudio de los fundamentos fisicos
del clima y la elaboraci6n de m04elos climliticos en
Wijk, en las afuera de Estocolmo, durante el periodo
comprendido entre e129 de julio y e19 de agosto de 1974.
En el presente informe se da cuenta con todo detalle de
los resultados de dicha conferencia. En el mismo se
propone que la OMM y el ClUC organicen un programa
de investigaciones internacionales sobre el clima y las
modificaciones del clima. En el informe figuran gran
1111mero de recomendaciones cuya aplicaci6n permitini
hacer progresar nuestros conocimientos en esta esfera de
la ciencia, de importancia capital para la adecuada ordenaci6n a escala mundial del medio humano.
En los tres primeros capitulos se indica el alcance del
problema estudiado. Se dan ejemplos para ilustrar c6mo
el clima tiene una importancia primordial para la vida
terrestre, y c6mo el hombre depende del clima y de sus
variaciones. Se pone de manifiesto que nuestra comprensi6n de los procesos fisicos, quimicos y bio16gicos
que intervienen en la creaci6n del clima actual son
incompletos, y que desconocemos cmiles son los mecanismos principales que han provocado las modificaciones
del clima en el pasado. De ello se desprende que actualmente somos incapaces de prever que clases de modificaciones climaticas futuras son susceptibles de producirse,
y tampoco podemos determinar hasta que punto el
hombre puede por si lnismo e inadvertidamente causar
tales modificaciones. El sistema climatico, que abarca la
atm6sfera, los oceanos y los hielos marinos, asi como la
superficie terrestre, es extraordinariamente complejo y
comprende los procesos hidro16gicos, el comportamiento
de la vegetaci6n, asi como las fiuctuaciones y la fusi6n de
la nieve y del hielo. Asi, pues, el estudio cuantitativo del
clima y de los cambios climaticos es fundamental para la
elaboraci6n de modelos matematicos. Antes de proceder
a un analisis detallado de los problemas basicos con que
se tropieza en la elaboraci6n de modelos climaticos, se
resumen nuestros actuales conocimientos acerca de los
cambios climliticos acaecidos en tiempos pasados.
Se ha otorgado una atenci6n muy particular alas
diferentes caracteristicas de los cambios climaticos aso-

ciados con las variaciones de un ano para otro, a 10
largo de decenios, siglos e incluso periodos de tiempo
mas extensos. Resulta evidente que a medida que la
escala del tiempo aumenta, nuestros conocimientos sobre
los cambios climliticos son menos detallados. Los nuevos
metodos para obtener una informaci6n mas detallada
sobre los cambios climliticos del pasado a partir de los
analisis de los circulos concentricos de los troncos de los
arboles, del polen y de los sedimentos de las profundidades del mar nos permitiran sin duda alguna progresar
notablemente en nuestros conocimientos.
El cuarto capitulo trata del diseno general y utilidad
de los modelos matematicos climliticos. Se propone toda
una variedad deenfoques para la elaboraci6n de modelos,
desde el mas simple hasta el mas completo, basandose
este ultimo por supuesto en gran parte en las facilidades
que ofrecen las computadoras electr6nicas. Se indica que
los modelos mas simples pueden muy bien ser utiles para
realizar amplias integraciones si se calibran adecuadamente con la ayuda de modelos mas completos. Los
modelos ordinarios para el estudio de lacirculaci6n
general, ideados para comprender el comportamiento
actual de la atm6sfera y para hacer progresar las predicciones generales y a largo plazo, desempenaran un papel
fundamental en el desarrollo de los modelos climaticos.
Puede ser necesaria una revisi6n de los metodos utilizados
para integrar los procesos fisicos basicos en los modelos
de la circulaci6n general al pasar a los modelos climaticos, ya que las exigencias son mas severas para las
integraciones muy largas. Por otra parte, debe prestarse
una mayor atenci6n a los oceanos, a la esfera de la
glaciologia (hielo y nieve) , a los procesos que se producen
en la superficie de la tierra y a la funci6n de la masa
bi6tica que la que hasta ahora se les ha prestado. En el
informe se procura hacer una evaluaci6n provisional y
especifica de las necesidades en materia de elaboraci6n
de modelos y de parametrizaciones que actualmente
parecen necesarios, con el fin de tratar adecuadamente
toda esta serie de procesos fundamentales. Puede preverse cierto numero de diferentes clases de experimentos
con los modelos climaticos. Resulta importante establecer de manera mas clara, si ello es posible, hasta que
punto los futuros cambios climaticos pueden preverse y
la necesidad de efectuar tales predicciones. Los estudios
de la forma en que reacciona el clima frente a los cambios
de las variables climaticas, tales como la radiaci6n solar
o la concentraci6n de anhidrido carb6nico enlaatm6sfera,
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se estiman extremadamente importantes, como 10 son
los estudios sobre la variabilidad climatica en el
espacio y en el tiempo, particularmente cuando se trata
de la aparicion de fenomenos climaticos extremos asociados con la sequia por ejemplo. Se pone de manifiesto
que queda por demostrar la utilidad pnlctica de los
modelos climaticos para facilitar respuestas cuantitativas
y seguras a los diversos problemas descritos. No obstante,
los participantes opinan que no existe otro enfoque
posible y que solo siguiendo un amplio programa analogo
al propuesto puede esperarse progresar en esa esfera.
El quinto capitulo presenta programas de investigacion
para hacer progresar nuestros conocimientos sobre 10s
procesos basicos y a menudo fisicos y complejos, asi
como qUimicos y biologicos, que han de ser parametrizados con el fin de incluirlos en los modelos climaticos.
En cada uno de los siete campos de investigacion se
exponen los problemas cientificos esenciales. Se propone
toda una serie de experimentos para la preparacion de
modelos matematicos con el fin de aclarar la importancia
de los diversos procesos estudiados. Finalmente, se
resefian los programas de observacion que se consideran
necesarios para un enfoque sano. Esos programas son de
tres indoles distintas: ante todo, se requieren esfuerzos
muy intensos de observacion de una duracion limitada
para desarrOllar sistemas de parametrizacion que describan detalladamente los procesos que intervienen;. en

segundo lugar, se necesitan observaciones globales 0
semiglobales de los panlmetros clave para verificar y
validar los modelos climaticos ; en tercer lugar, algunos
parametros externos 0 internos requieren que se verifiquen
durante largos periodos de tiempo para permitir la
identificacion de posibles cambios climaticos futuros.
El ultimo capitulo del informe presenta con algun
detalle programas de observacion practicos. Se ponen de
relieve la funcion fundamental de la Vigilancia Meteorologica Mundial (VMM) y del Primer Experimento
Mundial del GARP (FGGE), pero el problema del
clima plantea la necesidad de disponer de observaciones
adicionales. Como quiera que la cobertura global es a
menudo una necesidad absoluta para permitir una utilizacion adecuada de los datos, se insiste particularmente
en el desarrollo de las tecnicas de los sateIites. No obstante, las observaciones terrestres seguiran revistiendo
una importancia capital.
Resulta por supuesto imposible resumir un informe
tan detallado como el presente, sin exponerse a menguar
sus meritos. En vez de resumirlas en un capitulo final,
para facilitar la utilizacion del informe, al final,de cada
capitulo, al igual que al final de cada una de las subsecciones de los capitulos 5 y 6 figuran recomendaciones.
De esta forma sera mas facil estudiar el informe por
partes y obtener una idea clara de las medidas propuestas
y de su justificacion.

PE3IOME
IIo npC,n;JIOlliCmnO 06'bC,n;HHCHHOrO OpramIBaU;HOH-

C ro,n;OBbIMH, ,n;CCHTHJICTlUIMH H BCHOBDIMH HOJIc6a-

HOrO HOl\U1TCTa no IIItIrAll Bccl\mpHaH MCTcopoJIO-

HHHl\U1, a TaRlli:C C ROJIc6aHHHMH Ba 60JICC ,n;JIHTCJIbHDIC

rl'PICCHaH OpramIBaU;HH (BMO) M MClli,n;y1mpo,n;HbIH

ncpHo,n;bI BpCMCH11. O'ICBH,n;HO, 'ITO HaIllH BHaHHH HJIH-

COBCT

no,n;,n;cplliRC

MaTH'ICCHHX HBMCHCHHH CTaHOBHTCH MCHCC no,n;p06-

IIporpaMMIiI OpraHHBaU;HH 06'bC,n;HHCHHDIX RaU;HH no

HbIMH no MCpC yBCJIH'ICHHH BpCMCHHoro MacIllTa6a.

Hay'IHb1X

COIOBOB

(MCRC)

npH

29

okpYllialOru;cii cpc,n;c (IOREII) B ncpHo,n; C

9

no

aBrycTa

1974

r.

opraHMBOBaJIM B r.

MIOJIH

ROBDIC MCTO,n;bI nOJIy'ICHHH ropaB,n;o 60JIbIllCrO IWJIH-

BHHR,

'ICCTBa no,n;p06HOH HH<popMaU;HH 0 npOIllc,n;IllHX RJIH-

Hcno,n;aJICRy OT CTOHrOJIbMa, MClli,n;YHapo,n;HylO MC-

MaTH'ICCHHX

CJIc,n;oBaTCJIbcRylO ROH<pCpCHU;HIO no <pHBM'ICCHHM oc-

,n;PCBCCHbIX ROJICU;,

HBMCHCHHHX

Ha

nbIJIbU;DI

OCHOBaHHH

aHaJIHBa

rJIy60HHX

MOpCHHX

H

HOBaM RJIHMaTa H RJIl1MaTll'ICCROMY MO,n;CJIHpOBaHHIO.

OTJIOmCHHH, HCCOMHCHHO, 6y,n;yT B 60JIbIllOH CTcnCHH

HacToHru;IDl:

cnoc06CTBOBaTb paCIllHpCHHIO HaIllHX BHaHHH.

OT'ICT

CO,n;CpllillT no,n;p06HOC

onHcam1C

peByJIbTaTOB STOH HOII<pCpCHI:(HH. IIpc,n;JIaraCTCH, 'ITO6b1 BMO II MCRC opraHllBOBaJIH MClli,n;yHapo,n;HyIO
nporpaMMy no HCCJIc,n;OBaHllIO RJIHMaTa II RJIllMaTH'ICCRllX HBMCHCHHH. OT'ICT CO,n;CplliHT 60JIbIllOC ROJIH'ICCTBO pCHOMCH,n;aU;HH no npHHHTHIO Mep C U;CJIbIO
paCIllHpCHHH BHamIH B STOH 06JIaCTH, llMCIOru;CH U;CHTpaJIbHOC

BHaqCHHC

,n;JI.II

,n;OJIlliHOrO

OTHOIllCHHH

H

B

'ICTBCpTOi1: rJIaBC paCCMaTpHBaCTC.II 06ru;cc no-

CTpOCHHC

M nOJICBHOCTb

HJIHMaTH'ICCHHX

Mo,n;cJIciL

IIpc,n;JIaraIOTCH paBHo06paBHDIC no,n;xo,n;DI H MO,n;CJIHpOBaHHIO, Ha'IHHa.II OT npocTDIx H ,n;o Hal'160JIcc CJIomHbIX

MO,n;CJICH,

npH'ICM

nOCJIC,ll;HHC,

CCTCCTBCIIHO,

Tpc6YIOT IllHpoHoro l'ICnOJIbBOBaHHH CpC,n;CTB 8BM.
IIo,n;'IcpRHBacTcH, 'ITO 60JICC npocTbIC MO,n;CJIH MoryT

ORpY}RaIOru;CH qCJIOBCRa rJI06aJIbHO:f1 CpC;D;C.

6DITb BCCbMa nOJICBHbIMH ,n;JIH MHTcrpHpOBaHHH Ha
B

ncpBDIx TpCX rJIaBaX onHcaHDI MacIllTa6b1 npo-

60JIbIllHC ncpHo,n;DI npH ,n;OJImHOM ROHTpOJIC C no-

6JIeMDI. IIpHBO;D;HTC.II npllMcpDI Toro, RaHOC BamHOC

MOru;bIO

60JICC

BHaqCHHC HMCCT RJIHMaT ,n;JI.II mHBHH Ha

Mo,n;eJIH

06ru;CH

BCMJIe

H

CJIOlliHDIX l\W,n;CJICH.

Cyru;ccTByIOrn;Hc

paBpa60TaHHDIc

,n;JI.II

HaRHM 06paBOM qCJIOBCR BaBHCHT OT HJIHMaTa Hero

yHCHCHH.II TCHyru;cro nOBc,n;CHHH aTMoc<pcPbI H

,n;JI.II

HOJIe6aHllH. IIO,n;'ICpRllBaCTC.II, 'ITO HaIIIC nOHHiVIaHHC

ycoBcpIllCHcTBoBaHHH nporHOBHpOBaHH.II Ha CpC,n;HHA

(PllBHqCCRHX, XMMH'1CCHHX H 6HOJIOrH'ICCRHX npou;ec-

H 60JIbIllHC CPoHl'1, CDIrpaIOT BamHylO POJIb B paB-

COB, HOTOpDIC BBaHMo,n;CHCTByIOT npH COB,n;aHHH HDI-

pa60THC HJIHMaTH'ICCHHX MO,n;CJICH. MOllicT nOTpc60-

HCIllHero

RJIHMaTa,

nORa HCnOJIHOC H

'ITO

MbI HC

BaTbCR

U;HpRyJI.lIU;HH,

ncpCCMOTp

MCTO,n;OB,

paBpa60TaHHDIX

,n;JIH

BHaCM, HaHHC rJIaBHDIC McxaHHBMbI BDIBbIBaJIH HBMC-

y'ICTa OCHOBHbIX <pHBH'ICCHHX npoU;CCCOB B MO,n;CJIHX

HCHHH B npOIllJIOM. OTCIo,n;a CJIC,n;yCT, 'ITO B HaCTOH-

06ru;CH U;HpHyJIHU;HH,

ru;ec BpCMH MbI HC lYIOmCM CHaBaTb, RaRHC RJIHMaTH-

STHX MC'fO,n;OB B HJIHMaTH'ICCRHX MO,n;CJI.lIX HaJIaraCT

'ICCRHC HBMCHCHH.II, BCpOHTHO, npOHBOH,n;yT B 6y,n;y-

60JICC cTporHc Tpc60BaHH.II npH IiHTcrpHpOBaHHH Ha

BBH,n;y Toro qTO

npHMCHCHHC

ru;CM H HC MOlliCM OU;CHHTb, B RaROH CTcnCHH caM

OqCHb 60JIbIllHC ncpHo,n;DI. ropaB,n;o 60JIbIllCC BHHMa-

'ICJIOBCH MomCT HCyMbIIllJICHHO BDIBBaTb TaHHC HBMC-

HHC, 'ICM B HaCTO.IIru;cC BpCMH, ,n;OJIlliHO 6DITb TaHlliC

HCHH.II.

y,n;CJICHO ORcaHaM, HpHOC<pCpC (JIC,n; H CHcr), npou;cc-

RJIHMaTH'ICCRaH

CHCTCMa,

COCTOHru;aH

HB

aTMOC<pCpbI, OHCaHa C MOpCHHM JIb,n;OM H nOBcpXHOCTH

caM

CyIllH, 'IpCBBDI'IaHHO CJIOlliHa M BHJIIO'IaCT rM,n;pOJIOrH-

)J;CJIaCTC.II

qCCHHC npoU;CCCDI, nOBc,n;CHHC paCTHTCJIbHOCTH, <pJIIOH-

Tpc60BaHHH H MO,n;CJIHpOBaHHIO M napaMCTpHBaU;HH,

Ha

nOBcpXHOCTH
nonDITHa

CyIllH

H

onpc,n;CJIHTb

POJIl1

6HOMaCCbI.

npc,n;BapHTCJIbHDIC

TyaU;IlIO H TaHHHC CHcra H JIb,n;a. TaHHM 06paBOM,

'ITO Hc06xo,n;HMO B HaCTO.IIru;cC BpCMH ,n;JIH Toro, 'IT06bI

,n;JIH HOJIH'ICCTBCHHbIX HCCJIc,n;OBaHHH RJIHMa'l'a H HJIH-

,n;OJIlliHbIM 06paBOM M B ,n;OCTaTO'IHOH CTcnCHH pac-

MaTH'ICCHHX HBMCHCHHH BamHO paBpa60TaTb MaTCMa-

CMOTpCTb BCIO cepHIO <pyH,n;fuVICHTaJIbHDIX npOU;CCCOB.

TH'ICCHHC MO,n;CJIH. IIcpc,n; TCM RaH ncpCHTH H no,n;p06-

MOlliCT 6DITb npc,n;ycMoTpcH p.II,n; paBJIH'IHbIX SHcnc-

HOMY aHaJIHBy OCHOBHbIX np06JICM, BCTpCqaIOru;HXCH

pHMCHTOB

npH HJIHMa'l'H'ICCIWM MO,n;CJIHpOBaHHH, ,n;CJIaCTCH 06-

BamHO no BOBMO}HHOCTH 60JICC TO'IHO yCTaHoBHTb, B

C

HJIHMaTH'ICCRHMH

MO,n;CJI.lIMH.

OqCHb

BOp Cyru;CCTByIOru;HX BHaHHH 0 RJIHMaTH'ICCRHX HBMC-

HaHOH CTcnCHH nporHoBHpycMbI 6y,n;yrn;Hc RJIHMaTH-

HCHHHX B npOIllJIOM.

qCCHHC HBMCHCHHH 11 onpc,n;CJIHTb Tpc60BaHHH B OTHO-

Oc060c BHHMaHHC y,n;CJIHCTC.II paBJIl1'IHbIl\I xapaIl:TCpHcTHRaM RJIHMaTH'ICCHHX HBMCHCHHH, CBHBaHHDIX

IllCHHH TaHHX nporHoBoB.

ItIcCJIc,n;oBaHl'I.II 'IyBCTBH-

TCJIbHOCTH HJIHMa'l'a H HBMCHCHHHM HJIHMaTH'ICCHHX
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nepeMeHHIiIX, HanpMMep, COJIHeqHOH pap;MaU;IiIH HJIM

nop;pOOHO

ROHu;eHTpaU;HIiI

COB; BO-BTOpIiIX, HeOOXOp;HMIiI rJIOOaJIbHbIe MJIH nOJIy-

p;ByORHCH

yrJIepOp;a

B

aTMOC<pepe,

OmICaTb

CqHTaIOTCJI HaMOOJIee BaJRHIiIMIiI HapJIp;y C M3yqeHMeM

C<pepHIiIe

RJIHMaTl:lqeCROH

MCnbITaHMH M

MSMeHqMBOCTM

B

npOCTpaHCTBe

H

XOp;

paCCMaTpliBaeMIiIX npou;ec-

HaOJIIOp;eHHJI RJIIOqeBIiIX

napaMeTpOB P;JIJI

npOBepRH RJIMMaTHqeCRMX MOp;eJIeH;

BpeMeHM, B qaCTHOCTM, BOSHHKHOBeHMJI SRCTpeMaJIb-

:S-'rpeTbHX, HeOOXOp;HMO ROHTpOJIHpOBaTb HeROTOpIiIe

HbIX KJIIiIMaTHqeCKHX CHCTeM, CBJISaHHIiIX, HanpMMep,

BHeIIIHHe

C

p;JIHTeJIbHbIX nepHOp;OB BpeMeHH C TeM, qTOObI yMeTb

sacyxOH.

P;OOMTbCJI

IIop;qepmmaeTCJI,

npaRTl:lqeCKOH

qTO

eIIJ;e

npMMeHMMOCTH

npep;CTOHT
RJIHMaTH-

qeCRHX MOp;eJIeH P;JIJI OOeCneqeHHJI ROJIMqeCTBeHHIiIX M
Hap;eJRHIiIX peIIIeHHH
npOOJIeM.

OP;HaKO

paSJIHqHIiIX

MHeHMe

OIIMCaHHIiIX

yqaC'rHHKOB

Sp;eCb

COCTOHT

B

TOM, qTO He cyIIJ;eCTByeT OqeBHp;HOro aJIbTepHaTHBHoro
nop;xop;a M qTO ycnexa B STOH OOJIaCTM MOJRHO OJRMp;aTb
TOJIbKO

nyTeM

BIiInOJIHeHIiIJI IIIliIpOKOH npOrpaMM:b1,

aHaJIOrMqHOH TOH, KOTOpaJI npep;JIOJReHa.
B

nJITOH rJIaBe npep;CTaBJIeHa MCCJIep;OBaTeJIbCRaJI

qaCTO CJIOJRHIiIX <pMSHqeCRMX, XMMHqeCKHX M OMOJIOrMqeCKHX

npou;eccax,

IWTopIiIe

Heooxop;MMO

napa-

MeTpMSOBaTb P;JIJI BKJIIOqeHHJI :s RJIMMaTMqeCRMe MOp;eJIH. IIpep;CTaBJIeHbI OCHOBHIiIe HayqH:b1e npOOJIeMbI
B

RaJRp;OH

MS

ceMM

HCQJIep;OBaTeJIbCRMX

BHyTpeHHHe

napaMeTpIiI

B

TeqeHHe

paCnOSHaBaTb BOSMOJRHbIe OYP;yIIJ;Me RJIMMaTHqeCRHe
MSMeHeHHJI.
B

SaRJIIOq:HTeJIbHOH rJIaBe OTqeTa P;O:SOJIbHO no-

APOOHO npep;CTaBJIeHIiI BOSMOJRHbIe nporpaMMbI HaOJIIOp;eHI:lH.

IIop;qepKHyTa

<pYHp;aMeHTaJIbHaJI

POJIb

BceMHpHOH CJIyJROIiI llorOAIiI (Bell) M IIep:soro rJIOOaJIbHOrO sKcnepHMeHTa II:M:rAII (IIr8II).
npOOJIeMa

nporpaMMa P;JIJI paCIIIMpeHHJI SHaHMH 00 OCHOBHIiIX M

HJIM

RJIHMaTa

npep;'J>JIBJIJIeT

K

OP;HaKO

HaOJIIOp;eHI:lJIM

p;OnOJIHMTeJIbHIiIe TpeOOBaHHJI. IIOCKOJIbRY qaCTO aoCOJIIOTHO HeOOXOp;I'lM rJIOOaJIhHIiIH ox:saT P;JIJI ooecneqeHHJI p;OJIJRHOrO I:lCnOJIb30BaHHJI p;aHHIiIx, rrOp;qepRI:lBaeTC.f.( OOJIbIIIaJI nOJIbSa paspaooTRM 0nyTHl'lROBIiIX
MeTop;OB.

TeM

He

MeHeej

HaseMHIiIe

HaOJIIOp;eHMJI
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OOJIaCTeH.
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OHH
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ou;eHRY.
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1. INTRODUCTION AND GENERAL CONFERENCE RECOMMENDATION
The climate has changed many times in the past and
it is only reasonable to assume that it will do so in the
future. Over centuries and millenia it has shaped civilizations whose present characteristics have become adjusted
to the climate during the last decades or century. This is
particularly so with regard to food production. It is
interesting to note in this connexion that the temperature
of north polar regions reached a peak in the 1940's and
that, since then, a return to somewhat cooler conditions
has occurred. This short warm period probably has been
as warm or warmer than any other period during the last
500 years (compare Chapter 2). Associated changes may
well have taken place in other parts of the world, but they
are much more difficult to establish since the records are
fewer and also since the changes are smaller and their
statistical characteristics therefore more difficult to assess.
There are numerous examples of how the 'Variations of
climate influence the food production of the wodd. The
droughts in North America during the 1930's caused
comparatively low grain yields for a succession of years,
and the severe crop failures in the Soviet Union in 1972
were caused by similar drought conditions. At these
times food reserves and a reasonably well developed
international trade prevented severe shortage and human
suffering which so often earlier occurred in these parts of
the world.
The impact of climatic variations on life in developing
countries is much more severe, often catastrophic, since
the margins for survival are slim. The recent succession
of dry years in the Sahel area has resulted in starvation
and human migration, on a scale much larger than was
previously known, although severe droughts were recorded
earlier in this century. The dependence of Indianagriculture on the monsoon is well known and the years it has
been weak or failed (most recently in 1972) are years of
great difficulties. The frequent floods that occur in many
tropical countries, this year (1974) severe in Bangladesh,
represent an uncertainty in food production in these
countries and have frequently put heavy demands on
international support and rescue to alleviate the most
disastrous consequences.
Fishing is also sensitive to climatic variations. The
ocean currents off the Peruvian Coast change in response
to changes in the atmospheric circulation, and the
importance of these currents for the fishing in this area
of the world is fundamental. Cod fishing has been
possible in the Greenland area during only ~ few decades

when the polar climate was comparatively warm. It
declined drastically when the climate turned cooler in more
recent years.
Over the past few years there has developed a narrowing
margin between the supply and demand of vital resources,
particularly energy and food. The number of days supply
of food reserves, for example, has dropped sharply,
partly in response to severe fluctuations in weather
and climatic conditions in recent years. But it is known
that even more severe fluctuations have occurred in the
past hundred years. Thus, there is urgent need to assess
the probabilities for the occurrence of human catastrophes
induced by climatic variations. While such assessments
are necessarily very vague with present knowledge, much
could be done to improve estimates of probabilities of
extreme climatic events or shifts in climatic patterns.
The examples given above are only glimpses of how the
variations of climate of the globe severely affect man, his
life and his well-being. This will also be true in the future
eVen if natural climatic variations will be the only ones
ofsignificance. In addition man himselfmay inadvertently
be contributing to such changes or variations.
Clearly even a modest skill in climatic prediction would
be most valuable. Some claims have been made that such
forecasting skills already exist. For example, some have
predicted that the climate will become warmer, while
others have stated that the cooling trend which began in
the 1940's will continue for several decades. A view more
widely accepted by specialists is that our understanding
of climate and climatic variability is far too meagre to
warrant pronouncements of this sort. The important task
at this time is rather to give an accurate picture of what
we know and what we don't know and to develop a
programme for advancing our knowledge.
It should furthermore be emphasized that, with our
present state of knowledge of the behaviour of climate, it
is not possible to determine what the major effects might be
of any large~scale attempts at deliberate climate modification.
It is implicit in what has been said above that it is not
clear whether man's activities have yet incre'ased to such
a level that they have contributed significantly to the largescale variations of climate as recorded during the last
decades. With the present rate of increase of world
energy consumption, however, there are reasons to ask
when such a global impact might become clearly apparent
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and what its characteristics then would be. Even though
such a question naturally comes to the forefront in many
people's minds, it is important to recognize that a betteI'
understanding of the characteristics of the natural variations of the climate of the earth is of fundamental significance. This is a necessity in order to assess how and to
what extent man may one day influence the global climate.
The assessment of the degree of predictability of both
natural and man-produced fluctuations is therefore of
considerable significance.
The present report is meant to serve as the basis ofa plan
for advancing our knowledge of the climate and its
variations. An attempt is made first to describe the past
climate in terms of the characteristic time scales that are
involved, Le. decades, centuries and longer periods.
With this starting point, a corresponding analysis of the
atmosphere-ocean-cryosphere-land system is made in
order to provide the rationale for the development of a
hierarchy of models of increasing complexity, beginning
with the models required to simulate in a computer the
annual cycle and interannual and interdecadal variability,
to the somewhat different models needed to study climatic
changes over longer time scales. If properly calibrated
with data on past climates, such models may eventually
be useful for estimating the probability of future climatic
changes and for studing how sensitive a given climatic
state is to changes of external parameters.
It should be made clear at the outset, howeveI', that the
prediction of individual events of a particular season or
yeaI' is an unlikely outcome of climate modelling and
prediction; the information will be statistical. To be
useful, climate models must achieve a high level of
sophistication, if they are to provide quantitative and
reliable assessment of risk. The report provides an outline of a research programme that should serve to determine the potential usefulness of climate modelling and
prediction.

In this report it also becomes clear in what respects the
climate problem represents a widening of the scope of the
scientific problems that wete formulated in connexion
with the GARP objective related to the problem of
weather forecasting over ranges from one day to several
weeks. In the more detailed analyses of the various
components of climatic models that are presented, it is
emphasized that much is to be learned from the general
circulation models of the atmosphere that have been
developed over the last decade as part of the efforts related
to the prediction of weather. It is clear, however, that
a real challenge is to find the simplifying statistical
formulations whereby the present huge demands for
computer capability can be overcome. In addition, much
more must be known, for example,. about the oceans,

their dynamics and the processes whereby the polar regions
remain ice-covered, which are obviously requirements
specifically related to the climate problem. A number of
recommendations on these and other problems are found
in succeeding sections of the report.
Only observations can verify whether or not a theoretical
approach towaI'ds an understanding of climatic changes
as briefly outlined above, and spelled out in considerable
detail in the following sections of this report, progresses
well. Not until a model has been calibrated with data for
past events can it be trusted to predict the future with a
calculable degree of reliability. A well-planned observational effort is therefore a necessity. On the other hand,
observing phenomena on a global scale requires large
resources, and great care must be taken to design optimum
schemes. Satellite technology will clearly be of great use
for instance, but ground based observations have by no
means lost their value and are needed to calibrate satellite
measurements. Necessary ocean observations are both
difficult to specify and acquire. Further information on
past climate naturally can be found only by painstaking
analysis of existing observational records and of natural
records obtained from ice sheets, soil, tree rings and lake
and ocean sediments.
The observational efforts proposed have been grouped
into three categories, namely
(i)

special studies required to describe the particular
processes that are relevant for the modelling;
(ii) observations required to test and validate models as
they are being developed;
(iii) long-term observational programmes and monitoring
programmes, required to measure parameters that
the models do not predict but which are nevertheless
relevant to the climate problem, or variables that are
particularly suitable for detecting possible future
climatic variations.
This rationale provides a clear division of activities and
effort in working towards implementation of the proposed
objectives.
The working groups of the conference also considered
and made recommendations with regard to possible
supplementary observations during the period of the
First GARP Global Experiment (FGGE) scheduled for
1978-1979, which would advance our knowledge of the
physical basis of climate.
The report contains recommendations and suggestions
for observations which, in total, lie beyond the capacity
of the national scientific resources which can be brought
to bear. As a matter of deliberate policy, the working
groups were not asked to place their recommendations
in a rigorous priority list, although a loose categorization
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of priorities is of course suggested. The reason for this
is that the decisions on what will, in fact, be done with
regard to FGGE involve considerations of more factors
than just scientific priority. There are questions of
availability of suitable equipment, logistic problems, and
the need to protect the integrity of the Global Experiment
itself. Such considerations, and others, will enter into
the decisions to be made by JOe, FGGE offices and by
the individual nations. These decisions will ultimately
determine the nature of climate-oriented observations
during the FGGE.
RECOl\1MENDATION

International cooperation in the field of meteorology
is well established and has developed over a long period
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of time. Large cooperative research projects such as
the GARP Atlantic Tropical Experiment (GATE) and the
First GARP Global Experiment (FGGE) have been
planned in recent years within the Global Atmospheric
Research Programme (GARP). Many of these projects
are of fundamental importance for advancing our knowledge concerning the climate of the earth. The conference
unanimously recommended that the cooperative research
programme outlined in the present report be used as the
basis for a programme on the climate of the earth and
that such a programme be given high priority. The programme should be part of GARP under the auspices of
WMO, Iesu and other international and inter-governmental organizations dealing with research relevant in this
context, and developed in close contact with the UniteI'
Nations Environment Programme.

2.

OBSERVED VARIABILITY OF THE CLIMATIC SYSTEM

2. I Introduction
The record of present and past climate, as reconstructed
from modern observations and various historical indicators, provides valuable documentation of the behaviour
of the climate system, at least in terms of some of its most
visible characteristics. The seasonal variations of the
system are now relatively well described by modern
instrumental observations, especially as far as the
atmosphere is concerned. Seasonal variations are, of
course, clear as to their astronomical origin and the
general nature of the atmospheric response, but they are
not yet understood quantitatively in a number of details.
Interannual and long term variability of the system, also
evident in the observational and historical record, are on
the other hand essentially unexplained. In most respects
greatly improved documentation of climate variability on
a wide range of time scales is a prerequisite to an understanding of the climatic system and to the development
of reliable climate models.
2 .2 Seasonal variability

The seasonal variation of the climatic system which
arises from the seasonal variation of solar declination is
in many respects the most important of the variations
found in the climatic records. In the case of a few parameters, such as wind, temperature and humidity, the
seasonal cycle near the earth's surface as well as in the
free atmosphere is reasonably well known for both
hemispheres (Appendix 1.1). The energy cycle of the
system undergoes marked seasonal changes. For example,
the efficiency of the atmospheric heat engine, as measured
by the ratio of the dissipation of kinetic energy to the
incoming solar radiation, appears to increase in the
northern hemisphere by a factor of about seven from
summer to winter (less in the southern hemisphere).
However, there remains a need for systematic study of
many seasonally varying characteristics of climate.
Detailed statistics of, for example, the dynamically
important poleward fluxes of heat, moisture and momentum and their spatial characteristics have been documented
for at most a few years in the northern hemisphere. Here
one is faced with the general lack of aerological data over
the oceans. Especially in the case of the southern
hemisphere, this lack severely limits our knowledge of
the operation of the atmospheric circulation and thereby
also restricts our understanding ofclimate. This deficiency

can be alleviatedoniy in part by measurements made from
satellites.
The oceans undergo relatively small seasonal variations
in temperature owing to their large heat capacity. On
the other hand, the storage of large amounts of heat
during summer and the subsequent return of this heat to
the atmosphere during winter greatly influences the
seasonal evolution of climate. The magnitude of this
oceanic heat storage is not well known. Our ignorance is
even greater in the case of transports of heat by ocean
currents because of the general lack of direct current
measurements. The meridional heat flux (and to a some
extent the oceanic) surface also changes with season, for
example snow, and sea ice cover in the polar oceans
(Figure 2.2), or vegetation. These changes, in turn,
modify the net radiation balance over the continents and
oceans, especially in the higher latitudes.
The large-scale hydrological cycle can be sketched out,
in part, from measurements of the atmospheric water
vapour flux. The direct measurements of the different
components, such as precipitation and evaporation, are
very crucial but may contain considerable errors due to
umepresentativeness of the location of stations and to
bias of the measuring techniques. They nevertheless
reveal marked seasonal variations in tropical latitudes,
associated in part with seasonal variations of the Inter
Tropical Convergence Zone (ITCZ) and the Asiatic

Figure 2.1 Variation of net energy transport with latitude over the
northern hemisphere. RF, total required energy transport inferred from satellite measurements; AT, measured energy transport by the atmosphere; OT, ocean
energy transport derived from the present study; OT.,
ocean energy transport according to Sellers (1965).
Uncertainty in the OT values is denoted by the thin
solid lines. Minus values indicate net transport to the
south (Yonder Haar and Oort, 1973).
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Figure 2.2 (a)

Variations of total area of snow and sea ice in the northern hemisphere, from April 1967 to August 1973, derived from
5-day minimum brightness satellite images (Vonder Haar and Oort, 1973).
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Figure 2.2 (b) Twelve-month running means of snow and ice
COVer in the northern hemisphere (upper curve)
and the estimated reflected solar radiation disregarding variations of cloudiness (lower curve)
(Kukla and Kukla, 1974).

monsoon. Seasonal variations in water storage and river
run-off are inadequately known for many regions and this
also represents an important gap in current knowledge of
the hydrological cycle.
2. 3 Interannual variability

Year-to-year variations of annual, seasonal and shorterterm statistics are evident in all parameters discussed in
section 2.1, but are well documented in only a few cases.
The smaller the region and the shorter the time interval
over which the parameters are averaged, the larger the

interannual variations tend to be. This variability
constitutes one of the elements of climate perhaps most
important for man, because extreme weather conditions
typically create stresses in many aspects of human life and
have profound effects on water resources and agricultural
productivity. For example, during the severe drought
years of 1899, 1918, 1942, and 1972 the rainfall over all
of India averaged only about 60 to 70% of normal.
Even more drastic changes in rainfall occur in the
equatorial eastern Pacific, where, for example, during the
year 1972 (an "El Niilo" year) abundant rainfall occurred
over the equatorial belt extending westward from the
Galapagos Islands as far as 170oE, which is usually almost
rainless.
Observational series of most parameters of the free
atmosphere cover a limited period of 20 to 30 years, and
then only for a limited number of stations mainly in the
northern hemisphere. A comprehensive study of year-toyear atmospheric variations on a global scale is barely
possible with the conventional data now available.
Observations from satellites can be used to document the
interannual variability of some parameters. For example,
seasonal means of the meridional gradient of the energy
exchange between earth and space have been found on
the basis of 17 seasons of satellite measurements to vary
about 15% from year to year (Figure 2.3). The data
situation is worse still in the case of variations in the world
oceans. In spite of the obvious importance of the oceans
as a storage reservoir for heat, whereby they may act as
a long-term "memory" for the climatic system, very little
is known about interannual variations in oceanic conditions. Additional information is needed concerning
interannual variations of sea-ice conditions in both the
Arctic and the Antarctic, such as that which newly
developed satellite sensing techniques are beginning to
provide (cf. Figure 2.2). The well-known quasibiennial
oscillation, most pronounced in the zonal winds of the
tropical stratosphere, is an example of high interannual
variability. Although this oscillation has been reasonably
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well described by the use of aerological data, the cause of
the phenomenon is not yet fully understood.
In some cases the interannual deviations of regional
climate appear to be associated with an apparent east-west
shift of the long-wave atmospheric circulation patterns in
middle latitudes. Such a shift would lead to an influx of
abnormally cold, polar air at some longitudes and of
abnormally warm, tropical air at other longitudes.
Large-scale anomalies of sea surface temperature, or of
snow cover on the continents, are probably related in a
complex way to these east-west shifts, but a cause-effect
relationship has proven exceedingly difficult to establish.
A similar situation arises in the case of other forms of
anomalous large-scale atmospheric behaviour, as for
example that found over large regions of the tropics in
association with the "El Nino" oceanic anomaly off the
coast of Peru. This illustrates the difficulties and complexities one encounters in trying to understand the interannual variability of the climatic system. Understanding
can best be gained by approaching the problem from both
the diagnostic observational and the theoretical modelling
points of view, the former suggesting hypotheses to be
tested, and the latter providing a means of interpretation
arid verification.
Interannual variability of climate is perhaps most
apparent in those sectors of the. globe that form the
transition zones between different climatic regions. Thus,
for example, the Sahel region of Africa, separating the
Sahara desert from the more humid savanna and tropical
forests to the south, has been effected along with other
regions in recent years by a significant decrease of the
summer monsoon precipitation. At the same time, there
has been an increasing frequency of colder conditions in
polar and subpolar latitudes of the northern hemisphere.
Interannual variations of this sort often form· complex
regional patterns of warm or cold, flood or drought
conditions, rather than more uniform, zonal anomaly
patterns. The physical processes involved in creating
such anomaly patterns are not yet fully understood, and
need to be studied further.

2.4 Long-term changes

2.4.1 Climate a/the past century
From the instrumental record of climate available for
the past century, it is clear that the global atmospheric
circulation and climate have undergone changes. Since
the 1940's and 1950's, the average surface temperature of
the earth has apparently been decreasing, most notably
in the Arctic· and in the Atlantic sector of the sub-Arctic
where the temperature change has been accompanied by
an increase of sea-ice. In the same 20 or 30-year period,
the atmospheric circulation in the northern hemisphere
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Mean annual and seasonal values of the equator-topole gradient of net radiation and the range of inter.annual variation (all units cal cm- 2 min-I ) measured
from satellites. Both northern and southern hemisphere results are shown (Yonder Haar and Suomi,
1971).

appears to have shifted in a manner suggestive of an
increasing amplitude of the planetary waves, and of
greater extremes of weather conditions in many areas of
the world (Figure 2.4). It remains unclear, however,
whether these changes are directly related to the emergence
in recent years of the anomalous conditions in the monsoon belt of the tropics, connected with the Widespread
drought situation in the African-Asian sector. It cannot
be ruled out that concomitant high-latitude circulation
changes have been occurring in the southern hemisphere
as well, which are not well documented but which may
conceivably have a bearing on recent developments in
the tropics.
During the first half of the 20th century, there were
indications of a poleward contraction of the circumpolar
vortex and decreased amplitude of the planetary waves
in the northern hemisphere circulation. At that time
there was a general warming of the earth, which was most
pronounced in the Atlantic sector of the sub-Arctic and
was characterized by a rapid world-wide retreat of
mountain glaciers together with a poleward extension of
the ranges of many flora and fauna.
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hundred years have been as follows: the major circulation
features (such as centres of sub-polar lows and subtropical highs, and the position of the ITeZ) have varied
by 2 or more degrees of latitude. The 30-year average
positions of mid-latitude troughs and ridges have shifted
east or west by 10-20° longitude, and synoptic-scale
regions (say, 106 km2) have experienced temperature
variations of 1-2°e and precipitation variations of
10-20 per cent. Although these fluctuations may appear
to be of a minor nature, they are highly significant in terms
of water resources and agricultural productivity; much
larger fluctuations are known to have occurred for shorter
periods. The climatic fluctuations of the subtropics and
tropics have not been well documented, and considerably
more research to establish them is called for.
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Figure 2.4 Total number of very low and very high monthly mean
surface temperatures observed in each decade since
1910, at 65 stations distributed over the world. Length
of each colunm indicates total number of temperatures
in the decade that lie outside the range expected 90%
of the time in all 60-years of record at each station.
The shaded part of each colunu1 indicates total number
of very low temperatures and the unshaded part the
number of very high temperatures (Japan Meteorological Agency, 1974).

It is important to emphasize that the periods of widely
used climatic normals (1901-1930 and 1931-1960) appear
to have been highly atypical when viewed in the context
of the past 500 years.
2.4.2 Climate of the past millenium
The period from about 1500 AD to about 1850 AD was
one of comparatively cold climate and expanded mountain
glaciation in many regions, commonly referred to as the
"Little Ice Age". This was preceded by a milder period
which, although probably not everywhere as warm as the
mid-20th century, endured for several centuries.
A variety of independent monitoring techniques are
available for the more detailed study of the record of the
past millenium: instrumental observations and written
chronicles, tree-ring sections, glacial margin changes,
annually laminated ice cores from Greenland and
Antarctica, and cores from annually laminated lake
sediments (Appendix 1.3). From long instrumental
records and written chronicles, typical fluctuations of
30-year averaged climatic variables over the past several
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Climate of the post-glacial period

The earth recovered about 10,000 years ago from a
glacial condition in which massive continental ice sheets
ringed the North Atlantic Ocean.
The state of global climate which has prevailed since
that time can be subdivided into several distinctly different
climatic periods. These have left imprints upon the land,
its vegetative cover and human cultures, and in this sense
attest to their importance to man. A global survey of
mountain glaciers has revealed three periods of glacier
expansion (each of about 1000 years duration) and three
periods of glacier contraction (each of 1000-2000 years
duration) in the past 8000 years. There is concurrent
evidence of significant changes in vegetation in polar,
middle and tropical latitudes, derived primarily from
pollen analysis of lake and bog deposits. These changes
have been largest in the transition zones separating major
climatic and biotic regions. For example, the tree line of
eastern North America, separating tundra from boreal
forest, shifted equatorward (by as much as several hundred
kilometers in some places) during periods of mountain
glacier expansion and the desert/steppe transition zone in
north-west India shifted in a manner roughly synchronous
with expansions and contractions of mountain glaciers
over the last 4000 years.

2.4.4 The Ice Age and glacial chronology
The earth is at present in an interglacial epoch within
an ice-age, which has existed for at least the past two
million years. The present ice-age is the most recent in
a series of at least three which at intervals of about
300 million years have interrupted otherwise considerably
warmer and ice-free conditions of the earth.
The origin of the present ice age may be traceable, at
least in part, to such events as the gradual movement of
Antarctica towards its present isolated polar position
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(about 50 million years ago) and the gradual isolation of
the waters of the Arctic ocean from the mid-latitude
oceans by North America-Greenland-Eurasia. Antarctic
ice sheets began to develop about 30 million years ago.
Within the past several million years, the Antarctic ice
sheet reached approximately its present size and further
ice sheets appeared on the continents adjacent to the
northern North Atlantic ocean. Evidence from ocean
bottom sediments suggests that the Arctic ocean has been
mostly or entirely ice-covered at all times in the last million
years.
The present ice age has been characterized by repeated
alternations between relatively warm interglacial periods
and much colder glacial periods. The world has been in
an interglacial period for the past 10,000 years. In the
interglacial periods ice has been confined primarily to the
Antarctic and Greenland ice sheets. In the glacial
periods continental. ice sheets developed primarily in
high northern latitudes, covering a maximum of about 9%
of the earth's surface and totalling about 75.106 km3 in
volume, three times present-day figures. The variations
of ice conditions have been accompanied by sea-level
changes of the order of 100 m.
The glacial-interglacial fluctuations of the ice age have
been about 70,000 to 120,000 years in length. The
warmest stages of the interglacials (comparable to the
warmth of present day conditions) have been rather brief
(of order 10,000 years in duration) and the transitions
from glacial to interglacial have usually been more abrupt
than those from interglacial to glacial. The initial phase
of the transition to a glacial epoch may, however, have
been very short (cf. Appendix 1.2, section 2).
While the contrasting climates of middie and polar
latitudes during the glacial and interglacial periods can
be inferred from ice sheet position and extent, the
concurrent climate of the subtropics and tropics is less
well known; however, evidence of drier conditions during
the last glacial, and moister conditions during at least part
of earlier interglacial periods, is being found inthe tropics
and subtropics. Widely distributed ocean sediment and
ice-sheet cores are being used along with other indicators
to gain a better understanding of the geographical
patterns of past sea-surface temperature and other conditions at selected times in the past 18 OOO years, to shed
further light on such matters (Section 4.3.4 and
Appendix 1.3).
j

In summary, the picture of ice-age climate is one of
considerable change (Figure 2.5), including large and
relatively slow variations of global ice volume on time
scales of order 104 to 105 years together with lesser but
clearly discernible variations of temperature on all shorter
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Figure 2.5 General trends in global climate; the past million
years. (A) Changes in the five-year average surface
temperatures over the region 0-80 N; (B) Winter
severity index for eastern Europe; (C) Generalized
northern hemisphere air-temperature trends, based on
fluctuations. in alpine glaciers, changes in tree-lines,
marginal fluctuations in continental glaciers, and shifts
in vegetation patterns recorded in pollen spectra;
(0) Generalized northern hemisphere air temperature
trends based on mid-latitude sea-surface temperature,
pollen records, and on worldwide sea-level records;
(E)Fluctuations in global ice-volumerecorded as changes
in isotopic composition of fossil plankton in a deepsea core (U.S. National Academy of Sciences, 1974).
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Figure 2.6 Examples of potential processes involved in climatic fluctuations (top) and characteristic time-scales of observed climatic
fluctuations (bottom) (Kutzbach, 1974).

time scales. These global changes range up to about
10°C in mid-latitude temperature and a three-fold
variation in total ice volume. Whether the source of these
variations is internal or external to the climatic system or
a combination of the two is, however, unresolved.
Variations of temperature on time scales shorter than
103 years are not known to be systematic. Rather, they
suggest that the climatic system possesses a limited
"memory" of its prior state, which is manifested by
increases of variability towards longer time scales of
variation rather than by an equipartioning of variability
among all time scales. This probably reflects the role of
the oceans as an integrator of the shorter-term variability
of weather. Longer and more refined climatic time series
that should become available in the future may reveal
additional time series structure of value for understanding
and possible prediction of the climatic system (see
Section 2.5.1).
2.4.5 Possible causes of climatic change
Many extra-terrestrial and terrestrial processes have
been hypothesized as playing causative roles in climatic

fluctuations (Figure 2.6 and Appendix 1.2). Extraterrestrial processes primarily include alleged variations of
solar energy output and the long-term changes of the
earth's orbital parameters. Terrestrial processes include
lithospheric processes, autovariation (involving non-linear
feedback processes) of portions of the climatic system,
and processes related to man's activities. At least six extraterrestrial or terrestrial processes are indicated in
Figure 2.6 as possible causes of the glacial-interglacial
fluctuations of the last million years. Complications may
arise if there are two or more governing processes which
act in different sequences, in opposite directions, or even
interactively. Also, the climatic response to a causal
process may depend on the contemporary state of the
climate itself, as well as on its previous states, because
of the long and different relaxation times of processes in
the oceans, biomass, lithosphere and cryosphere. True
equilibrium states may not exist and the climate system
may be in a continual state of transient adjustment. If
the climatic system is almost-intransitive (see 4.1.2) it may
be especially difficult to establish cause and effect in the
observed climatic record.
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2. 5 Inferences about future developments

2.5.1

Natural evolution of the climatic system

Evidence of climatic conditions covering the last
106 years clearly reveals that the climate of the 20th century, although now in a cooling phase, has been unusually
warm, and that the irregular climate fluctuations of the
past have been far greater than those inferred from the
variability of climate in the period of modern instrumental
observations. Judging from the apparent statistical
properties of these past fluctuations, one can estimate
that the probability of a transition from the present interglacial period to a glacial period during the next, say,
100 years is of the order of 0.1 to 1%. Ontheotherhand,
the probability of the return within the next 100 years
of a climatic period similar to the "Little Ice Age"
(1500 and 1850 AD) can be estimated to be of the order
of 10%. It should be emphasized, however, that there
is at present no physical basis for predicting the behaviour
of the climate.
2.5.2 Effects of man's activities
The world's population has now reached 4x 109 , with
an annual growth rate near 2%. The annual increase of
energy consumption is more than 5% and that of freshwater consumption nearly 4%. Under these circumstances
the possibility of a man-induced impact on climate, not
only on a local or regional scale but on a global scale,
has become of increasing concern. Climate models are
not yet sufficiently realistic to provide unambiguous
answers as to the relative importance of natural and maninduced factors in climatic change. Some preliminary
notion of relative importance can be obtained by comparing estimates of initial changes in regional or global
heating rates associated with various possible natural and
man-induced factors. This type of analysis is detailed in
Appendix 1.2, Table 4. On this basis one may conclude
that man-induced changes are probably small at present.
However, if current economic growth rates continue, the
importance of anthropogenic factors will rise. If so, by
the turn of the century it is not unlikely that certain
anthropogenic factors may be of significance as compared
to natural factors in terms of their possible impact on
global climate.
In contrast to natural factors (which have been
associated with both warming and cooling of climate),
man-made factors (e.g. the carbon dioxide increase and
thermal pollution) tend, at least initially, to a net warming
of climate (notwithstanding the net cooling effect generally
attributed to aerosols). As noted above, we can expect
this warming tendency to grow in importance during the
next century. Therefore, a natural future cooling would

tend to be compensated by anthropogenic effects, whereas
a natural future warming would be intensified by
anthropogenic effects. From this standpoint, a critical
area of the world is likely to be the Atlantic sector
of the Arctic. This region is virtually surrounded
by the largest inputs of thermal and atmospheric
pollution and has also been a particularly sensitive
region with respect to variations of sea ice. Man's
activities might conceivably bring about a substantial
reduction of the area of sea ice in the region, and subsequent climatic developments of an unforeseen nature.
Since changes in one part of the system are coupled by
dynamical processes to changes in other regions, the
problem is global rather than regional. The possibility
exists that in the long run man's activities may lead to
the evolution of a future climate unprecedented since the
appearance of man on the global scene 1 or 2 million
years ago.
Because the complexity and non-linearity of the climate
system makes it impossible for us to estimate, by means
of qualitative reasoning, the ultimate result of an initial
anthropogenic influence, it is important to attack these
questions using the various sorts of climate models that
are proposed in following sections.
2.6 Recommendations
For the dual purpose of verifying climate models and
promoting comprehensive diagnostic study of seasonal
and interannual variations of the atmosphere-ocean
system, we need a better determination of the threedimensional structure of the atmosphere and its relationship to ocean surface conditions, on a season-by-season
global coverage for each year over a long period of years.
It is believed that in the 20 to 25 year period since about
1950, surface, aerological and sea-surface temperature
data suffice to develop a reasonably complete global, or
near-global data base for this purpose. Analysis of the
aerological data should follow methods described in
Appendix 1.1, and should also include surface meteorological and sea-surface temperature data (supplemented
by relevant satellite observations) sufficient for the
estimation of global ocean-atmosphere energy fluxes.
The magnitude of the required data collection and
processing effort is estimated to be about 10 times that of
MIT-GFDL project (for the years 1958-1963), and is
considered feasible with present resources. It is therefore
recommended that:
(i) For as many individual years as possible since about
1950, a global data base should be assembled on the
basis of available surface, aerological and sea-surface
temperature data along with relevant satellite
observations, to derive refined estimates of the annual
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and interannual changes, by seasons, of the mean
state, transports, energetics, ocean-atmosphere
energy fluxes, and other statistics of value in
establishing the extent and three-dimensional structure of seasonal and interannual variations during
the past two to three decades.
Most documentation on the variations of global climate
during the last 100-200 years is based on analyses of
rather small numbers of readily accessible long records of
surface temperature, pressure, and precipitation. A guide
to readily available data of this kind can be found in the
WMO catalogue of meteorological data for research
(WMO, 1972). It is, however, quite evident that in many
meteorological services, national archives, and other data
repositories, a considerable body of additional meteorological and hydrological data exists for various periods
during the past century which would be of great value in
refining our knowledge of the nature and extent of the
climatic variations of the period. The volume of data is
probably not large, but its character is unique. In many
cases this value is apparently unrecognized by those in
possession of such data. It is therefore recommended that:
(ii) Through appropriate national and intergovernmental
mechanisms, special efforts should be made to locate,
catalogue and evaluate long time series of instrumental and other quantitative meteorological and
hydrological data not formerly published or otherwise available, for use in helping to document
regional and global variations of climate. Data for
tropical, subtropical, subpolar and arid regions
should be especially sought, along with qualityverified data for all parts of the globe.
Information on the space and time variations of global
climate during earlier centuries and millenia is wholly
inadequate for detailed inferences about climate processes
on time scales of 10 to 103 years. Many opportunities,
however, appear to exist for reconstructing the climatic
record of the historical past, sometimes in forms that
permit resolution of year-to-year and regional variations
of temperature and other conditions. These include
diaries, histories, tree ring sections, annually laminated
biological materials in lake sediments, biological materials
in bog and ocean sediments, and cryospheric indicators
from the polar ice sheets. Techniques for extraction of
the climatic information are reasonably well established
in all cases. There is a pressing need to locate additional
samples that may exist throughout the world. The
climatic information must then be analysed on a global
basis (to the extent feasible) at appropriate time intervals.
In this form, the information may also be useful for
validation of climate models (see also 4.3.4.1). It is
therefore recommended that:
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(iii) Special efforts should be made to locate, make
available and analyse in map form for selected times
a wide variety of human recordings and natural
indicators of climatic conditions in earlier centuries
and millenia, including diaries and chronicles, treering data, pollen data from bogs and lake sediments,
ocean sediments, ice-core sections from permanent
ice masses, and mountain glacier margins.
Improved understanding of the physical processes and
predictability of long-term climatic variations may follow,
at least in part, by application of appropriate procedures
of time-series analysis to the climatic record. For
example, the existence ofcertain forms ofnon-randomness
in the climatic record would be helpful in identifying
causal factors in climatic variation and would open up
the possibility of stochastic autoregressive predictions of
future conditions of climate, framed in probabilistic
statements. At present, with the possible exception of
the quasi-biennial oscillation, there is no unequivocal
evidence of significant statistical predictability of climate
on time scales ofyears, decades, or centuries. The climatic
history, however, is not yet known with sufficient precision
to preclude future development in this area. In view of
the importance of ascertaining the predictability of
climate, it is therefore recommended that:
(iv) Support should be given to refining quantitative
knowledge of the detailed chronology of past global
climate variations, on all scales of time to at least
105 years, to enable the possible detection of causal
factors in the variations and to investigate the feasibility of constructing useful probabilistic predictions
of climate in future years, decades, and centuries.
Climatic records are extremely valuable for quantitative
analysis of magnitudes, patterns and time scales of
observed climate variations. For example, the statistical
analysis of climatic variance in specific regions and intercorrelations of climatic anomalies in different regions may
be used in much the same way as "actuarial tables" are
used, to determine optimum strategy of total use of land,
water, energy, food and other resources and to minimize
the maximum loss - to a single individual or a limited
segment of society. This requires no predictive capability
except in a statistical sense. It is therefore recommended
that:
(v) Special efforts should be made to support the
quantitative analysis of long-term climatic records,
including variance and covariance patterns in time
and space, for use as "actuarial tables", for risk
assessment and the determination of optimum
strategies in a variety of problem areas related to man
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and his environment. The possibility of using
simulated climate to supplement the observed climate
in regions where records are short-term or nonexistent should also be explored.
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3. BASIC PRINCIPLES OF CLIMATE MODELLING
3. 1 Introduction
In trying to understand the mechanisms that create the
earth's climate and its variations, we are faced with an
enormously complex physical system, which includes not
only the relatively well-known behaviour of the atmosphere, but also the less well-known behaviour of the
world's ocean and ice masses, together with the variations
bccurring at the earth's surface. In addition to physical
factors there are complex chemical and biological
(feedback) processes affecting the climate, which are also
of importance for the climate's impact on living things
.and thus on man.
Each of these processes undergoes complex interactions
with some of the others over a wide range of space and
time scales, extending from the small-scale processes
which occur about us daily to those embracing the entire
earth and lasting many years. The task of sorting out
climatic cause and effect in a rational way from this
complexity has only just begun. This constitutes the
scientific challenge that we must accept if we are to
develop a satisfactory theory of climate. In this quest the
mathematical modelling of climate will play an essential
role, for only through such an approach can we hope to
achieve the necessary quantitative understanding.
Elements of this problem are of course involved in the
GARP objective related to the improvement of weather
forecasting. This requires models which treat the more
rapidly evolving features of the atmosphere (e.g. cyclones
and anticyclones), which are important in the prediction
of the day-to-day distribution of the basic weather
elements. For this purpose, the underlying ocean and
land surfaces may be taken as essentially prescribed
features, although attention must be paid to the interaction
through the boundary-layer.
In the GARP objective related to the study of climate,
however, we must face up to all aspects of the climate
problem, and not only take a much broader view of the
atmosphere but embrace a range of non-atmospheric
disciplines as well. This will call for a new generation of
models ofthe coupled climatic system capable ofaddressing
the essentially statistical nature of climate, and incorporating physical processes heretofore neglected. On
seasonal, annual and decadal time scales, these take into
account an interactive upper ocean and sea ice, changes
in the atmospheric composition and aerosol leading, and
biologically induced changes in the character of the earth's

surface. On long time scales (e.g. 102_103 years), consideration must also be given to changes in the deep ocean
and to the variations of the continental ice sheets.
3.2 Components of the climatic system
In general terms, the complete climatic system consists
of five physical components - the atmosphere, oceans,
cryosphere,land surface and biomass (Figure 3.1), which
may be described as follows:
The atmosphere, which comprises the earth's gaseous
envelope, is the most variable part of the system. The
troposphere has a characteristic response or thermal
adjustment time of the order of one month, that is, the
atmosphere, by transferring heat vertically and horizontally, will adjust to an imposed temperature distribution in
about a month's time.
The oceans are taken to comprise the saline water of
the world oceans and adjacent seas. Most of the solar
radiation which reaches the ocean surface is absorbed,
and the high heat capacity of the oceans represents an
enormous energy reservoir. Ocean currents transport
large amounts of heat from equatorial regions towards
the polar regions, and are thereby involved in the global
energy balance. The upper layers of the ocean interact
with the overlying atmosphere or ice on time scales of
months to years, while the deeper ocean waters have
thermal adjustment times of the order of centuries. The
oceans also exchange CO 2 with the atmosphere, and are
thus involved in the chemical balance of the climatic
system.
The clyosphere, which comprises the world's ice masses
and snow deposits, includes the continental ice sheets,
mountain glaciers, sea ice and surface snow cover. The
changes of snow cover and the extent of sea ice show large
seasonal variations while the glaciers and ice sheets
respond much more slowly. Variations in the volume of
glaciers and ice sheets are of course closely linked to the
variations of sea level.
The land surface is here taken to comprise the land
masses of the continents, including the mountains, surface
rock, sediments and soil, as well as the lakes, rivers and
ground water. Lakes, rivers and ground water are
important components of the hydrological cycle. They
are variable parts of the climate system at all time scales.
The land masses change position and elevation over the
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Figure 3.1

Schematic illustration of the components of the coupled atmosphere-ocean-ice-land surface-biomass climatic system. The
full arrows (_~) are examples of external processes, and the open arrows (==I» are examples of internal processes in
climatic change (adapted from Report of the Panel of Climatic Variation to the U.S. GARP Committee, 1974).

longest time scales of all the components of the climatic
system. With the exception of the adjustment of the
earth's crust in response to the loading (and removal) of
ice sheets, the changes in shape and location of the l!lnd
masses are not of great importance over the time scales of
primary concern in this report. The earth's surface is an
important source of airborne particulates which may be
of climatic significance. The soil, in turn, evolves in
response to climate and vegetation.
The biomass is here taken to include the plants on the
land and in the ocean, and the animals of the air, sea and
land, including man himself. Although their response
characteristics differ widely, these biological elements are
sensitive to climate, and in turn may influence climate.
The biomass plays an important role in the CO2 budget
of the atmosphere and ocean, in the production of
aerosols, and in the related chemical balances of other
constituent gases and salts. Natural changes in plants
occur over periods ranging from seasons to thousands of
years in response to changes in temperature, radiation
and precipitation, and in turn alter the surface albedo and
rbughness, evaporation, and ground hydrology. Changes
in animal populations also reflect climatic variations
through the availability of suitable food and habitat.

The anthropogenic climatic changes due to agriculture
and animal husbandry are imperfectly understood but
may be appreciable in altering at least the patterns of
water and land usage, with attendant changes of surface
characteristics.

3. 3 Physical processes of climate and climatic change
The physical processes responsible for climate include
those involved in weather. Primary among these processes
is the rate at which heat is added to the climatic system,
the ultimate source of which is of course the sun's
radiation. The atmosphere and the ocean respond to this
heating by developing winds and currents, which in turn
serve to transport heat from regions where it is received
in abundance to regions where there is a thermal energy
deficit. A great deal of this heat is transported by the
large-scale transient disturbances in the atmosphere and
ocean. Together with motions on the scales of individual
clouds and local storms, these eddies of the general
circulation also participate in the transports necessary to
maintain the global balances of momentum, mass, energy
and water substance.
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of climatic change around which models of climatic
variation may be constructed.
Although not always regarded as changes of climate
per se, the seasons are thems~lves ample testimony of the
sensitivity of the climatic system to external forcing
(i.e., the regular annual changes in the distribution of
solar radiation). Other aspects of climatic variation may
be related to changing external forcing, such as the change
in atmospheric carbon dioxide content which has occurred
within the last century as a result of man's combustion of
fossil fuels. In addition to such anthropogenic factors,
the effects of volcanic eruptions and of variable solar
irradiance
are also possible external causes of climatic
Although the physical principles referred to above are
change,
and
may be important over a wide range of time
fundamental in the sense that they form the basis of our
scales
(see
Chapter
2).
ability to simulate the climate numerically with dynamical
An adequate physical explanation of the system's
models, they are not in themselves particularly revealing
as far as the physical processes of climate are concerned, interannual changes (e.g., why one winter is different from
and even less revealing of the processes responsible for the next) and longer-term changes is not yet in hand, and
climatic change. The problem is an implicit one in that it is on such time scales that, for example, the oceans, with
the net heating rate is highly dependent upon the distribu- their high thermal and mechanical inertia, may play an
tion of temperature, moisture and gaseous concentration important role. As already noted in Chapter 2, it is
in the atmosphere, and the release of the latent heat of conceivable that natural fluctuations within the internal
condensation during the formation of clouds. Once system account for much if not all of the observed
formed, clouds also significantly influence the effective variability of climate at periods longer than the annual
solar and terrestrial radiation. We note that these most cycle.
important forcing functions of the climatic system in large
By progressively reducing the definition of the internal
measure are dominated by water substance in either climatic system to include only the atmosphere and ocean
vapour, liquid or solid form. For example, the reflection (in response to the distribution of ice and land), and then
and emission of radiation by clouds accounts for about to include only the atmosphere itself (in response to the
50 per cent of the total radiation leaving the atmosphere, ocean, ice and land), we may devise a hierarchy of climatic
and in terms of the short-wave radiation alone, clouds systems. This is useful for the analysis of the physical
account for about two-thirds of the planetary albedo. processes of such climatic changes and study of the
The largest single heat source for the atmosphere is the question of climatic determinism.
release of the latent heat of condensation; moreover, the
surface energy balance over the oceans is dominated by
3.4 Climatic feedback mechanisms
the process of evaporation. Ice and snow serve as
Processes of climate variation associated with the
effective heat sinks, both through their relatively high
internal
climate system involve changes in the large-scale
albedo and their melting.
distribution of the effective internal driving mechanisms
While the discussion above describes some of the for the atmosphere, ocean and ice, and appear as interphysical processes responsible for the maintenance of actions or feedbacks among the diverse variables of the
climate, it is an inadequate description of the processes internal system. Such processes may act as internal
responsible fOfclimatic change.
controls of the climatic system, with time scales extending
from
fractions of a year to thousands of years, and
With regard to the time-scales with which we are
display
a coupling or mutual interaction among specific
concerned, we shall view the gaseous, liquid and ice
variables
of the system. Such interactions or feedback
envelopes which surround the earth as the internal
mechanisms
may act either to amplify anomalies of one
climatic system, and regard the underlying ground and
the space surrounding the earth as the external system of the interacting elements (positive feedback) or to damp
(or forcing). The boundary conditions then consist of them (negative feedback). There are a large number of
the configuration of the earth's crust, the state of the sun, such mechanisms possible within the atmosphere and the
and earth-sun orbital geometry. Sufficiently large changes ocean, and between all portions of the climate system.
Some of the most plausible feedback effects operate
in these boundary conditions can obviously alter the state
of the climatic system, i.e., they can be considered causes between elements of the radiation balance and the surface

It should be noted that because of the large thermal
capacity of the system compared to the rate of heating,
individual large-scale weather systems are, within their
lifetimes (Le., about one week), relatively little affected
by heating. (At small scales, however, buoyant convection is very much influenced by even the diurnal cycle of
heating, especially over land surfaces.) Beyond a few
weeks, on the other hand, the heating becomes essential
for resupplying the available potential energy of the
atmospheric system. This is why considerably more
attention must be given to the heating of the system in
studies of climate than to studies of weather.
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temperature. For example, a perturbation of the ocean
surface temperature may modify the transfer of sensible
and latent heat to the overlying atmosphere, and thereby
affect the atmospheric circulation and cloudiness. These
changes may in turn affect the ocean surface temperature
through changes in radiation, wind-induced mixing,
advection and convergence. These processes could
conceivably result either in the enhancement or reduction
of the initial anomaly of sea surface temperature, which
illustrates the uncertainty which must be attached to
purely qualitative arguments.
As another example, variations of the global ice
distribution have a significant effect on the total albedo
and net heating of the atmosphere, and may thereby
change the meridional heating gradient which drives the
atmospheric (and oceanic) circulation. An equally
significant change may be introduced in the oceans by
widespread salinity variations, such as those due to the
melting of ice. The salinity of the ocean surface water is
in turn closely related to the formation of bottom water.
In a system as complex as climate, an anomaly in one
part of the system may be expected to trigger a series of
changes in other variables, depending upon the type,
location and magnitude of the initial anomaly. Any
positive feedback mechanism must, in any event, be
neutralized. at some stage by the interaction of other
internal adjustment processes; otherwise, the climate
would exhibit an explosive or "chain-reacting" behaviour.
We do not adequately understand these adjustment
mechanisms, and their quantitative study by dynamical
climate models is an important task.
3.5 The climate modelling problem
The processes of the climate system may be expressed
in terms of a set of dynamical and thermodynamical
equations for the atmosphere, oceans and ice, along with
appropriate equations of state and conservation laws for
selected constituents (such as water substance, CO 2 and
ozone in the air, and salt and trace substances in the
ocean). Expressed in these equations are the various
physical processes which determine the changes in temperature, velocity, density, and pressure. In addition, such
processes as evaporation, condensation, precipitation,
radiation, and the transfer of heat and momentum by
advection, convection and turbulence, as well as the
various chemical and biological processes relevant to
climate are included.
The mathematical modelling of climate is guided by
these same physical principles, but in addition introduces
a number of physical and numerical approximations
necessitated by our limited ability both to observe the
system and to compute its behaviour. From the above

remarks it is clear that the problem of modelling climate
is fundamentally one of constructing a hierarchy of
models, each suited to the physical processes dominant
on a particular time or space scale.
To study the relative contribution of an individual
physical process to the maintenance and evolution of
climate, one approach is to test the sensitivity of the
statistics generated by a climate model to perturbations
in the parameters which influence that particular physical
process (sensitivity studies, cf. Chapter 4). In such a
modelling programme the effects of changes can first be
tested in isolation from other interacting components in
a simplified model, and than in the context of a more
complete model.
A characteristic requirement of atmospheric models of
all types is the necessity to parameterize (cf. Section 4. 1.4)
a broad range of physical processes that cannot be
explicitly resolved by our necessarily limited computational and observational capability. Chief among these
are the details of radiative transfer, the processes of cloud
formation and precipitation, the sub-grid scale turbulent
fluxes of heat, momentum alfd moisture (especially in the
surface boundary layer), moist convection and the effects
of organized sub-grid scale gravity waves (including
effects of steep mountains) and mesoscale systems.
Climate models require, in addition to the characteristics
of atmospheric models, consideration of the active
processes in at least the surface layer of the ocean,
including the formation of sea ice, the hydrological
processes at the earth's surface, and the variable concentrations ofthe radiatively active atmospheric constituents,
such as ozone, CO2 , and aerosols. The way in which these
parameterizations are made determines in large measure
the nature and usefulness of a climate model, and is given
special attention in this report.
Just as the various models used for weather prediction
reflect the area and period over which forecasts are
expected, so must our climate models reflect the time and
space scales of interest. Certainly the global general
circulation models in which the large-scale transient
disturbances are explicitly resolved (and which represent
the present ultimate in weather models) are an essential
ingredient of studies on climatic time scales extending at
least to the order of a decade. The improvement and use
of these models is a major objective of GARP, and efforts
should be made to make them as complete as possible
for the purposes of climatic research, including their use
in a systematic assessment of statistical predictability on
seasonal, annual and decadal time scales.
It is equally clear, however, that such models cannot be
profitably used in direct integrations over the longer
climatic time scales of the order of centuries or millenia
and beyond. For this purpose the dynamics of both the
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atmosphere and the ocean must be dealt with in a less
explicit or essentially statistical manner, and it is this need
which gives rise to the so-called statistical-dynamical
models. This class of models must include many of the
same elements of the interacting atmosphere, ocean,
cryosphere, land surface and biomass as do the general
circulation models themselves. The design and testing of
statistical-dynamical models against the more complete
models is therefore of great importance, and they should
be used alongside the more complete models in studies of
climatic predictability.

3 .6 The utility of climate models
The construction of climate models that simulate the
real climate system is an enormous task and it is therefore
important at this point to outline, in somewhat more
specific terms than in the Introduction, the uses to which
these models might be put. There are various potential
applications that can be identified.
The sensitivity of the climate system to external changes,
such as surface heating from industrial activity and
changing atmospheric concentration of carbon. dioxide
resulting from fossil fuel combustion, is a most important
topic requiring immediate and continuing study. For
certain purposes one would also study the sensitivity of
climatic phenomena to changes in internal properties of
the climate system such as the sea surface temperature or
cloud conditions.
By focusing on model simulations of specific climatic
phenomena such as drought, monsoon circulations or ice
ages, one could study how properties of these phenomena
depend on the boundary conditions, Le., to determine
their stability properties, and thereby begin to understand
their behaviour.
Finally, one could begin to assess the degree to which
climate may be predictable on various time-scales
(seasonal, annual, decadal and beyond) and space scales
(regional, zonal, global).
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It should be emphasized, however, that the fact that
one can construct a climate model that embodies the
totality of physical processes in a realistic way does not
ensure that it can necessarily predict a unique sequence
of climatic events - even in some statistical sense. The
extent to which this kind of predictability is possible is
yet to be established. It depends upon the degree to which
sequences of events are uniquely determined by the
boundary or external conditions.
Since no climate model will ever be completely
congruent with the real climate system, we must strive to
understand the differences as well as the similarities
between the two. Even after we are satisfied that the
similitude and precision of the climate model is adequate
to yield the qualitative sense of the simulated response
to external change or internal imbalance, a reliable
quantitative measure of the magnitude is still of utmost
importance. We generally seek to account for small but
systematic changes of regional or global climatic characteristics. Even a climatic change of one degree Celsius of
surface temperature can be of great economic or sociological consequence in planning for activities that have a
characteristic time scale of 10-1 _ 10 years. Normally,
guidance is sought for minimizing the maximum loss to
individuals or to limited segments of society. To be useful
for such decisions, models must achieve a high level of
fidelity for quantitative and reliable assessment of risk.
Although the foundations for developing such models are
now becoming apparent and are set forth on the pages of
this report, the effort required by the world's scientific
community appears enormous.
There seems to be no clear alternative to the modelling
approach for understanding climate sensitivity. This is
a venture in which the chances of success are still uncertain and perhaps modest. The stakes, however, are
very high, with a correspondingly large expectation of
useful return.
Reference to Chapter 3
U.S. National Academy of Sciences, 1974. Understanding climatic
change, a program for action. Report of the Panel of Climatic
Variation to the U.S. Committee for GARP, in press.

4. DESIGN OF CLIMATE MODELS AND THEIR USE IN SENSITIVITY
AND PREDICTABILITY STUDIES
4. 1 Definitions
4.1.1

Climate

We have already defined the climatic system as consisting of those interactive physical elements of the atmosphere, ocean, cryosphere, land surface and biomass
which change Over a specific time scale of interest, but
beyond the lifetime of individual cyclone-scale disturbances.
We further define as climatic forcing processes those
external influences on the climatic system that we believe
are themselves influenced by it only relatively slowly or
not at all, such as the solar irradiance and volcanic dust
sources. It is clear that the practical distinction between
the internal climatic system and the external climatic
forcing will depend on the time scale of particular interest.
For example, the deep ocean may be considered as part
of the external system at short time scales but part of the
internal system at long time scales.
We shall define the climatic time series as the observed
sequence of states of the climatic system. The climate is
generally considered to relate to the statistical properties
ofthe climatic time series, and these must be estimated by
calculations of time averages over what we shall refer to
as a climatic sample. There are many possibilities for the
choice of starting and ending dates for a climatic sample,
and these and any filtering or aliasing aspects should be
clearly specified.
Two similar finite climatic samples taken during
different epochs will, in general, yield different statistical
averages. In order to be able to judge the statistical
significance of such samples, we define climatic change
as the difference between climatic samples. Sampling
errors are defined as the purely statistical discrepancies
between estimates of climatic properties based on finite
climate samples and the climatic ensemble values.
In the general case of time 'varying climatic forcing,
with changes thereby induced in climatic statistical
properties, we may no longer use an infinite time average
as a useful limit. We define instead an infinite climatic
ensemble whose statistical properties would be identical
with those of an infinite time average in the stationary
case:
A principal goal of research on climate is to detennine
the changes in the statistical properties of the climatic

ensemble in response to changes in climatic forcing. Such
changes are physically significant, unlike the fluctuations
which arise from the sampling errors of finite climatic
samples. These considerations apply, for example, to
recent model simulations in which the statistical response
of the atmosphere, treated as the climatic system, is
estimated for a climatic forcing given by a doubling of the
carbon dioxide concentration (see Appendix 2.4) or
changes in sea surface temperature.
4.1 .2 Transitivity, intransitivity, andalmost-intransitivity
The physical laws which govern the behaviour of a
system determine the statistical properties of the system
during its evolution from a specified initial state through
an infinite time span. If all initial states lead to the same
set of statistical properties, the system is said to be
transitive (or ergodic). If instead there are two or more
sets of statistical properties, and some initial states lead
to one set while others lead to another, the system is called
intransitive. If there are different sets of statistical properties which a transitive system may assume in evolving
from different initial states through a long but finite time
span, the system is called almost-intransitive. An almost
intransitive system (which could also be called pseudointransitive) would be mistaken for a truly intransitive
one if the statistics over long-finite time spans were
identified with those over infinite spans.
The transitivity or intransitivity of some simple models
may be determined analytically, while for a more complete
model it may be determined with reasonable assurance
(although not with certainty) by performing numerical
integrations with a wide variety of initial conditions.
The existence in former times of glacial and interglacial
periods raises the possibility that the climatic system may
be almost intransitive. For a more complete discussion
of these topics see Appendix 2. 1.
4.1.3 Models
As has been briefly outlined in Chapter 3, one of the
most promising methods of climate research lies in the
development of "mathematical models" for purposes of
exp~rimetit, hypothesis-testing and prediction. In this
context, a "model" is a mathematical formulation of the
physical principles that govern one, a few, or many
interactive processes affecting the behaviour of the combined system of continents, oceans and atmosphere.
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Characteristically, a "model" consists of a finite set of
equations that describes the time-evolution or timeaveraged statistics of the spatial distribution of material
constituents of the system and their motions, together
with the thermodynamic processes that engender that
evolution. It is also typical that "models" are simplified
to the extent that their structure and behaviour can be
determined, either analytically or by numerical methods.
In the latter instance, modern computing devices are a
crucial ingredient since the governing equations are
essentially nonlinear and generally cannot be solved by
purely analytical methods.
A subset of "mathematical models" is "numerical
models". These, in addition to representations of basic
physical principles, also contain numerical approximations to real boundary and initial conditions, as well as
algebraic approximations of differential and integral
operators. At best, therefore, any numerical model is a
representation of the true physical system, but with
limitations that depend not only on our limited knowledge
of the physics and chemistry of the system, but also upon
our technical and economic capacity for numerical
computation. A hierarchy of "models", varying as to
both physical and mathematical exactness and complexity,
will be described in Section 4.2.
4.1.4 Parameterization
Owing to the tremendous range of scales of interacting
atmospheric processes in relation to the limited spatial
resolution of computational grids and observing systems,
it is neither technically nor economically feasible to
observe or calculate explicitly the effects of small-scale
processes in complete detail. Thus, in view of the fact
that the small-scale processes below the limits ofresolution
are of great importance, it is necessary either to relate
their statistical effects to measureable or explicitly computable conditions on larger scales, or to specify their effects
more or less arbitrarily. Since the arbitrary specification
of the effects of small-scale motions (or other microphysical processes) does not allow for full interaction with
the larger scale resolvable state of the atmosphere, it is
clearly desirable to "parameterize" those effects - which
is here defined as the expression of the statistical effects
of various small-scale transport and transfer processes in
terms of the large-scale variables explicitly resolved by the
model.
Common examples of parameterization are the relation
of the net turbulent and/or convective transport of heat,
momentum and moisture through the planetary boundary
layer to conditions at the surface and at the top of the
boundary layer. Another example is the parameterization
of heat and moisture transport by deep moist convection
in terms of resolvable vertical profiles of temperature and
moisture.
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On an entirely different scale, it may be instructive to
seek parameterizations for the net heat, momentum and
moisture transported vertically and horizontally by the
large-scale synoptic disturbances in terms of zonallyaveraged temperature, moisture and wind. Several
attempts to do so will be described in Section 4.2.2.2.
4.2 Modelling
4.2. 1 Introduction
Climate models must include parametrically those
important processes that are not resolved explicitly.
High resolution models treat the prediction problem
essentially as an extension of numerical weather prediction
schemes, but include additional factors of importance to
longer term studies of the climate problem (e.g., ice or
ocean dynamics and thermodynamics). Such models
contain numerical integration schemes intended to express
explicitly motion on the scale of cyclones and anticyclones.
The important transfers by smaller scales must be parameterized in high resolution models as well as in more
highly parameterized models. See GARP Publications
Series No. 14: Modelling for the first GARP Global
Experiment, for a description of high resolution general
circulation models.
At another level of parameterization the transfer
properties of the large-scale waves are themselves parameterized. By this means, the ensemble statistics produced by repeated runs of the finer-resolution models may
be introduced at the outset and carried as dependent
variables. The validity of this simplification depends
upon the realistic expression of these ensemble statistics
in terms oflarger scale variables. Such models are known
as statistical-dynamical models.
At an even higher level of parameterization the horizontal resolution can be reduced further to the extent that
one point represents the entire globe, in which case only
vertical profiles of temperature, humidity, radiative flux,
etc. are produced.
Low resolution models can be integrated with respect to
time much more rapidly than the high resolution models
(time-steps of the order of a week, or even much more,
are contemplated). The relatively few terms included
allow the clear identification of physical processes. The
models demand adequate parameterization of the processes they exclude, and the extent to which they achieve
this aim will not be clear until several different types have
been evaluated and compared with the observed atmosphere and with other variants in the hierarchy of climate
models.
The following two sections describe a sequence of
models in order of increasing complexity, stressing their
strengths and weaknesses. See Appendices 2.2, 2.3 and
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2.4 for more detailed discussion and references on
modelling.
4.2.2 Models with parameterized dynamics

models can provide guidance for the development of
parameterizationsfor more elaborate models. References
to examples of existing work can be found in Appendix
2.3.

4.2.2. 1 Thermodynamic energy balance models
Thermodynamic models with horizontal eddies
parameterized
This class of· models emphasizes the calculation of
Thermodynamic models that are one-dimensional in
temperature in terms of an energy balance among various
the
horizontal, N-S, direction have been constructed
thermodynamic processes in the climatic system. Momentum transport is excluded. Thermodynamic energy primarily for the purpose of examining the coupling
balance models are sometimes referred to as "semi- between the latitudinal variation of temperature and
empirical", (e.g. SMIC, 1971), since their parameteriza- temperature-dependent albedo, which has been introduced
primarily in terms of surface temperature. Dynamical
tions are often derived from empirical relationships.
processes, if included, are also parameterized in terms of
Models with no horizontal eddies
the temperature field. Early investigations have shown
The simplest example of an energy balance model is the the dominant role of temperature-albedo coupling in
equation describing the radiative equilibrium of the globe. determining the sensitivity of these models to perturbaExtension of this balance to include the vertical variations tions in external conditions, although further study and
of this radiative flux leads to a large class of horizontally- generalization is required.
averaged, one-dimensional models. These generally yield
Two- and three-dimensional thermodynamic models
the mean vertical temperature profile implied by the have been constructed in which the effects of both dynamibalance between net radiative flux and other vertical cal and thermodynamical processes, if included, are
energy transfer processes. Globally averaged models parameterized in terms of the thermal fj.eld (see Appendix
which include the vertical distribution of atmospheric 2.5). These. models attempt to take into account interabsorbers and scatterers can be used to study the relative actions and feedbacks at the interfaces, usually involving
magnitude of atmospheric radiative heating rates and the the effects of snow and ice.
role they play in determining the vertical structure of
The chief advantage of thermodynalnic energy balance
temperature. Besides radiative fluxes, other processes models is that they are relatively economical of computasuch as vertical convection, cloudiness, albedo, the inter- tion time. In addition, it is easier to interpret their results
action between clouds and radiation, and water vapour because of their relatively uncomplicated structure.
distribution are parameterized one-dimensionally in these However, their validity can be demonstrated only to the
models. Also included are parameterized feedbacks extent that important physical processes that determine
between radiation, temperature, water vapour and lapse the climate can be parameterized in terms of the temperarate. Many of the basic physical processes in one- ture field. This demonstration will require comparison
dimensional models are also parameterized in more oftheir results both with observational data and with data
elaborate models with equivalent (or lesser) vertical derived from other models whose validity has been estabresolution. Hence the simple one-dimensional models, lished. Examples of these models are described in
by testing the sensitivity of radiative fluxesto perturbations Appendix 2.3.
in model parameters, serve the dual role of developing
parameterizations for more elaborate models and of 4.2.2.2 Models including momentum transfer
providing insights into the effects of specific external
While parameterization of the energy flux can readily
changes, such as the addition of pollutants. The con- be· made realistic, the horizontal transfer of momentum
sequences of changes of CO 2 and aerosol distribution by large scale waves is more subtle. This transfer in the
have also been studied. It is obviously not possible in upper troposphere and removal of momentum by surface
one-dimensional vertical models to include the contribu- friction contributes to the forcing of mean meridional
tions to global mean energy fluxes that arise from coupling circulations as the air adjusts to a new balance of angular
horizontal variations of other parameters such as tempera- momentum. An important consequence of these circulature, cloudiness and ice-snow cover.
tions is the forced descent of dry air in latitudes near
Similarly, the oceanic mixed layer can be studied with 30 0 N and 300 S which is responsible for the existence of
the aid of one-dimensional vertical coordinate models. the subtropical deserts, and the ascent of warm, moist air
The sensitivity of the depth and temperature of the mixed in equatorial regions which is responsible for the persistent
layer to variations in radiative inputs, wind stress or rainbelts of the tropics. Adequate description of these
other atmospheric forcing can be estimated, and the phenomena therefore demands calculations of the
experience gained from experimentation with these momentum flux.
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One current approach is to parameterize the momentum
transfer in terms of potential vorticity, which is closely
conserved by air parcels as they are rearranged by baroclinic processes. Models including parameterized energy
and momentum fluxes together with the induced meridional circulation, and the consequent release of latent
energy in the tropics, have produced useful results (see,
for example, references 17-20 in Appendix 2.3).
Because of the substantial and important geographic
variations of climate and their seasonal changes it is
essential that the nearly stationary patterns forced by
geographically distributed heat sources and by orography
be introduced. As one effect, these distort and locally
intensify the zones of strong temperature gradient so that
the eddy activity can be more realistically distributed
geographically. The attendant momentum fluxes will
then lead to longitudinal variations in the intertropical
convergence' zone more similar to those that are actually
observed. Studies of the very long stationary waves
suggest that they may lose a significant amount of energy
to the stratosphere, depending on the wind and temperature structure aloft. This indicates possible connexion
between the variability of the stratosphere and variations
in tropospheric blocking. This type of longitudinal
variability associated with thermal and orographic forcing
ofthe long waves is probably important for all time scales
of climatic variation.
4.2.2.3 Models with truncated wave representation
Between models in which the effect of baroclinic waves
is parameterized and the high resolution general circulation models, there is another class of models in which
simplified or low order circulation systems are explicitly
treated. In such "spectral" models, kinetic energy as well
as thermodynamic energy is allowed only in limited
spectral ranges, by choosing a certain finite number of
harmonics. In the spectral model, the spectrum is usually
truncated at a scale corresponding to a rather coarse
spatial resolution. The general circulation models tend
toward the fine scale limit. In highly truncated spectral
models, there is considerable distortion of the energy
spectrum. Nevertheless, these models are useful in isolat-:ing the effect of a single wave or a few interacting waves
in a climate system. Obviously, it is not possible to
simulate detailed features of climate by use of a highly
truncated spectral model. However, a truncated spectral
model is a very effective tool for gaining some insight
before carrying out a numerical experiment by use of an
explicit dynamical model with high spatial resolution.
One can retain any number of wave components depending upon the purposes of a numerical experiment and the
availability of computer time. Such a model can fill the
gap between an explicit model with high spatial resolution
and a statistical dynamical modeL
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As a refinement it is reasonable to incorporate thermodynamic and dynamic ensemble effects ofthe omitted part
of the energy spectrum through parameterization. This
procedure should be guided by the behaviour of those
parts of the spectrum that are retained explicitly. This is
the principal advantage of such models over those in
which the transfers are Wholly parameterized.
4.2.3

Three-dimensional explicit dynamical models

4.2.3 .1 Introduction
An explicit dynamical model of the atmosphere (i.e.,
General Circulation Model, GCM) differs from a statistical dynamical model in that the dynamical effects of
large scale disturbances are computed explicitly. In an
explicit model, the"behaviour of cyclone waves, planetary
waves and other large scale disturbances in the atmosphere is followed in detail. Accordingly, one can avoid
the difficulties of parameterizing the effect of these
disturbances in the dynamical and thermodynamical
equations. The improvement and use ofexplicit dynamical
models of the atmosphere has been one of the major
objectives of GARP. The ability of these models to
predict the behaviour of large scale disturbances has been
tested extensively through numerical weather prediction.
An explicit dynamical model is potentially very useful for
further studies of sensitivity and predictability of climate
(Appendix 2.4), and can be used for calibrating the
parameterization of statistical dynamical models. However, an important limitation of explicit models is the
enormous amount of computer time required for long
term integrations of the model, and the difficulty in
tracing cause and effect. For examples of such models,
see Appendix 2.4.
4.2.3 .2 Structure and performance
Appendix 2.4, Figure 1, presents a box diagram which
shows the basic components of a typical atmospheric
model and the interaction among these components
(indicating four major processes, i.e. dynamical, thermodynamical, radiative and hydrological). Each term of
these process equations is usually computed by either a
finite difference technique or a spectral method. The
contribution of small scale eddies, which is not explicitly
computed, is parameterized. The prognostic system of
water vapour consists of the computation of the threedimensional advection of water vapour and the effect of
evaporation and condensation. The effect of convection
is also parameterized. The prediction of temperature is
based on the thermodynamical energy equation, which
expresses the contributions of thermal advection, adiabatic
temperature change, radiative transfer, dry convection,
and the heat released by large-scale condensation and
moist convection. The computation of radiative transfer
involves considerations of solar and terrestrial radiation.
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The distribution of solar radiation at the top of the
atmosphere is prescribed. The atmospheric absorbers
which are usually taken into consideration are water
vapour, carbon dioxide, and ozone. In addition, cloud
plays a major role in altering both solar and terrestrial
radiation in the model atmosphere. In some models
cloudiness is determined as a function of predicted parameters of the model, while in other models it is arbitrarily
prescribed. The effect of absorption and reflection of
solar radiation by aerosols has been neglected in most of
the models. The temperature of a continental surface is
determined in such a way that it satisfies the condition of
heat balance among radiative fluxes, and the fluxes of
sensible and latent heat at the surface. The amount of
soil moisture and the water equivalent of snow cover are
predicted from the requirement for balance of these
quantities. In most atmospheric models, sea surface
temperature is prescribed. In a joint ocean-atmosphere
model, however, it is computed from the oceanic part of
the model through the thermodynamical equation (see
Appendix 2.4).
A simulated climate is usually obtained from the time
integration of an explicit dynamical model over a long
period of time, starting from arbitrary initial conditions,
such as an isothermal, dry atmosphere in solid rotation.
One of the ways of verifying an atmospheric model is to
simulate the seasonal variation of climate by a long term
integration, such as described above, and to compare the
simulated climate with the observed seasonal variation.
Several descriptions of such studies have been published
(Mintz, Katayama and Arakawa, 1972; Manabe, Hahn
andHolloway, 1974); they indicate that models are capable
of simulating certain basic features of the seasonal variation. The location of major arid regions in the world,
such as the Sahara desert, the Australian desert and the
desert in Central Asia are also successfully simulated
(Appendix 2.4). On the other hand, the models fail to
simulate the distribution of climate in the neighbourhood
of steep mountain ranges (see Appendix 2.4), and further
research on the basic dynamics and on computational
technique are required to incorporate the effects of topography properly.
In order to use atmospheric models such as those
described above for the study of climatic variation, it is
essential to include the correct effects of physicalmechanisms such as ocean-atmosphere interaction and the coupling among the hydrologic process, variable cloud cover,
and the radiation process. This subject is discussed in the
following subsection.
4.2.4 Parameterization of sub-grid scale processes
4.2.4. 1 Introduction
The sensitivity and response of a climate model depends
critically on the fidelity of its parameterizations of import-

ant sub-grid scale processes. Adjustments in such parameterizations, aided by empirical insight provide a degree
of freedom with which to "tune" climatic models. This is
permissible provided the adjustments are within the range
of observational nncertainty. As the observational uncertainty is reduced, there should be a corresponding
reduction in the number of parameters requiring empirical
adjustment and a consequent reduction in the necessity
for tuning. This should result in a narrowing of the
differences between simulated and observed climate.
The purpose of this section is to indicate the required
accuracy, time and space scales of the various parameterizations (if known) and to identify the variables of the
model that would be input variables to parameterization
schemes (ifappropriate). In their present state of development, climatic models require a number of sensitivity
studies in order to establish the parameteriza,tion requirements.
This section is directed primarily to the parameterization requirements for simulating climate with general
circulation models; where necessary, implications are
given for the special requirements for statistical-dynamical
models. Many of these parameterizations are discussed
in greater detail in GARP Publications Series No. 8
(Parameterization of Sub-grid Scale Processes, 1972).
4.2.4.2 Radiation and radiation-related processes
Radiation transfer
The parameterization of absorption, transmission and
reflection of solar and terrestrial radiation by the air
(clear, cloudy and dusty), and by the surface (as a function
of the predicted or prescribed snow cover, vegetation type
or sea state) is required (see section 5.2 and Appendices
3. 1 and 3 .2).
In order to obtain the steady state global mean surface
temperature to within 1DC, empirical adjustment or tuning
of one or more controlling parameters of a radiation
model (along with tuning of other parameterizations of
the climate model) is required. When this reference point
is established, the partial derivative of the radiation with
respect to its controlling parameters should be correct
to better than 10%, preferably 3%, of the partial derivative
that would be observed in the real atmosphere. Because
of the importance of the north-south gradient of net
radiation for driving the atmosphere and ocean circulation, the equator to pole radiation gradient should be
calculated to within 10%, and preferably 3% of the
observed gradient.
Systematic errors in the vertical profile of radiative
heating and cooling can lead to errors in the temperature,
particularly when the atmosphere is statically stable.
These should be kept to less than 1DC over the radiative
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relaxation time of about 20 days. That is, vertical
gradients of systematic errors should be less than about
0.05°C/day over 1 scale height.
Highly explicit models typically require radiation to be
calculated over areas of 104-105 km2 at each 1 km level.
Random errors of 0.3 to 0.5°C/day per one kilometer
layer are tolerable, provided that the long term and
large-scale averages follow the above criteria, and these
errors do not bias the longer-term averages through
non-linear processes. Experimentation is needed to check
this.
Radiative effects of clouds

For evaluation of the interactions between variable
cloudiness and the radiation field, it is necessary to give
special attention to the calculation of effective cloud top
heights and temperatures, as well as the amount of cloud
coverage. Even for models whose clouds are prescribed
at surfaces with fixed heights or pressures, the calculation
of incremental variations in cloud dimensions, particularly
top heights, should be taken into account (see section 5.2
and Appendices 3. 1 and 3.2). It should be emphasized
that proper treatment of the radiative effects of clouds
is the most important single factor in the overall parameterization of radiation in a climate model.
Ozone

Because of its significance in the heat budget of the
stratosphere, together with the associated radiative and
dynamical interactions between the stratosphere and
troposphere, the effect of ozone must be included (either
explicitly or implicitly) in climate models. It is difficult
to include elaborate ozone chemistry in GCM's, but
simplified chemistry may give insight into chemicaldynamical inter-relations. At least a crude parameterization may be needed to augment explicit transport calculations. Experiments are necessary to quantify the radiative
modulation of this interaction by ozone, and to assess
how accurately the ozone concentration must be defined
in a GCM.
Inputs from GCM's for parameterizing ozone source
functions (which are primarily photochemical) involve
only the temperature specification (to within about 5°C).
There is no obvious model input to the parameterization
of ozone sinks, apart from a specification of the near
surface concentration. Quantification of the importance
of stratosphere-troposphere interaction requires sensitivity
studies in which ozone is allowed to vary synoptically.
Details of problems in ozone parameterization are discussed in Section 5.8.
Carbon dioxide

The absorption of long-wave radiation by carbon
dioxide can be treated by existing radiation parameteriza-
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tion schemes, provided the atmospheric concentration
is known (see 5.2). It is therefore essential to study the
mechanism of changes in the atmospheric concentration
of CO 2 (resulting from fossil fuel combustion) and exchanges between the atmosphere, ocean and biomass.
In view of the apparent spatial uniformity of CO 2 concentration in the atmosphere at any particular time, it is
likely that the spatial variations in the model may be
suppressed. Accordingly, what is required is a parameterization of the total exchange of CO 2 between the
atmosphere and the biomass, and between the atmosphere
and the ocean. Ultimately it will be important to develop
a hierarchy of ocean models in which the spatial distribution of the atmosphere-ocean CO 2 exchange is represented,
in order to understand how the distribution of CO 2 is
maintained in the ocean. Models including interaction
with the land biota on a regional scale will eventually be
needed. Details are discussed in section 5.7 and Appendix 8.
Aerosols
Aerosols affect the thermal balance of the atmosphere
directly by absorbing and scattering solar and terrestrial
radiation and indirectly by modifying the size distribution
an.d optical properties of cloud droplets, thereby affecting
precipitation processes and radiative properties. The
effects of the present-day average aerosol distribution can
be included by parameterizations derived with the aid of
empiricism, but inclusion in models of the effects of any
time-dependent internally generated changes in the aerosol
distribution (that could alter atmospheric heating rates or
cloudiness parameters) is less straightforward. Aerosols
can be grossly characterized by their size distribution,
chemical composition and physical properties. They are
formed from mineral dust, evaporated sea salt, gasparticle conversions and by anthropogenic processes (see
section 5.9 and Appendix 10). Sensitivity studies with
various parameterizations that account for the sources
and sinks of internally-generated aerosols should be
performed to determine requirements for measurements
of these components.

4.2.4.3 Internal dynamical processes of the atmosphere
BoundalY layer and moist convection
This parameterization is of fundamental and critical
importance to models for all time scales and remains of
the highest priority as a research objective (see section 5.3
and Appendix 4).
Lateral and vertical sub-grid scale transports in the free
atmosphere
Parameterizations of thermally and mechanically producedturbulentsub-grid scalelateral and vertical transports
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of heat, moisture and momentum are needed for models
of all degrees of resolution.
In GCM's the large-scale eddies which transfer heat,
moisture and momentum are usually resolved explicitly.
In many low resolution models, however, the'net horizontal transfer of these quantities must be expressed in terms
of very large-scale averages of temperature, wind and
humidity (see4.2.2.2 and Appendix 2.3).

Mesoscale circulations
Although the most detailed models may have spatial
resolutions of 50 km in the horizontal and 500 m in the
vertical, they will still provide only marginal resolution
of mesoscale circulations, such as frontal zones, squalllines and coastal circulations. These mesoscale circulations are associated with organized penetrative convection
whose vertical transfer processes are probably important.
Since these processes are different from those associated
with unorganized cumuli, their parameterization requires
separate treatment.
Vertical transfer by gravity waves
Parameterizations are needed for the vertical transport
of momentum by orographic and non-orographic subgrid scale gravity waves. A significant portion of the total
stress coupling between the atmosphere and the earth is
engendered by mountain waves and surface pressure
differences. The possible dependence of such phenomena
on the atmosphere structure makes prediction and parameterization difficult, but recent theoretical and observational results on wave momentum transfer have already
provided guides.
General Ol'ographic effects
Wave momentum flux, as discussed above, is only one
aspect of the sub-grid scale interaction of mountains and
the atmosphere. Modifications of the heat and moisture
transfer must also be parameterized. Moreover, since
large mountain ranges can rise from level surfaces in
distances of less than a grid interval, an understanding of
the dynamics ofthe large-scale flow over and around them,
especially of influences extending beyond the mountain
ranges themselves, will be necessary in order to assign
dynamically consistent grid values of mountain height
for numerical models.
Upper boundary conditions for vertically propagating waves
The upper boundary conditions in models require
further attention. For example, boundary conditions
should be designed to include either a radiation condition
or damping in such a way that vertically propagating
internal Rossby waves are not erroneously reflected.

4. 2 .4 .4 Ocean processes

Albedo of the sea swface
In order to predict the heat budget of the ocean mixed
layer and the ocean surface temperature, it will be
necessary to specify the sea surface albedo; sea surface
albedo is related to the sea state and the zenith angle of
the sun. The sea state should, in turn, be given as a
function of present and past wind strength and fetch.
Changes of albedo greater than ± 0.01 over time scales
of a week and space scales of 104_10 5 km2 are of importance.

Transfer at the lower boundary
Transfer at the ocean-atmosphere boundary has been
studied in the context of numerical weather prediction.
Such investigations should be continued over space scales
of order 104 km2 and time scales of order 2 hr (or longer
if corrected for diurnal bias), but supplemented by further
work on the parameterization of sea-state in connexion
with calculation of surface stress and the injection of saIt
particles (see Section 5.5 and Appendix 6).
In addition, these studies should address the parameterization of those processes in which the relevant
atmospheric variables are given only statistically, as in
the more highly parameterized models. In this case,
space scales of order 106 km2 and time scales of order
1 week (with the diurnal bias accounted for) are especially
reievant.

Surface mixed layer of the ocean
Parameterizations of the transport processes in the
surface mixed layer of the ocean should be expressed in
terms of heat, mass and momentum fluxes across the
atmosphere-ocean interface. Some progress has recently
been made in the design of vertical one-dimensional
models for calculating the surface temperatures and the
depth and heat content of the mixed layer in response to
surface heating and wind stress (see Section 5.5). Such
models and generalizations including horizontal and
vertical advection should be tested in general circulation
models.
Because it is the near-surface vertical salinity structure
which determines whether the cooled surface water will
freeze before it can sink, or will sink before it can freeze
(as, for example, in the case of the usual winter conditions
near Greenland and Norwegian coasts, respectively), it
will be necessary to parameterize the salinity distribution
in order to obtain realistic simulations of the sea-ice
component of the climatic system (see Sections 4.2.4.5,
5.6 and Appendix 7).
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Oceanic internal gravity waves and turbulence

Parameterizations of the vertical and horizontal transports of heat and salt by thermally or mechanically
produced turbulence, as well as the vertical flux of horizontal momentum associated with breaking internal
gravity waves in the ocean below the boundary layer are
required (see Section 5.5).
Oceanic mesoscale eddies

Quasi-geostrophic eddies, which have scales of the
order of 100-400 km, may produce horizontal and vertical
heat and momentum transports which significantly
influence the large scale temperature and motion fields of
the ocean. If this is found to be true, it will either be
necessary to parameterize the transport properties of these
eddies in terms of the larger scale ocean state variables,
or to simulate these eddies and other meso-scale phenomena by using a fine horizontal grid size (see Section 5.5).
4. 2 .4 . 5 Cryospheric processes
Sea-ice

Sea-ice plays an important role in the heat and moisture
balance and therefore isa necessary element in models of
climate. For this purpose one must know the albedo of
sea-ice, and the heat and moisture exchange between air,
clouds, ice and ocean. For evaluation of the drag exerted
by the atmosphere on the ice it is necessary to know the
roughness of the ice. These properties of ice must be
parameterized in terms of sea-ice age, season and external
atmospheric conditions (such as velocity and temperature
fields). Depending on these conditions, parameterization
schemes must be developed for describing the processes
of ice growth, destruction, melting, and dynamics on
space scales of order 1()4 to 105 km2 •
The complicated processes of the air-ice-sea interaction
at the sea-ice margin must also be parameterized. The
importance of parameterization of the salinity field in
relation to the sea-ice formation process was mentioned in
4.2.4.4. Special attention must also be given to the
effects of leads and temporary melting on the ice cover
because of their importance in the regional heat balance.
For details see Sections 4.3.5.6 and 5.6, and Appendix 7.
Land-ice

When time scales of greater than a thousand years and
space scales of the order 105 km2 are of interest, it is
necessary to include mass budgets and dynamics of the
continental ice in climate models. For calculating the
size of the ice sheet, it is essential to determine its mass
budget and its dynamics. The net accumulation is
determined by the snowfall and ablation. The mass
outflow is determined by iceberg formation and ice

4

25

melting, whose intensity is determined by the heat
balance at the top and bottom surfaces. Errors in determining the snowfall in present GeM's are of the order of
100%. For realistic calculation of the changes of the size
of a continental ice sheet, it is necessary to increase
appreciably the accuracy of the determination of the mass
budget components. One conceivable way of overcoming
this difficulty lies in parameterization of the mass exchange
processes (Sergin, 1974). It will also be necessary to
improve the modelling of the dynamics and thermodynamics of ice sheets. Ice sheet models may be verified
against information on ice sheet history and past climates.
4.2.4.6 Land processes
Albedo of the land sUI/aces

Whereas the land surface albedo (other than snow) and
the maximum amount of water available for evapotranspiration can be prescribed for most modelling work
related to weather prediction, this is not adequate for
modelling of climate. Instead, the land surface albedo
and ground water storage (representative of areas 104 km2)
must be predicted variables of the model. This might be
accomplished by parameterizing the natural vegetation
types (as functions of the predicted rainfall, temperatures,
sunshine, etc.) since it is the natural vegetation types,
with their regular seasonal variations and irregular
transient variations, which mainly determine the land
surface albedo and also affect ground water storage (see
Section 5.4). However, the relationship between vegetation and climate is complex and the development of such
parameterizations remains to be accomplished.
The equilibrium adjustment times of the various natural
vegetation types are of the order of 101 to 102 years, and
must be taken into account in numerical simulations of
climate and climatic change extending over those periods.
The parameterization of the natural vegetation types must
include the seasonal variations and the aperiodic transients
such as those that result from drought, insofar as these
shorter term variations affect the surface albedo.
Transfer at the lower boundary

Transfer at the land-atmosphere boundary has been
studied in the context of numerical weather prediction.
Such investigations should be continued over space scales
of order 104 km2 and time scales of order 2 hrs (or longer
if corrected for diurnal bias). The wind stress, evaporation, raising of dust (in desert conditions) and snow
ablation also need further study (see Section 5.4).
In addition, these studies should address the parameterization of those processes in which relevant atmospheric variables are given only statistically, as in the
more highly parameterized models. In this case, space
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scales of order 106 km2 and time scales of order 1 week
(with the diurnal bias accounted for) are especially
relevant.
Land hydrology

Both soil moisture and snow cover strongly influence
climate by altering the rate of evaporation and solar
radiation absorbed at the earth's surface. For the successful simulation of climate, it is therefore essential to incorporate hydrological processes into a mathematical
model. However, we do not yet know the accuracy
required for the parameterization of ground hydrology,
which intimately interacts with atmospheric circulation.
In order to determine this, one could carry out a series
of numerical experiments to investigate how a simulated
climate qepends upon the sophistication of parameterization and the accuracies of various key parameters, such
as field capacity of soil moisture, and the surface albedo
and roughness parameters. In addition, it is recommended to attempt the prediction of the large scale
distribution of soil moisture, run off, and snow cover by
use of explicit dynamical models in order to determine
the degree of hydrological predictability.
4.3 Experiments and experimental design
4.3 . 1 Investigating climatic predictability
The continuing attempts to devise improved methods
of predicting the weather a few days ahead have been
complemented in more recent years by studies aimed at
determining to what extent such weather predictions are
theoretically possible. The latter studies indicate that
although there are indeed limits to how well one may
predict, these limits have not yet been reached in practice.
With increasing efforts to predict atmospheric variations
at ranges of weeks or longer, including fluctuations
commonly regarded as climatic, it is essential to conduct
systematic investigations to establish the range of climatic
predictability.
The most common procedure for investigating shortrange predictability consists of performing two or more
numerical integrations with a selected model of the atmosphere and its surroundings, using slightly differing sets
of initial conditions. These may simulate initial states
with and without typical observational errors. The rate
at which the solutions diverge as time progresses suggests
the range at which an acceptable standard of predictive
accuracy is possible. The extension of the procedure to
longer-range predictability in a manner which can yield
meaningful results is not, however, a trivial matter.
Beyond the range of deterministic predictability the
possibly predictable features are limited to certain
statistics, such as mean values, variances and higher

moments. In addition, since it appears that the divergence
of different solutions varies both spatially and temporally,
the prediction of probability distributions by Monte Carlo
methods might well reveal certain events to be more likely
than others, and so might permit useful statements of
probabilities at these ranges.
Two states of the atmosphere which are initially much
alike in most details will tend to evolve in nearly the same
manner simply by virtue of being nearly alike initially,
and the essential problem in short-range predictability
is that of identifying those things which bring about
differences in two similar evolutions and cause the states
to diverge. One of the most important of these is the
advective process which operates through distortion of
the existing wind, temperature, and moisture patterns.
This process is represented fairly well even in simple loworder models. Such models have thereby proven useful
in studying short-range predictability.
There is no obvious reason why two states that are
initially similar only in some statistical sense will evolve
similarly. The essential problem in longer-range predictability is therefore to identify if and how it may be possible
to develop methods whereby the statistical properties of
the system are predictable. In view of the complexity of
the climatic system and the lack of knowledge of which
climatic factors may be of prime importance, itis necessary
to develop rather detailed models to have some assurance
that the real climate system is described with reasonable
fidelity.
There are some features of the climate system that may
favour extended range predictability by their nature of
varying rather slowly, such as sea-surface temperature,
continental snow cover, and land and sea ice. Volcanic
activity and variable solar activity are external factors
that also may have long-lasting effects.
It is recommended that a systematic programme for
investigating predictability at extended or longer range
should first include some numerical integrations where
such features as time variations of sea-surface temperature
are absent. These "basic runs" should serve as standards
for comparison with the necessary subsequent runs, where
sea surface temperature, continental snow cover, etc., or
various combinations of these, appear as dependent
variables.
Great care must be taken in establishing criteria for
predictability of a given statistic. A standard procedure
in verifying short-range forecasting schemesis to compare
the errors with those made by "climatolOgy" - a prediction that the climatological normal values will occurbut when climatic changes themselves are being studied,
"climatology" must be defined in terms of statistics over
time spans much longer than the range of prediction.
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Such statistics cannot be evaluated without much longer Careful evaluations of the spectra of key quantities, in
numerical integrations than would otherwise be required. appropriate spectral ranges, will at least give some
Even when "climatology" can be determined, one should indication of the predictability by empirical linear
note that such things as fluctuating sea-surface tempera- formulae, and these may yield affirmative results.
ture might increase the extended-range predictability of Once predictability has been established, even statistically,
some statistics not byleading to smaller errors in prediction, the prediction procedure that capitalizes upon the predictbut by increasing the variance against which the errors ability need not be statistical (see Appendix 2.2).
are compared. Probably more than one measure of
For investigating longer-range predictability, records of
predictability should be used, and the possibilitythat these atmospheric data are insufficient in length. However,
measures will sometimes disagree should be accepted.
geophysical data for which quantitative values are availSince the number of statistical properties which might able and a fairly definitite time scale has been established,
be examined for predictability is almost unlimited, it is such as ice core data, should lend themselves well to this
virtually certain that a few of these properties will behave task.
alike in two runs of limited duration, simply by chance.
The danger of thereby drawing unwarranted conclusions 4.3 .2 Statistical analysis of observed and simulated
can be lessened but not entirely eliminated by comparing
climate
more than two runs.
H is apparent, then, that a systematic numerical 4.3 .2. 1 Diagnostic techniques in experimental design
The outputs of climate models should be diagnosed for
investigation of extended-range predictability requires far
more computational effort than one of short~range the global transports and budgets of mass, momentum,
predictability, not merely because of the longer range, but constituents, and all forms of energy and energy generaalso because more runs are needed. The importance of tion, conversion and dissipation, using spatial aud temsuch studies for our general understanding of extended- poral resolutions consistent with those used in the diagrange and climatic fluctuations nevertheless demands that nosis of general circulation observations (see Appendix
some investigations of this sort be pursued. A concerted 1.1) and general· circulation models (see references in
effort should first be made to discover short cuts which Appendix 2.4). In addition, the representation of the
results of model experiments in terms of a climatic
will diminish the computational requirements.
classification
such as Koppen's is an important diagnostic
The highly truncated models, despite their previously
noted shortcomings, may be used to explore predictability tool for comparing the bioclimatic implications of model
charactistics of highly idealized systems.For example, simulations with present and past bioclimates.
Another useful diagnostic technique is spatial and
it is known that the solutions of low-order representations
of non-linear hydrodynamical systems may have several temporal harmonic analysis, on the basis ofwhich spectral
"branch" or transition points. The immediate con- shifts in amplitude and phase associated with evolving
sequence is that an undisturbed system would oscillate climatic patterns, as well as changing spectral contribuindefinitely (but with multiple periodicity) between two tions to the mass, momentum, constituent and energy
adjacent branch points. If, however, a stochastic forcing budgets, can be investigated. With regard to the obprocess were superimposed, there would be a finite served climate, new observing systems may make possible
probability that the system could cross a branch point to new diagnostics of the climate system. For example,
another regime, at a predictably most probable time. A observations from satellites are increasing our knowledge
further consequence is that an initial probability distribu- of the earth's energy budget. As another example, new
tion that straddled a branch point would quickly lead to a techniques now being introduced for accurate monitoring
bimodal distribution. These studies may be useful to the of the rotation of the solid earth (Bender et aI., 1973)
extent that they provide insight or perspective with regard may be of value in the diagnosis of the angular momentum
to the much more complex behaviour of the climate balance (Lambeck and Cazenave, 1973).
system.
Meanwhile, the unlikelihood that predictability studies 4.3 .2.2 Test of statistical significance of simulated
climate
based upon numerical integrations will be completed in
Model predictability experiments have shown that we
the immediate future indicates that we should not forsake
other methods of investigating predictability. Among cannot expect an atmospheric general circulation model
these are statistical procedures based upon the observed to simulate the detailed evolution of the atmosphere for
behaviour of the climate system. Such procedures appear periods longer than a few weeks. Over longer time periods
most feasible at ranges of weeks or months, for which we must be content with a simulation of the statistical
observational records of sufficient length are available. properties (or climate) of the atmosphere. But any
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estimate of model climate is necessarily based on a finite
sample, and is subject to the same kind of sampling error
as is a similar estimate of the climate of the real atmosphere. It is important to take into account this sampling
error in judging the statistical significance of computed
climate change in model experiments.
From sampling theory considerations, we know that
finite time average estimates of the mean of random time
series have random fluctuations about the long-term mean
with a standard deviation given asymptotically by
O'p = 0' (TolT)'!. where 0' is the short-term standard

JR C'r) d't" is a characteristic
00

deviation for the series, To

=

-00

independence time defined in terms of the time ('t") and
the lagged correlation function R('t") for the series, and
where T> To is the averaging time. Since To is about
6 days for many extratropical atmospheric variables we
see, for example, that a 90-day seasonal average estimate
of the mean will have a fluctuation about the long-term
mean of about 114 of the daily fluctuations (see Appendix
2.2).
In a typical climate change experiment carried out with
an atmospheric general circulation model, a time T
average estimate ~p is made of the difference in mean
values of some quantity for a pair of simulations with
differing forcing or boundary conditions. In order to
judge the statistical significance of such an estimate it
should be accompanied by a sampling error estimate
given in this case by y2 O'p, where the factor
comes
from the assumed independence of sampling errorS for
the two simulations. Unless the magnitude of the signal
to noise ratio ~plY2 O'p is greater than unity, the computed climate change is of dubious significance.
The estimation of the standard deviation O'p for modelgenerated climatic time series of a particular variable is
also subject to sampling errors. Although a first guess
value of O'T may be taken from observed climate records,
it must finally be estimated by finite climatic samples from
model simulations. An accuracy of ± 25% is probably
adequate for this purpose, and this requires a standard
model simulation for a total time T such that TITo ~ 32.
Of course, such a simulation is required in any case in
order to test the agreement between a model and the real
atmosphere with respect to the variance of the particular
variable considered. Similar considerations apply to the
determination of To for a model and for the real atmosphere.
The sampling error estimates of this section are appropriate to single-point time averages in three-dimensional
general circulation models. For simpler models, in which
various kinds of space averaging have been carried out,
sampling errors are decreased and corresponding modifications must be made to estimates of significance.
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4.3.2.3 Statistical analysis of observed climate
An important complement to the development of
numerical models of climate is the study of the observed
statistical properties of climate. From suc<h statistical
analysis will come the data against which climate models
must be tested. The importance of various physical
interactions can be estimated by an analysis ofobserved
correlations of corresponding physical variables. With
adequate knowledge of the low-frequency components
of the variance spectrum, predictions of likely climate
change are possible using the classical objective methods
of Kolmogorov and Wiener. These methods also provide
confidence level information (see Appendix 2.2).
4. 3. 3

Sensitivity studies

4.3.3 .1 Introduction
Sensitivity studies are used to evaluate the sensitivity of
climate to either external climatic forcing or internal
mechanisms (both feedbacks and parameterizations) by
the use ofmathematical models of climate.
One can conduct a sensitivity study using a mathematical model by computing the equilibrium states of the
model (to the extent eqUilibrium is attainable), for two
different climatic forcings. In order to obtain a consistent
result from this approach, it is necessary that the following requirements be satisfied:
• The model climate should have a stable equilibrium.
• The magnitude of the climatic forcing should not be
large enough to change the model climate from one
stable equilibrium regime into a markedly different
one.
• The climate forcing should be large enough (or the
computation long enough) to distinguish significant
effects from noise (see Section 4.3 .2 and Appendices
2.2 and 2.3).
It is also useful to inquire how large a climatic forcing
must be in order to expel a model climate from an equilibrium state, and how a model climate changes thereafter. However, such an inquiry represents a different sort
ofsensitivity study which may be called a "sensitivitystudy
of the second kind". For example, a simple, onedimensional model of climate may approach markedly
different equilibrium states (ice vs. no ice) when the
magnitude of the solar irradiance is changed beyond
certain critical values (Budyko, 1969). It is therefore
important to investigate the stability and the uniqueness
of an equilibrium model climate.
A sensitivity study should not be confused with a study
of predictability. It is probable that any climatic change
cause.d by a climatic forcing is superposed upon the
natural variation of climate which is caused by the interaction among various physical processes controlling
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climate. Therefore, the actual climate may not necessarily
change in a manner suggested by a sensitivity study, even
though the mathematical model used is sufficiently
realistic. Nevertheless, a sensitivity study should yield
valuable ideas of the relative importance· of various
climatic forcings, as well as of the relevant physical
processes operating in the climate system. In the design
of a sensitivity study, it is necessary to take into account
sampling theory considerations, as discussed in 4.3.2.2
and Appendices 2.2 and 2.4.
When conducting a sensitivity study, it is often desirable
to employ first simple models in order to have some idea
of the stability, sensitivity and transitivity of a climate
equilibrium before undertaking studies with a timeconsuming, explicit dynamical model. Sensitivity studies
have been performed using a variety of models with
varying degrees of freedom. Heat balance models have
been used to estimate the effect of an· increase in the
concentration of carbon dioxide upon the surface temperature (plass, 1956; Maller, 1936). One-dimensional
vertical coordinate models have been used for evaluating
the sensitivity to changing gaseous composition and cloud
distribution (Manabe and Wetherald, 1967) and aerosol
loading and carbon dioxide concentration in the atmosphere (Rasool and Schneider, 1971). One-dimensional
horizontal coordinate models have been used to discuss
the sensitivity of climate to changes in solar irradiance
(Budyko, 1969; Sellers, 1969). The effect of thermal
pollution on the. climate was· investigated by use. of a
three-dimensional explicit model of the atmosphere
(Washington, 1971). The effect of doubling the concentration of carbon dioxide was investigated by use of a
three-dimensional explicit model (see Appendix 2.4).
The studies mentioned above have been very useful ip.
identifying various mechanisms which control the sensitivityof climate. However, one should not take the
quantitative results of these studies too literally, because
one or more physical mechanisms which can significantly
affect the sensitivity of a model climate are neglected.
For example, most mathematical models either assume a
fixed distribution of cloud or incorporate a very crude
scheme of cloud prediction. It is known that model
climates are very sensitive to the amount and vertical
distribution of cloud (Manabe and Wetherald, 1967;
Schneider, 1972). Therefore, it is probable that the
sensitivity of a model climate would be significantly
altered if a better scheme of cloud prediction was used.
There are other important mechanisms, such as the ocean
currents or the seasonal variation of solar radiation,
which are not considered or are treated very crudely in
the studies listed above. Still, one should not necessarily
dismiss the results of a sensitivity experiment just because
a model is unrealistic in certain respects. The results may
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be regarded as tentative order of magnitude estimates to be revised as model improvements are realized.
For further improvement of the estimate of climate
sensitivity, it is therefore essential to incorporate into
climate models important physical processes, such as
those mentioned above, and to improve the parameterization of these processes as suggested in Section 4.2.4.
Unfortunately, the accuracy required for the parameterization of each physical process is, however, not
necessarily known. In order to get some ideas of the
accuracy requirement, it is therefore recommended to
investigate how a model climate and its sensitivity are
affected by a change in the parameterization of each
process.
4.3.3 .2 Climatic feedback mechanisms
Some possible climatic feedback mechanisms are listed
here as examples of coupled processes that must ultimately
be included in a realistic climate model. Of course, models
of varying complexity will contain the different mechanisms to varying degrees of realism.. The interactive and
often nonlinear nature of these climatic feedback mechanisms suggests that the interpretation of cause and effect
will not be straightforward. In order to obtain better
insight into the relative importance of each feedback
mechanism, sensitivity studies may be performed with
and without the feedback mechanisms which we suspect
can significantly affect the sensitivity of the climate.
Feedback mechanisms can be negative or positive.
In addition to the stabilizing influence of negative feedbacks, such as radiative and frictional damping, it is also
important to incorporate into climatic models the effects
of positive feedbacks, since the destabilizing influences
of these can lead to important instability phenomena in
the climatic system.
~ater

vapour-greenhouse feedback

The atmosphere is believed to maintain a somewhat
uniform distribution of relative humidity over a large
range of lower atmospheric temperatures even though
the absolute amount of water vapour in the air varies
strongly with temperature. The absolute amount of water
vapour in the atmosphere determines, to a large extent,
the opacity of the lower atmosphere to infrared radiation.
Thus, increased temperature at constant relative humidity
leads to increased trapping of thermal radiation ("greenhouse effect"), which gives .rise to further increases in
temperature of the lower atmosphere. Therefore, the
coupling of temperature to the water vapour-greenhouse
effect acts to destabilize the climatic system, i.e. positive
feedback.
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Snow and ice cover-albedo-temperature feedback

The high reflectivity of snow and ice as compared with
water or land surfaces is a dominant factor in the climate
of polar regions. However, the extent of the snow and ice
cover ofthe earth's surface depends strongly upon surface
temperature. Thus, iflowering the planetary temperature
would lead to a longer-lasting and more extensive snow
and ice cover, this would increase the planetary albedo,
causing a decrease in the amount of solar energy absorbed
by the earth-atmosphere system and thereby lowering the
temperature further. However, this snow and ice cover~
albedo-temperature coupling must also be viewed in the
light of other processes that might modify these conclusions. For example, hydrological processes should also
be included in the feedback loop. The strong positive
feedback link between the extent of snow and ice cover
and the local temperature will be effective only in so far
as there is an appropriate amount of precipitation in the
form of snow.

to fossil fuel combustion) leads to increased temperature
of the lower atmosphere by a process analogous to the
"water vapour-greenhouse feedback" described above.
This in itself may be referred to as "C02 -water vapourgreenhouse feedback". The warming of the lower atmosphere might lead, in turn, to warming of the surface
waters of the ocean, which could increase the vertical
stability and thereby inhibit the ability of the oceans to
absorb the atmospheric carbon dioxide - thus leading
to a steeper rate of increase of atmospheric carbon dioxide,
i.e., another positive feedback. This same effect might be
caused by another factor which hinders the ability of the
ocean surface water to absorb further increments of CO 2 ,
namely, the increased acidity of the ocean water owing to
the CO 2 already absorbed. These particular feedback
mechanisms have not been subjected to quantitative
modelling and therefore must be studied in greater detail
than heretofore. They are mentioned only to indicate
possible links between very different portions of the
. climate system (see Section 5.7).

Cloudiness - sUljace temperature feedback

Most clouds are both excellent absorbers of infrared
terrestrial radiation and reflectors of solar radiation. In
fact, clouds are a major factor in determining the planetary
radiation balance. This is true because the lower temperature cloud tops replace the higher temperatures of
the earth's surface as emitters of infrared radiation to
space, and therefore reduce the outgoing radiation. Also,
the amount of cloud cover determines the total solar
radiation reflected from the cloud tops. A simple onedimensional vertical coordinate model with globally
averaged conditions showed that global changes in the
cloud amount of a few per cent, or in cloud top height
of a few hundred meters, could cause a variation in the
global mean surface temperature of roughly 1DC
(Schneider, 1972). This result is dependent on cloud type
(Manabe and Wetherald, 1967). How such a variation in
surface temperature might feed back to change cloudiness
is a major question in climate theory that may be answered
with extensive analysis of observations and model
sensitivity studies. For this purpose, improved schemes
for the prediction of incremental change in cloud amounts
and heights as a function of changes in the internal
climatic state of the model need to be developed. A
definition of cloudiness consistent with observations and
suitable for model resolution is required.
Carbon dioxide-ocean-atmosphere feedback

The preceding paragraphs have described feedback
mechanisms of the physical system. Feedback mechanisms may also link the physical and biological-chemical
systems, as illustrated by the following example. Increased carbon dioxide content of the atmosphere (due

4.3.3.3

Sensitivity to climatic forcing

Several climatic forcing functions have been identified
as factors that could be influenced by human activities.
Among these are CO 2 , ozone, aerosols, and changes in
surface characteristics, all of which are treated in this
report. Obviously, changes in solar irradiance could also
have a substantial influence on the climate. These
potential climatic forcing functions provide the basis for
discussion of sensitivity studies that could be performed
with a sequence of climatic models. We shall list some of
the important climatic forcing functions which, in our
opinion, should be considered for sensitivity studies.
Solar irradiance (see Section 5.2)

The solar irradiance is the most fundame11tal external
forcing to the climate system. Tests with simple models
suggest that the climate system would be very sensitive
to even slight variations of total solar irradiance. It is
therefore essential to conduct sensitivity experiments with
variable total solar irradiance using the more detailed
climate models, with and without various feedback
mechanisms (e.g. clouds).

It is uncertain how and to what extent changes in the
solar ultraviolet irradiance would affect the climate.
As appropriate models become available, sensitivity
experiments should also be conducted with variable solar
ultraviolet irradiance (1800-3100 A).
Carbon dioxide (see also Section 5.7)

Carbon dioxide (C0 2) principally affects the atmospheric heat balance by absorption around 15 /1. Thus,
changes in conqmtratiou of CO 2 alter the infrared opacity
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of the atmosphere. This effect is important both in the
stratosphere and troposphere. Although some sensitivity
studies have already been carried out (see Appendix 204),
there is still a need to clarify the importance of various
feedback mechanisms that have been neglected so far.
Ozone (see also Section 5.8)

Absorption of solar ultraviolet radiation by ozone is
primarily responsible for the stable stratification of the
atmosphere above the temperature minimum at the tropopause. The heating rate is very dependent on latitude and
height, with the largest effect being solar heating of the
stratosphere above 30 km. However, changes in stratospheric flux and/or the ozone distribution can have
profound effects in the troposphere because the stratosphere and troposphere are coupled both radiatively and
dynamically. These interactions require further study,
especially in view of the likelihood of contaminants
reaching the stratosphere (see Appendix 9).
Aerosols (see also Section 5.9)

Aerosols can affect radiative transfer by scattering and
absorbing both terrestrial and solar radiation. While
aerosols generally reduce the amount of solar radiation
reaching the surface, they will not necessarily reduce the
total solar heating of the entire earth-atmosphere system.
This will depend on the relative values of the aerosol
absorption coefficient, aerosol backscattering coefficient,
and the albedo of the medium underlying the aerosol
layer. Thus, aerosols alter both the albedo and heating
rate of the atmosphere. They also affect the transfer of
infrared radiation, but this effect has often been neglected
because of the relatively small size of most atmospheric
aerosol particles. Insufficient knowledge of the actual
three-dimensional distribution and radiative characteristics of aerosols is an important limitation to current
research.
Additionally, aerosols are important in cloud condensation processes and affect both the number and size
of cloud droplets as well as their absorptivity, but these
mechanisms are too poorly understood to be contemplated for climate model sensitivity studies in the near
future.
Change in sUlface conditions (see also Section 5 A)

The temperature of the earth's surface is largely
determined by the surface energy balance. This can be
influenced by human activities in several ways. For
example, deforestation or overgrazing changes the albedo
and water bearing characteristics of the surface. The
release to the environment of heat from the generation
and consumption of power also alters the surface energy
budget. These kinds of anthropogenic effects are amen-
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able to sensitivity testing in climatic models in which the
surface temperature is computed.
Anomalies in ocean surface temperature may be related
to anomalies in atmospheric patterns with a seasonal time
scale. Sensitivity tests of this hypothesis with general
circulation models may shed some light on this question,
but experiments with coupled ocean-atmosphere models
will eventually be required.
4.3.4

Other sources of insight to climate variation

Because it is impossible to carry out global scale experiments with the real atmosphere, alternatives have to be
sought for real systems with which to compare numerical
models. Such opportunities are provided by:
• paleoclimates, where the past climatic state differed
from the present
• other planetary atmospheres, where rotation rates,
radiative factors and other parameters of major
climatic significance are different
• laboratory scale analogues, where fundamental
hydrodynamic factors such as rotation, differential
heating and fluid properties can be varied in a
controlled and reproducible way.
4 .3.4. 1 Paleoclimatic experiments
The gathering of paleoclimatic information from
natural climatic indicators such as deep-sea sediments,
ice cores, fossil pollen and tree rings is making it increasingly clear that the climate has undergone large and
repeated fluctuations in the past (see Chapter 2 and Appendices 1.2 and 1.3); a summary of such data and their
tentative climatic implications has recently been prepared
(V.S. National Academy of Sciences, 1914). Paleoclimatic data are of unique value to the study of the
climatic system: they provide the only information on
climates distinctly different from today's, and on the
longer-period variations of climate. The systematic use
of such data in paleoclimatic experiments is therefore of
importance in the testing of climatic models.
To support the paleoclimatic research efforts either
already underway or recommended as part of the efforts
of various countries (see, for example V.S. National
Academy of Sciences, 1914), it is important to provide
appropriate international coordination through GARP,
specifically in the following areas:
Assembly ofpaleoclimatic data

Global data on the position and elevation of ice sheets,
the extent of sea ice, the ocean surface temperature
distribution, the vegetation and the land surface character
and albedo, and the topographic changes due to sea-level
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variations and isostatic adjustments should be systematically assembled for a number of selected times during
the past 100,000 years in order to depict in so far as
possible the global patterns of past climates. These data
may also be used to estimate additional past climate
variables, such as ocean salinity, evaporation, cloudiness,
and surface heat and water balances.
Appropriate estimates of the changes in insolation (due
to orbital parameter variations) should also be assembled
(see, for example, SaItzman and Verneker, 1971) as well
as estimates of other changes in external forcing (volcanic
eruptions, for example). A preliminary assembly of
climatic conditions for 18,000 years before the present has
recently been made by the CLIMAP Group (CLIMAP,
1973). See further discussion in Appendix 1.3.
Analysis ofpaleoclimatic time series

In addition to the construction of global patterns of
past climates at selected times, paleoclimatic time series
over the past 105 to 106 years should also be constructed,
with the best possible time control (see Appendix 1.3).
For ensembles of such series, the variance spectrum
should be determined in order to provide insight into the
nature of glacial-interglacial and shorter period climatic
variations (see also Chapter 2).
General circulation model (GeM) experiments

Using the boundary conditions and paleoclimatic data
assembled above, both atmospheric and coupled atmosphere-ocean GCM's may be used to simulate the global
climate at several selected times during the past 100,000
years or so. This provides a calibration test for the model
using data sets significantly different from present climate.
In the case of atmospheric GCM's, such experiments
should extend between several months' simulated time
(for the seasonal climate) to one or more years' simulated
time (for the annual climate); in the case of coupled
GCM's, such experiments should extend over at least
several decades (for the ocean) in order to simulate the
structure of at least the upper ocean. From these simulations, appropriate climatic statistics should be computed
and compared with the available verification data. Initial
calculations of this sort have been made for the time
18,000-20,000 years before the present (Williams et al.,
1974; Gates, 1974).
Statistical-dynamical orparameterized model experiments

While the paleoclimates simulated with GCM's may be
expected to furnish information about the model and
about the structure ofglobal climate at selected times, they
do not address directly the question of the time-dependent
evolution of the climate. The study of climatic change
over time scales of the order of 104 to 105 years requires

the design of models in which the sea ice, continental ice
and the land surface character are considered as variables
in addition to the ocean and atmosphere. It is also
necessary to take into account the variations of insolation.
In such models the behaviour of the atmosphere and ocean
must be treated in a highly parameterized fashion. Such
models may then be applied to the simulation of the
climatic history of the last full glacial cycle (see, for
example Chapter 6).
4.3.4.2 Planetary atmospheres

The systematic study of the planets represents an
important extension of modern geophysics, meteorology
and astrophysics. The study of planetary atmospheres is
in the forefront of this development. Freshinsight into
basic atmospheric processes is being gained thl'Ough
attempts to interpret phenomena revealed by a wide
range of ground based and spacecraft observations of the
atmospheres of Venus, Mars, Jupiter and Saturn. These
observations provide opportunities to subject atmospheric
models to much more stringent tests than those afforded
by terrestrial observations alone.
4.3,4.3

Laboratory experiments

. Laboratory studies, when combined with appropriate
theoretical work and observations of natural systems,
have a well-established role in geophysical fluid dynamics.
For example, laboratory experiments on baroclinic waves
played an important role in the early development of
successful theoretical ideas of the dynamics of large-scale
atmospheric motions (Lorenz, 1967). The investigation
of laboratory systems continues to provide inexpensive
methods of subjecting important theoretical ideas in
geophysical fluid dynamics to stringent scientific tests,
thus deepening insight into basic dynamical mechanisms
of importance in the design of climate models.
4.3 . 5 Studies of short-term climatic extremes
4.3. 5. 1 Introduction

In this section we identify a number of important
climatic phenomena, often describable as short-term
climatic extremes, that can be studied with the aid of
current general circulation models. In all cases parallel
analysis of the observed phenomena is required. It is,
of course, the short-term climatic extremes rather than
long-term climatic averages that have immediate social
and economical consequences. Heretofore, attention has
been focused on the development of models capable of
simulating the long~term average climate, but as models
are improved, there should be increased emphasis on
studies of variability, or extremes, of the sort to be
described.
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4.3. 5.2 South Asian summer monsoon
The monsoon precipitation over the Indian subcontinent undergoes large interannual variation. There
have been various speculations on the possible causes for
these interannual variations. For example, it has been
.suggested that anomalous sea surface temperature over
the western part of the Arabian Sea resulting from anomalous intensity of up-welling may have a significant effect
upon the evaporation rate over the sea, the cross-equatorial
flow over the sea, and the precipitation rate over the
Indian sub-continent (pisharoty, 1965; Saha, 1970).
Also, a significant negative correlation has been noted
between the snow accumulation over the Himalayas
during winter and the subsequent monsoon rainfall
(Walker, 1923). It must also be recognized that the
monsoon circulation is not a local phenomenon but is
strongly coupled with the global circulation system and
must therefore be studied within a broader context.
Since the general circulation models of the atmosphere
available at the present time successfully simulate some
of the important features of the summer monsoon, it is
desirable to use model experiments to attempt to identify
various factors affecting the vigour of the monsoon circulation. A recent study with a general circulation model
supports the above-mentioned suggestion of the importance of anomalous sea temperature patterns (Shukla,
1975).
It is recommended that numerical studies be continued
in order to determine how the South Asian Monsoon is
influenced by the sea surface temperature over the Bay of
Bengal and the Arabian Sea, the Himalaya and Burmese
mountain ranges, the extent of snow cover over the
Himalaya mountains and the Eurasian continent, and
changes in other portions ofthe global general circulation.

In addition, it is recommended that .studies be undertaken of the dynamics of the intense south-westerly flow
of the summer monsoon (particularly the Somali jet over
the Arabian Sea) by use of dynan'lical models of the
atmosphere (or the joint ocean-atmosphere system)~
4.3.5.3 Drought
Drought is often associated with unusually long periods
of predominantly anticyclonic weather conditions. There
would seem to be some possibility of predicting certain
statistics of drought occurrence (beyond the normal
deterministic predictability range) because the instabilities
which limit predictability may be concentrated mainly in
regions of cyclonic activity. Numerical Monte Carlo
experiments might be useful in this regard.
A second factor of possible importance for the prediction of drought statistics is that drought causes modifica-
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tions in vegetative cover and soil conditions which, for
instance, through albedo changes and changes in moisture
storage, may constitute a positive feedback mechanism
to perpetuate the drought conditions (see Appendix 2.6).
During persistent drought, changes in surface properties
(e.g. albedo) should be documented in order that this
hypothesis may be tested. Changes in the aerosol content
of the air could also conceivably contribute to drought by
overseeding clouds.
Persistent anomalies in ocean surface temperatures may,
in certain instances, be related to drought by way of the
anomalous atmospheric circulation forced by the anomalous oceanic heating. The persistence of the ocean
temperature anomalies themselves may be a consequence
of an ocean-atmosphere feedback system in which cloud
and precipitation anomalies play a part.
4.3.5.4 Floods
Floods are usually the result of one or more of the
following circumstances: a prolonged period, or close
succession of periods, of large-scale precipitation; an
accumulation of heavy snowfall followed by a rapid and
substantial spring thaw; violent convective activity; and
storm surges in relatively closed ocean areas. The vast
majority of floods, including the latter two or three
situations described above, are the result of severe
transitory storms and the resultant flooding is short term
and local. It is unlikely that current general circulation
models can be used to investigate or predict this type of
event.
General circulation models could be used to study the
frequency of occurrence of large-scale and long-term (of
the order of a month or longer) general circulation anomalies associated with flooding. For example, floods
associated with exceptionally rainy seasons in semi-arid
areas and which clearly have links with anomalies of the
general circulation may be amenable to study. Very long
model simulations, however, may be required to establish
reliable frequencies. Other types of climate models have
not yet reached the degree of sophistication required to
simulate effectively extreme conditions but they may
ultimately be useful.
A pre-requisite for such numerical studies is an improvement in the verisimilitude of snow hydrology and intense
convective precipitation in the models. Other processes
requiring improved understanding and representation
include the effect of orography in enhancing bothdynamical and convective precipitation, together with the
mechanisms of violent convection. The effects of flooding
are enhanced if the antecedent soil moisture content is
high or if the ground is frozen and therefore these conditions must be modelled also.
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4.3.5.5 Sea-surface temperature anomalies
Sea surface temperature anomalies, that is, synopticscale regions (106 kin2 or larger) where sea surface temperatures depart from their long-term average values by
1QC or more for months, seasons, years or longer intervals,
are among the more frequently postulated factors involved in climate fluctuation. They are mapped on a
routine basis over much of the ocean (most of the ocean
is scanned for surface temperature by satellites - although
the observational uncertainties of satellite-obtained
temperatures require reduction). The magnitudes and
scales of sea-surface anomalies are therefore fairly well
known. It is possible to separate two aspects of the
modelling problem: studies aimed at elucidating the
sources of the anomalies, and studies aimed at identifying
the effects of the anomalies.
With regard to the sources, possible processes involved
include radiation, evaporation (and condensation),
sensible heat exchange with the atmosphere, and vertical
mixing. These processes largely dominate the evolution
of sea-surface temperatures over short periods of time variously estimated from a month or so to about a year.
For longer periods of time horizontal advection becomes
important. Advection processes, particularly timedependent ones, remain poorly understood. A substantial
effort - observational and theoretical- is called for in
order to elucidate mechanisms and to incorporate them
in models. This work is already considered ofhigh priority,
but the resources now being applied to these efforts are
probably insufficient in view of the importance and
difficulty of the task. It should be noted that sub-surface
anomalies are important in that they can modify the
vertical structure of the ocean - and thereby modify
vertical processes and ultimately the surface temperature
as well.
With regard to the effects of sea-surface temperature
anomalies on the atmosphere, modelling studies have
begun using general circulation models with sea-surface
temperature held constant. Further work is requiredespecially with coupled ocean-atmosphere models. Observed sea-surface anomalies are frequently paired such
that positive anomalies are adjacent to negative anomalies.
They may thus act rather selectively on certain wavenumbers of the atmospheric motion.
Variations of equatorial upwelling may result in substantial and sometimes dramatic variations in equatorial
sea-surface temperature. These changes, in turn, may
induce very appreciable changes in atmospheric circulation
over la1'ge areas of the globe. These anomalies demand
intensive study both to clarify their causes and to examine
their effects. The El Nifio phenomenon may be of this
class. Its extent and duration, its drastic and detrimental

impact on fisheries, and its effects on climate - known
to be overwhelming locally and suspected to be important
on a much larger scale - make it an evident candidate for
intensive study. See further discussion of sea surface
temperature anomalies in Section 5.5.2.2 and Appendix
6.1.
4.3.5.6 Sea-ice variations
The extent of sea-ice cover in polar regions undergoes
significant seasonal, interannual and longer-period variations. As with sea-surface temperature anomalies,
anomalies in sea-ice extent are often observed in association with anomalies in other parts of the climate system.
Climate models must therefore include sea-ice as a
variable. Variations in sea-ice extent are also of direct
practical importance for navigation (e.g., along the Arctic
and Antarctic coasts), for design of structures at sea and
on shore, and for fisheries that operate along the sea-ice
margin. Numerical experiments and observational studies
should be used to help clarify the mechanisms involved in
the expansion and contraction of the sea-ice margin, and
to study the influence of sea-ice extent on other parts of
the climate system (e.g., atmospheric heat budget,
oceanic bottom water formation).
The fact that sea-ice cover changes dramatically every
year (the annual change in southern hemisphere ice cover
approximates the area of the Arctic Ocean) offers opportunities for the observational testing of hypotheses and
parameterization schemes, both concerning the influences
governing the formation and extent of sea-ice, and
concerning the influence of sea-ice on the atmosphere and
ocean.
As a preliminary step in assessing the climatic influence
of variations in the extent of sea-ice, it is recommended
that modelling studies be made to test the response of the
model's statistics to given changes in sea-ice cover.
Particular care should be given to the proper statistical
design of such experiments (see Appendix 2.2), since
present general circulation models are characterized by
relatively high levels of noise in model statistics at high
latitudes. See further discussion of sea-ice processes in
Sections 4.2.4 and 5. 6 and Appendix 7.
4.3.5.7 The quasi-biennial cycle
The quasi-biennial cycle in zonal winds and temperatures, strongest in the lower stratosphere of the tropics,
is by far the most pronounced quasi-cyclic feature of
atmospheric behaviour beyond the annual cycle. There
are associated variations in surface climate in the form of
alternating annual weather characteristics. A quasibiennial component is often found in analyses of climatic
data in many regions of the globe. In some cases the
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quasi-biennial variability is large enough so that its
predictability might be of practical importance. Although
extensively observed, the phenomenon is not understood
to the point that it can be predicted with a high degree of
reliability. Significant factors appear to be: high-level
trapping of upward propagating energy of horizontal
eddies of synoptic (or slightly larger) scale; possible
high-level energy sources, either cyclic in origin or modulated in some way to effect selective forcing in the lower
stratosphere; and possible forcing from below, modulated
by some resonance mechanism caused by the atmospheric
or oceanic structure.
It is recommended that observations of all facets of the
oscillation be continued, including observations of
radiatively important constituents of the stratosphere,
the total solar irradiance and the solar near DV and near
IR flux. The detailed analyses of almost twenty years of
observations provide an excellent basis for comparisons
with numerical experiments using climate models.
4.4 Data Requirements
4.4. 1 Observations required for validation of climate
models
For purposes of validating climate models with regard
to seasons and seasonal variability it is required to have a
global observation data set of the spacy and time variability of climate variables during, say, a several year
period. For validating climate models with regard to
interannual and longer-term variability, correspondingly
longer period!! ofglobal observations will be required. The
FGGE (The First GARP Global Experiment - Objectives and Plans; GPS No. 11, 1973) scheduled for 1978-79
is designed to provide a global observation data set for
validation of general circulation models in connexion
with GARP objectives related to weather prediction.
This data set will therefore contain many of the observations required for validation of climate modelsespecially with regard to the seasonal cycle. It is therefore
highly desirable that supplementary measurements needed
for validation of climate models be made during the
FGGE.
The accuracy and space and time resolution of observations needed for the FGGE are now known (The First
GARP Global Experiment - Objectives and Plans;
GPS No. 11, 1973). For the validation of climate models,
however, these specifications are less well defined and
many of the relevant system simulation studies have yet
to be carried out. The tentative specifications in this
section are based on present best estimates of scientific
requirements without regard to feasibility, but much
work remains to be done in determining priorities for
added observations in order to derive the maximum
benefit from FGGE for the study of climate.
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What can be done and proposed priorities of what
should be done during FGGE will be given in Chapter 6.
Although the requirements as specified here will not be
met in all cases, the enhanced observational programme
will be of great importance for testing climate models.
It should also be recognized that a major data processing effort will be required to transform the raw observations into climatic statistics of· the seasons and the
seasonal variation, for use in validation of climate models.
The tentative specifications shown in Table 4.4. 1 are
given in approximate order of priority. The required
accuracy, time resolution and other special remarks are
given where applicable. The variables listed are related
to the energy and hydrologic budgets of various portions
of the climate system. A more complete and consistent
formulation of the observational requirements in terms of
energy and moisture budgets would be a desirable extension of these tentative specifications.
In Table 4.4.1 (and 4.4.2) time resolution refers to an
averaging period for the observations. The sampling
frequency must be adjusted to obtain unbiased estimates
of statistical properties for the time resolution specified.
For example, aliasing due to improper sampling of diurnal
effects must be avoided (see Section 6.1.5).
TABLE 4.4.1
Tentative specification of certain observational requirements needed for validation of climate models with regard
to seasons and seasonal variations. These requirements
are in addition to those of the FGGE (The First GARP
Global Experiment - Objectives and Plans; GPS No. 11,
1973). Spatial resolution is 104 km2 unless otherwise
noted.
VARIABLE

ACCURACY (la)
Desired

Net radiation
budget at top of
atmosphere (solar
and terrestrial)
2. Clouds: horizontal
distribution, cloud
and measure of
diurnal variation
3. a) Sea surface
temperature
b) Heat content of
upper layer
(200 m) *

*

Useful

15 Wm- 2

1.

TIME
RESOLUTION

5% amount
}
{ 1ac cloud top temp.

5 days

5 days

0.5 a C

1.5 a C

5 days

1 Kcal cm- 2

3 Kcal cm- 2

5 days

See Section 5.5, Tables 5.5.2 and 6.5. These observations are
not possible on a global basis during the FGGE. Observations
in limited regions are possible and some are already planned in
related programmes such as INDEX and NORPAX.
( Continued)
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Desired

4. a) Snow
(100 km resolution)
b) Sea ice
(50 km resolution)
5. Surface albedo
6. a) Precipitation over
land
b) Precipitation over
sea **

7.

8.
9.

10.

11.

**

Soil moisture **

Runoff (river basin)
Land surface
temperature and
relative humidity
(over land)
Ozone profile
(2 km vertical
resolution)
Wind stress over
ocean

Useful

Presence/i\bsence

5 days

Presence/i\bsence

5 days

0.01
1 mm/day

0.03
3 mm/day

5 days
5 days

1 mm/day

4 levels of
discrimination

5 days

10% of local
field capacity

{2.lev~ls.of }
dlscflDlillation

[10% ]

15-30 days

rOe}
10%

5 days

[0.5 ppm]

0.1
dyne cm- 2

5 days

5 days

0.4
dyne cm- 2

5 days

The tentative specification. of useful accuracy for precipitation
and soil moisture cannot be used for critical quantitative checking
of heat and hydrological budgets, but could be useful for
qualitative evaluation.

4.4.2 Long-term monitoring

4.4.2. 1 Data and data-processing requirements for the
basic atmospheric variables
Dynamical studies of the global atmospheric circulation
are concerned with various transport and transformation
mechanisms involving all the mass constituents, energy
in all forms, and momentum. Thus, in addition to the
fields of the basic variables themselves, i.e., geopotential
height (rp), horizontal wind (u, v), temperature (T),
humidity mixing ratio (q), surface pressure (Ps), and the
vertical motion (w) as calculated diagnostically, it is
necessary to compute many derived statistics which
measure the transport and transformation mechanisms
and their variations (cf., Chapter 2).
The most fundamental requirements are three-dimensional fields of the means, variances and covariances of
the atmospheric parameters for monthiy, seasonal and
annual averaging intervals. These quantities must be
obtained globally on a continuing basis, in the manner of
the 5-year record for the northern hemisphere and the
tropics discussed in Appendix 1. 1, and hence a major
data processing effort is required.
For large areas of the northern hemisphere, the raw
data requirements for all of the above derived statistics
can probably be provided by the network proposed for
the World Weather Watch, which calls for data acquisi-

tion at a horizontal grid of 500 km. The measurements
should be of the same accuracy as specified for FGGE.
It will be particularly important to expand the current
data network which inadequately represents the oceans
and most of the southern hemisphere. To the extent that
this required expansion is beyond that foreseen for the
World Weather Watch, further efforts will be required
if a truly global representation is to be achieved.
4.4.2.2 Estimation of long-term monitoring requirements for radiation balance components
Present knowledge of cause and effect mechanisms
operating in the climate system has identified the potential
importance of many factors in influencing climatic change.
Some ofthese factors, such as CO2 , aerosols, land albedo,
ozone, and possibly even water vapour, could be modified
significantly by human activities. In addition, there are
other natural factors, such as the solar irradiance or
volcanic activity, which could have a significant influence
on the evolution of the climate.
In order for any of these factors to be identified as
causal factors in climatic change, their observed variations will have to be correlated with the observed changes
in climate.
Long-term variations in several factors external to a
climate model (e.g., CO2 , externally-induced changes in
ozone, aerosols, or solar irradiance) can change t4e longterm statistics produced by the model. Thus, verification
of climate simulations by comparison of the model results
with observation may require knowledge of the time
history of the variations ofthese factors. This is especially
so if simulations that do not include accurate internal
variations of these factors disagree with the ~ctual evolution of the climate. Without knowledge of the actual time
history of these "external" factors, explanation of poor
simulations would be ambiguous (Le., it would be difficult
to establish whether model inadequacy or improper
inclusion of external factors caused the poor simulations).
Consider, for example, the observed trend in northern
hemispheric surface temperature in the twentieth century,
during which the temperature rose about O.soC until the
1940's and subsequently fell. Sensitivity experiments with
various climatic models (see Section 4.3.3) suggest that
variations in solar irradiance of only a few tenths of a
per cent could explain the observed temperature history.
Alternatively, other sensitivity studies could be cited to
suggest that several degrees Celsius variation in stratospheric temperature (induced by external influences) could
have been responsible, or volcanic dust, etc. Furthermore,
it could be argued that internal exchanges between the
atmosphere and ocean could have been responsible for
the observed changes. To identify the actual causal
mechanism, these various proposed. mechanisms need to
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be tested in climatic models, but in order to do so a time
history of the variations in the proposed causal factors is
needed.
Thus, it is clear that many climatic factors need to be
"monitored" for the foreseeable future; but it is far less
obvious how to specify the precision, duration, time
resolution and density of such observations. Some of the
current observational programmes are research oriented,
and detailed monitoring specifications are premature.
However, we do have some notio,ns now and we do know
that some observations are called for. Thus, it may be
useful to estimate as best we can some requirements for
"monitoring" climatic factors. This is attempted in
Table 4.4.2 with regard to radiation balance components.
TABLE 4.4.2
Tentative specification of long-term monitoring requirements for radiation balance components.*
TIME
RESOLUTION

VARIABLE

ACCURACY
Desired
Useful

1. Solar irradiance
(top of atmosphere)
(reproduction accuracy
required)
2. Net radiation budget
(top of atmosphere)
solar and terrestrial,
10~q05 km 2

2 Wm- 2

10 Wm- 2 Y4-Y:. year

2 Wm- 2

15

3. Clouds
4. Snow and sea-ice
(104 km2)
5. Carbon dioxide
(2-4 baseline stations,
10 regional stations)
6. Ozone profile
(latitudinal distribution,
2 km vertical resolution
- see also Table 6.7)

Wm~2

**

15 day

***

***

Presence/Absence

5-15 day

0.1 ppm

15 day

0.5 ppm

10-30 day

7. Aerosols
****
****
* Monitoring of basic atmospheric variables is described in
Section 4.4.2. 1. Monitoring requirements for other climate
variables are discussed elsewhere, see Section 4.4.2.3.
** Frequent observations are needed for a limited time to determine the extent of solar irradiance variations (and their wavelength dependence) as a function of solar rotation period since
such variations could bias longer-term statistics based upon
less frequent observations.
*** As more is learned of the radiative properties of clouds,
long-term monitoring requirements relevant to modelling may
be specified.
**** See Table 5.9 and Section 6.7.2 for further discussion and
recommendations concerning aerosol monitoring.

4.4.2.3 Monitoring requirements for other climatic
variables
Monitoring requirements for variables other than the
basic atmospheric variables and the radiation balance
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components are considered elsewhere in this report:
ocean monitoring in Section 5.5, cryosphere monitoring
in 5.6, and land surface monitoring in 5.4. These
requirements are then dealt with in Section 6, where
tentative specifications of requirements for long-term
monitoring are summarized. The relevant variables and
sections are listed below.
- see Section 6.4.3
• run-off (river basins)
- see Section 6.5. 1. 1
• sea surface temperature
- see Section 6.5.3.1
• near surface currents
- see Section 6. 5.3 .2
• deep ocean circulation
• polar ice sheets and glaciers - see Section 6.6.3
4.5 Computer requirements
The computer req1.lirements for a global experiment
(at that time envisaged for 1972) stated in the Report of
the 1967 GARP Study Conference (GARP 1967: Study
Conference on the Global Atmosphere Research Programme), have yet to be satisfied by the computer industry.
For example, the Texas Instruments Advanced Scientific
Computer "4-pipe" (TIjASC 4X) just now becoming
available for actual operational usage, possesses a throughput capability on large current climatic models of about
30 to 60 million instructions per second (MIPS). This is
about ten times slower than the anticipated needs (500
MIPS) for advanced research in extended range prediction.
Advances in such research since 1967 have emphatically
substantiated the impact ·of compromises in computational resolution dictated by inadequate computer power.
The requirements for climate research have contributed
to the urgency for faster computers. This stems not only
from the necessity for adequate computational resolution
in comprehensive 3-dimensional general circulation
models, but also from the need for sufficiently long
simulation spans for unambiguous sampling of model
"climatology" and its transitivity properties, and from
the need for an adequate. number of sensitivity studies,
to boundary conditions, to constituents, and to parameterizations.
The possibility of using simple models with reduced
degrees offreedom does not eliminate these requirements.
At the very least, comprehensive models will still be
needed to verify, calibrate and delimit the applicability
of simple models for each specific task. It is also quite
likely that for many questions, comprehensive models of
atmosphere-ocean-cryosphere-land surface-biomass system will be needed in their own right. In such case the
compression of the number of calculations may come by
taking advantage of the fact that presumably the reactive
ocean over climatic spans of interest has a relaxation time
two to three orders of magnitude longer than the atmosphere. In this case the statistics of the atmospheric
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response may need to be determined explicitly only
occasionally. However, it can easily be demonstrated
that with a typical coupled model, taking advantage of
this speeding up technique will still require about 6
months of continuous computation to simulate a joint
evolution of 1000 years. To deal with 20,000 year evolution, such as from the last major glaciation, would reqnire
a computer 100 times faster than the TIjASC 4X to do
one experiment in a tolerably manageable time, that is,
almost one month.
Thus there will be a need within the next decade for
several such computers to advance research in climatic
modelling. Meanwhile, interim advances in computer
power must be exploited.

4.6 Summary of recommendations
4 . 6. 1 Introduction

Despite man's long and intense interest in climate and
its variations, past explanations of climatic change have
been based on qualitative or semi-quantitative physical
arguments that have not been sufficiently precise to have
much predictive value. To a large extent, this deficiency
is directly traceable to the complexity of the climate
problem.
In recent years, however, we have developed the
mathematical, numerical and computing technology to
capitalize upon our knowledge of these processes, and in
particular to construct physical-mathematical models
that are now capable of simulating important features of
the long-term average structure and seasonal variations
of the atmosphere. Similar methods are now being used
to study the fluctuations of ocean temperature and circulation, and it seems to be only a question of time before
models will be developed for predicting snow and ice
cover. It is our firm belief that the most promising approach to the question of climate change lies in the
further exploitation of physical-mathematical models.
The applications awaiting such models concern climatic
variations ranging from seasonal and interannual up to
those of a few centuries, such as drought, the monsoon,
the consequences of human activity - and the question
of their predictability. However, to test the validity of
sufficiently general models, much longer simulation
intervals must be considered a;nd verified against comparable geophysical data.
4.6.2 Modelling
(i)

High resolution models
It is recommended that strong support be given to the
development of high resolution models of the climatic

system (the joint atmosphere-ocean-cryosphere-land
surface-biomass system), in which the large-scale
dynamical processes are treated explicitly (see Section
4 ..2.2).
(ii) Limited resolution and statistical-dynamical models
It is recommended that comparable attention should
be given to the development of limited-resolution and
statistical-dynamical models, whose physical mechanisms are essentially the same as those included in
higher-resolution models (see Section 4.2.1) but
which possess far greater computational economy.
(iii) Intercomparisons
It is recommended that results of experiments with
different climate models be compared, ranging from
advanced version GCM's to simplified globalaverage models.

(iv) Parameterizations
It is recommended that improved parameterizations
of at least the following processes be developed:
- dynamics of clouds, land-ice, sea-ice, and snow
- transport ofenergy, momentum and water vapour
by large-scale eddies
- vertical turbulent transport of heat, momentum
and moisture through the planetary boundary
layer
- radiative transfer, with prescribed surface characteristics, cloud prescription and aerosol content
- transport by sub-grid scale motions such as mesoscale convective circulations, frontal zones, microjets and internal gravity waves
- mixing of the upper layers of the ocean, the
dynamics of the energetic mesoscale motions, and
their interaction with the large-scale wind-driven
ocean circulations
4.6.3
(i)

Experiments

Predictability studies
It is recommended that a systematic programme be
organized to investigate whether, and to what extent,
the fluctuations of various statistical properties of the
climatic system are predictable at ranges where
deterministic prediction is not possible. It is particularly recommended that a substantial part of this
programme be devoted to the exploitation of a
hierarchy of numerical models. Various statistical
procedures for investigating predictability, including
the spectral analysis of appropriate meteorological
and geophysical time series, should also be pursued.
Finally, solutions of highly truncated nonlinear
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models should be examined with an eye to discovering behavioural properties which might also characterize more complex models (see Section 4.3.1).
(ii) Variability studies
It is recommended that in general circulation models
to be used for climate change experiments, an adequate determination be made for simulations of the
present climate, of the variance and time lagged
correlation for all principal variables in order, first
to check the similitude of the model climate by comparison with the corresponding statistics for the
observed atmosphere and, second, to determine the
quantities needed for testing the significance of computed climatic change (see Section 4.3.2.2).
(iii) Sensitivity studies

It is recommended that by the use of mathematical
models of various degrees offreedom and complexity,
sensitivity studies should be carried out to investigate
the response of climatic averages and variances to
such external influences as:
- change in total solar irradiance as well as changes
in the near DV spectral region
- change in the concentration of carbon dioxide
- change in the aerosol loading
- changes in the concentrations of other radiatively
active gases (e.g., water vapour, ozone, and
possibly oxides of nitrogen)
- change in surface heating (due to human activities)
- changes in the condition of the earth's surface
(e.g., deforestation, irrigation, and artificial
lakes)

-

and to deliberate internal changes, such as:
addition or elimination of specific feedback
mechanisms
modification to individual parameterizations of
various physical processes - for the purpose of
estimating parameterization and observational
requirements (see Sections 4.2.4, 4.3.3 and 4.4)
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Venus and Mars, provide additional tests of climate
models over extreme ranges of the planetary parameters. The same may be said for relevant laboratory
experiments (see Section 4.3.4).
(v) Studies of short-term climate extremes
It is recommended that model experiments be under-

taken to study the incidence, frequency and distribution of short-term climatic extremes (e.g., droughts
and other anomalies) and significant variations in the
timing of seasonal events (e.g., monsoons). Special
compilations of data for these occasions are required
as a guide for the design of model experiments,
verification of results and understanding the mechanisms involved (section 4. 3. 5).
4.6.4 Data compilation and analysis
In order to validate the performance of models of the
climatic system and to guide the search for physically
sound parameterizations, including those for the largescale transient eddy transports, it is recommended that a
comprehensive contemporary data set be compiled on a
continuing basis. This set should describe the seasonal
and interannual variations of the atmospheric and oceanic
climatic statistics, i.e. means, variances, covariances, and
certain higher moments. Data from the FGGE, as well
as other atmospheric, hydrological and oceanographic
observations of the past and present, should be fully
utilized. What is required is a major international programme, beyond that now being undertaken in the World
Weather Watch, to define and compile these statistics and
make them available to all modelling groups (see Sections
4.3.2,4.4, also 2.6).
4.6.5 Data requirements (see Section 4.4)
4.6.6

Computer requirements (see Section 4.5)
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5. PHYSICAL, CHEMICAL AND BIOLOGICAL PROCESSES TO BE INCLUDED IN CLIMATE MODELS

cooling) within the atmosphere. The boundary fluxes
and
radiative sources and sinks are strongly latitude and
The climate system (atmosphere-oceans-cryospherelongitude
dependent. These effects depend on a number
land surface-biomass) by definition includes a number of
of
influences
which can conveniently be divided into those
physical, chemical and biological processes heretofore
which
belong
to the "external" system, and those which
largely excluded from 'models of the general circulation
belong
to
the
"internal"
system. That is, those which are
of the atmosphere. Chapter 4, particularly the material
imposed
from
outside,
and those which themselves
on parameterization (4.2.4) and sensitivity studies
depend
upon
the
climate.
(4.3.3), has emphasized that methods must be found for
"interfacing" the various components of the climate
External influences
system. Therefore, within the general framework of
The main external system influence is of course the
climate modelling outlined in Chapter 4, a more detailed
study of system components is presented in-this chapter. total intensity and spectral distribution of incoming solar
Where basic understanding is not yet sufficient to permit radiation. The value of the total solar radiation received
parameterization, or interfacing, with other elements pf by the earth and its atmosphere helps to determine the
the system, observational studies of processes (usually of effective radiating temperature of the earth-atmosphere
limited time and spatial extent) have been recommended. system. Changes in total incoming solar radiation should,
In some cases, the understanding and modelling of a by themselves, produce equivalent changes in the radiatprocess is fairly advanced, in which case suggestions or ing temperature (if radiative equilibrium obtains). The
recommendations have been made for including it in latitudinal distribution of incoming radiation at the
global climate models. This, in turn, requires larger-scale upper boundary has a seasonal variation which depends
observational programmes in order tp validate the be- on predictable astronomical factors. Although it has
haviour of the expanded system on a global basis. Finally, been suggested that there is some other variation (as much
there are recommendations regarding the monitoring of as 2 per cent) in the total solar irradiance at the top of the
specific components of the climate system. In the light of atmosphere, this is far from well founded at the present
what can be done now, or is expected in the near future, time. There are reported variations in the ultraviolet flux
the recommendations referring to global observations associated with solar activity, amounting to about 5%
(either of limited or long-term duration) have been at 2000 A and about 100% at the wavelength of Lyman et.
This may be expected to cause changes in ozone conconsolidated in Chapter 6.
centration and hence in stratospheric and mesospheric
temperatures.
5 .2 Radiation processes
Internal influences
5.2. 1 Scientific objectives
The objective of the radiation section of a climatic
Some components of the internal system operating on
model is to calculate the radiativeenergy budget of the long time scales are often regarded as external parameters,
climatic system on the appropriate scale in space and for example the concentration of carbon dioxide. Atmotime. The equations governing radiative transfer are spheric carbon-dioxide has been increasing in concentrawell known but complex, so that it is necessary to find tionsince the start of industrialization, and is likely to
approximations and simplifications, that is, to para- continue to increase during the next hundred years or
meterize the details of radiation transfer processes in more. It may increase by as much as a factor of ten (see
such a way that the interactions between radiative transfer Section 5.7.2). The effect of this increased CO2 conprocesses and the other components of the climatic centration on climate is probably one of raising the global
mean surface and lower troposphere temperature due to
system are properly formulated.
an enhanced "greenhouse" effect, and lowering the
temperature of the upper troposphere and stratosphere
5.2.2 Basic radiation processes
Radiative input to climate models is determined by the (see Section 5.7).
5 . 1 Introduction

boundary net fluxes (both top and bottom) and the radiative sources and sinks (i.e. the radiative heating and

There are many short term internal system couplings
between atmospheric parameters and radiation, the most
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important of which is undoubtedly clouds. Clouds reflect
and absorb sunlight, and thus decrease the amount of
solar radiation reaching the surface. They also absorb
and emit terrestrial thermal radiation. As a result, the
cloud distribution by type and amount represents a
dominant influence in determining the radiation budget
of the climate system.

albedo over a low reflecting surface (such as the oceans)
and decrease the albedo over a high reflecting surface
(such as snow or ice).
With all the interactive processes mentioned above it is
important to minimize the use of observed climatological
mean values in a climate model. They must, where
possible, be parameterized in such a way that no bias
towards our present climate is introduced. For instance,
a prescribed fixed cloudiness would suppress the important
interaction between clouds and the radiation field.

Thermal emission also depends on the temperature
distribution in the atmosphere and at the earth's surface.
Any atmospheric gas which has absorption bands in the
visible and infrared region influences radiative transfer.
Water vapour absorbs solar near-infrared and absorbs 5.2. 3 Theory of radiative transfer
and emits thermal radiation. It acts so as to amplify any
Pure absorption
changes in lower atmosphere and surface temperature,
Radiation may be absorbed, emitted or scattered by
because a rise of surface temperature is likely to increase
matter.
It is possible, in principle, to write an equation
the amount of water in the atmosphere, thus increasing
which describes the transfer of energy by these processes.
the greenhouse effect.
However, this equation is extremely complex, and it is
Ozone in the stratosphere absorbs solar ultraviolet and
convenient to separate scattering processes from the rest,
some visible radiation which results in the high temperato be discussed later. The equation of transfer in a purely
tures at around 50 km. As a consequence of this absorpabsorbing medium may be solved explicitly (Goody,
tion it also shields the biomass from harmfull ultraviolet
1964). An example of a solution is given in Appendix 3.1.
radiation. Other trace gases in the atmosphere have
The evaluation of thermal radiation is extremely time
absorption bands in parts of the spectrum which could
consuming to carry out directly. However, manyapproxiinfluence the radiative budget and thermal structure of the
mations are available, and these have been reviewed in
atmosphere. Except for very local conditions, however,
detail in several places (Rodgers and Walshaw, 1960;
these are present in small concentrations and are only
Kondratyev, 1972). Using these approximations, we can
of second order importance at most. An exception, of
set up a hierarchy of radiation models with an increasing
course, would be trace gases that interact with ozone
degree of simplicity and with decreasing accuracy, as was
(see Section 5.8).
done in the 1967 GARP Conference (GARP, 1967). This
Aerosols in the troposphere and in the stratosphere can hierarchy may be described as follows:
scatter a significant amount of radiation and this contriMethod
Comments
butes to the albedo of the earth-atmosphere system.
In addition, aerosols absorb solar and thermal radiation 1. Line by line integration.
Direct integration of the radiaand thereby help to modify the atmosphere thermal
tive transfer equations. This
method is very slow and should
structure. Information on the aerosol distribution and
be used primarily as an "exact"
spectral properties is now becoming available to allow
standard.
for their inclusion in climate models. This will involve
2. Spectral band models; CurMay be reasonably accurate and
knowle4ge of the optical depth of the aerosol, the aerosol
tis-Godson approximation;
gives a relative error of a few
distribution and spectral characteristics, and the reflecetc.
per cent in most cases.
tivity characteristics of the underlying surface. These 3. Frequency integrated absorp- Used as the basis of "radiation
models will need a degree of sophistication to enable them
tion as a function of scaled
charts". The typical accuracy
absorber amount for each
is probably 10% for heating
to deal separately with aerosol effiuents from volcanic
gas separately.
rates but somewhat better for
eruptions that affect radiative transfer mainly in the
boundary fluxes.
stratosphere, and other aerosol variations in the stratosphere or troposphere that are due to either natural or 4. Empirical relationship based The per cent accuracy depends
on observations and/or calon the particular approximahuman activity (see Section 5. 9) .
culations.
tion. Accuracy may be of the
The surface albedo contributes to the overall albedo of
the earth-atmosphere system and determines how much
radiation is absorbed in the underlying surface. We must
know the albedo of water, land and ice and take account
of its variability in time. Aerosols tend to modify the
total albedo so as to minimize the effect of extremes of
surface reflectivity, that is, aerosols increase the total

e.g. Brunt formula, Newtonian cooling.
5. Climatological values.

order of 30%.
Could be used as a present base
for studies of atmospheric energetics.

The accuracies given are a rough guide to the systematic
errors in the approximations, assuming that the physical
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data are correct. All these types of methods have been
used in general circulation models, with the exception of
line by line integration. Method 3 has been the most
popular approach among the more complex GCMs.
There is always room for improvement at any level in
this hierarchy of radiation models. For example, it may
be possible to deduce an empirical parameterization of
radiation in terms of temperature and humidity only,
ignoring cloud (see Section 5.2.4 and Appendix 3.2).
Scattering processes
Clouds and aerosols are the main scattering mechanisms for atmospheric radiation. Molecular scattering
represents a small contribution to the earth's albedo (of
the order of a few per cent) and can be calculated with
currently available techniques. The equation of transfer
of radiation by scattering is more complex than that for
pure absorption because of the geometry of the problem.
In addition, it involves the aerosol size and distribution,
the spectral distribution of the complex index of refraction
and the intensity and direction of the boundary fluxes.
It cannot be solved explicitly, so that a numerical solution
must be carried out.
Clouds

In some spectral regions it is possible to make simplifying assumptions with regard to the treatment of clouds.
For instance, for thermal radiation in the region beyond
5 Il, thick clouds may be regarded essentially as black,
with a maximum albedo of 5-10% in the 10 Il window
region. Few clouds are thin enough (less than a few
hundred meters) for this not to hold. An exception is the
thin cirrus of the high troposphere, where infrared
emissivities may be of the order of 50 per cent.
In the visible region, it is relatively straightforward to
calculate transmission and reflection by clouds because
there is very little absorption by molecular bands of
spectral lines. However, the calculation is too long to be
included in GCMs, and it is necessary to search for
parameterizations of transmission and reflection in terms
of simple quantities such as total water content and geometric thickness of the cloud.
In the solar infrared region, and for thin clouds in the
thermal infrared, we must deal with a combination of
scattering and molecular band absorption. In principle
one could perform a line by line integration of a complete
scattering calculation, but this would be too time consuming. Methods depending on distributions of photon
paths are being developed; these are more economical but
still time consuming. It is almost certainly necessary to
develop further empirical methods based on measurements of clouds. For application to climate models,
exact calculations need to give suitable approximations
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of the reflection, transmission and absorption characteristics as a function of solar zenith angle and mean
cloud parameters such as cloud depth, liquid water
content and droplet size. It is probable that these parameters will have to be given as bulk properties for cloud
ensembles. For this purpose, a definition of cloudiness
consistent with observations and model resolution needs
to be developed.
Aerosols
Radiative transfer in aerosols obeys the same equations
as that in clouds, but the spectroscopic characteristics
and the mechanisms of production, transport, modification and destruction are quite different. Aerosols influence
both albedo and the absorption of radiation. To calculate
the effects in detail we need to know the nature of the
aerosol, its vertical distribution and size distribution, its
spectroscopic characteristics, and the albedo of the
underlying surface. Measurements indicate that solar
absorption by aerosols may be as much as 20 per cent
of that by water vapour and carbon dioxide, and in some
cases even higher.
If we assume that the bulk aerosol properties do not
change with time (or change very slowly) it is then sufficient
to prescribe the aerosol in terms of its average characteristics, Le. size, physical properties, etc. It will, however, be necessary to differentiate between tropospheric
and stratospheric aerosols. This procedure would avoid
complications (such as modelling the global distribution
of industrial aerosol sources) that are beyond our present
capabilities. By altering the prescribed aerosol, it may be
possible to conduct sensitivity studies to determine the
order of magnitude importance of aerosol changes for
the climate.
Accuracy, systematic error and tuning
There are two kinds of inaccuracy that may arise in a
radiation calculation, random and systematic. The most
serious problem is that of systematic errors, especially
when using the simpler parameterizations. They may
lead to compensating changes in transports or temperature by other processes. Such errors may be minimized by
tuning the radiation parameterization so that it fits the
long term radiative balance criteria and the observed
latitudinal distribution of solar and terrestrial radiation
for the present state of the atmosphere. Tuning must be
done with great care, as there will probably be more
adjustable parameters than are needed to minimize
systematic errors. In any case, the effect of changes in
radiation from changes in internal climatic parameters
should be adequately reproduced by the radiation parameterization, regardless of the extent to which systematic
absolute errors are initially "tuned" out (see Section
4.2.4.2).
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Although in principle we should be able to calculate
radiation transfer to a higher degree than we can measure
it, we can never be sure that all the physical processes
have been included in the calculations or included correctly. Thus at the most pessimistic level, the accuracy of
the calculations is governed by that of the measurements.
This implies that the accuracy requirements given in
Section 4.2.4.2 for calculations should also be used as
the minimum desired accuracy of observations.
Even so, it is probably better, with our present knowledge and capacities, to tune the total radiation balance
with respect to the observations, and to tune the vertical
profile of cooling rate with respect to higher accuracy
calculations. In turn, the high accuracy calculations will
have been intercompared with a limited number of high
accuracy observations of the radiative cooling profile or
obtained from aircraft (as, for example, during GATE
(GATE, 1973)).

(iii) Cloud parameterization (implicit)
It may be possible to parameterize radiation with

respect to gross atmospheric parameters without
reference to an explicit cloud parameterization, by
finding empiric relations between observed radiative
flux and the fields of temperature, humidity and
motion, as described in Appendix 3.2. This method
will have large errors for individual profiles, but may
have only small systematic errors when averaged over
the grid scale of climatic models. Observations for
this purpose could be made in the context of programmes such as GATE.
(iv) Parameterization of absorption by gases
Absorption of radiation by atmospheric gases is
relatively well understood and can be modelled to
sufficient accuracy for most climate purposes. However, it is important that the best available information be used in order to reduce systematic errors.
For example, the absorption by water dimer at 10 j.I.
is not modelled in most GCMs although it is very
significant at low altitudes in tropical regions.
Another example is the use of different water vapour
emissivities for upward flux and downward flux
of thermal radiation which would give a considerable
improvement in accuracy (Rodgers, 1967) but is
rarely used.

5.2.4 Recommendations - parameterization and modelling studies
Parameterization studies

(i)

Scale matching
A climate model will specify the atmospheric state
averaged over some finite (probably large) region of
space and time. The state may be specified rather
coarsely ip the vertical. We must find some way of
calculating the average value of the radiation field
over the region. This may not be the same as the
radiation calculated for the average state, because
the equations are non linear. Some way must be
found of interpolating in a coarse vertical grid,
because radiation depends on the detailed vertical
structure of the atmospheric profile. We must also
include a distribution of cloud over the region, rather
than a single average or representive cloud layer or
layers.

(ii) Cloud parameterization (explicit)
Considerable work still remains to be done to parameterize as accurately as possible the 'transmission,
reflection and absorption of radiation by clouds as a
function of cloud properties. It will be necessary to
use both observations and theoretical calculations
in this kind of study. In situ measurements will be
needed of clouds, including their radiativeproperties,
drop size distributions, liquid water content, etc.
Because clouds are so variable, care must be taken
to obtain representative samples of all relevant cloud
types. A definition of cloudiness compatible with
observations and model resolution is desired.

Modelling studies
(i)

Verification of cloud and radiation parameterization

The verification of the cloud and radiation parameterizations in general circulation models is required, as clouds are the biggest single influence in
the relationship between radiation and dynamics.
It is necessary to ensure that the distribution of
radiation and cloudiness produced by a model is the
same as that observed. This may be done in the
long-term average sense, or even on a daily time
scale by including a cloud parameterization in a
forecasting model and making comparison with
satellite measurements and/or pictures. This will
help to identify specific areas ofweakness.
(ii) Studies of sensitivity to change in external forcing

There are a number of areas in which climate models
can be used in sensitivity studies that involve radiative
processes. These include:
• Variations in solar irradiance (both total irradiance
and the suggested changes in solar ultraviolet) to
determine what magnitudes and time scales are
important
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• variations in atmospheric carbon dioxide amounts
(see also Section 5.7)
• variation in atmospheric trace gas and aerosol
amounts (see also Sections 5.8 and 5.9)
• variation in land use, vegetation and therefore
albedo and emissivity (see also Section 5.4)
See also Section 4.3.3 for further discussion.
5.2.5 Recommendations - observational studies
Study ofprocesses

There are some experimental programmes that are still
required to improve our knowledge of atmospheric
radiation processes. The concept of a complete radiation
experiment in which all the parameters which determine
the radiation field in ap. extended atmospheric volume
are measured, was proposed in the 1967 GARP Conference (GARP, 1967). This is still a valuable goal but it
requires a considerable coordinated effort. Such experiments are the oIily way that we can be sure that the radiation processes are modelled to the required accuracy.
In addition, such experiments will provide insight and
guidance in development of appropriate parameterization
of the radiation components in terms of model determined
parameters. Important progress towards this experiment
has been made in the USSR (Kondratyev, 1973) and by
the international cooperation in the radiation subprogramme of GATE (GATE, 1973). Two particular
aspects of the radiation experiment clearly require more
attention than others. These are aerosols and clouds.
One of the aims of aerosol studies must be to parameterize
their radiation effects. This involves spectral properties,
sources, transport and sinks as well as radiative properties.
GARP sub-programmes, as for instance MONEX, can
provide opportunities to develop, test and improve various
various parameterization techniques. The scale and
nature of the radiation programme to be planned will
depend on the scale of the SUb-programme itself.
Ground based observations of global solar radiation
may be used to verify model-derived transmission
characteristics of the atmosphere for clear and cloudy
skies. These observations together with albedo values
determined for the underlying surface provide a check
on the model computed absorption of solar energy at the
lower boundary.
Albedo atlas
In order to take the albedo of the surface into account
in radiation calculations, existing surface albedo atlases
(e.g. Mukhenberg,· 1967) should be extended and improved making use of satellite observations ofthe distribution of surface albedo, and its dependence on such things
as seasonal variation of vegetation, soil conditions and

average snow cover. Observations planned for the FGGE
(see Table 6.3) will be particularly useful for this purpose.
5.3

Cloud Processes

5.3 . 1 Scientific objectives
Clouds and their associated physical processes influence
the climate in the following ways:
(i) By coupling dynamical and hydrological processes in
the atmosphere through the heat of condensation and
evaporation and redistribution of sensible and latent
heat and momentum;
(ii) By coupling radiative and dynamical-hydrological
processes in the atmosphere through the reflection,
absorption and emission of radiation;
(iii) By coupling hydrological processes in the atmosphere
and in the ground through precipitation; and
(iv) By influencing the couplings between the atmosphere
and the ground through modifications of the radiation and the turbulent transfers at the surface.
Observations show that there are a number of cloud
regimes in the atmosphere, particularly in the tropics and
sub-tropics (see Appendix 4). Because each cloud regime
plays a different role in the coupling mechanisms listed
above, regional and temporal changes of cloud regimes
may greatly influence the climate and its change.
The objective of cloud modelling in climate models is to
provide a means of predicting such changes, along with
the prediction of the basic large-scale dynamical quantities, and to introduce cloud-dominated feedback
mechanisms in climate models.
For more detailed discussion and references, see Appendix 4.
5.3 .2 Basic processes requiring study
The formation, maintenance and dissipation of clouds
and their organizations take place through complicated
interactions between small-scale turbulent processes,
larger-scale circulations, radiation, and microphysical
cloud processes. Varieties of cloud regime can exist
depending on the kind of interactions involved.
Clouds with low bases also interact strongly with the
underlying surface through the planetary boundary layer
(PBL). Thus PBL modelling is an important part of cloud
modelling. Unlike boundary layers in laboratory experiments, the atmospheric PBL is almost always turbulent
and tends to be well-mixed; and it is extremely important
to recognize the difference between this typically observed
mixed layer and the commonly assumed neutral Ekman
layer. The air in a cloud is also almost always highly
turbulent. When a turbulent body of fluid is in contact
with a non-turbulent region, the boundary between them
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remains sharp but the non~turbulent fluid is entrained into
and made part of the turbulent fluid. The entrainment of
mass has crucial roles in both cloud and boundary layer
processes.
A sharp temperature inversion commonly observed at
the top of stratiform clouds is produced primarily by
highly concentrated long-wave radiative cooling. This
process plays an important role in maintaining stratifonn
clouds and the horizontally spreading part of cumuliform
clouds. Radiative cooling in the environment of cumuliform clouds contributes to the maintenance of their
buoyancy.
The microphysical cloud processes determine the
amount of precipitation, the total cloud water content,
the drop size distribution in the clouds and, therefore,
the radiative characteristics of the clouds. The amount of
particulate aerosol may affect clouds through microphysical processes.
Low-level strati/orm clouds

When the PBL is higher than the condensation level,
the upper portion of the PBL becomes moist-convectively
turbulent and low-level stratiform clouds form. The PBL
structure and, therefore, the turbulent fluxes at the underlying surface may change subsequently.
These clouds may be dense enough to form a horizontally continuous layer of stratus or stratocumulus clouds,
but they are more typically organized into meso-scale
closed cells, which are characterized by approximately
polygonal areas of stratiform clouds surrounded by thin
walls of clear air. The fractional amount of these lowlevel stratiform clouds is very large.
When the overlying unsaturated air is entrained into a
stratiform cloud, the entrained air is cooled as cloud droplets evaporate into it. The entrained air may then acquire
a negative buoyancy, unless the magnitude of the virtual
temperature inversion is sufficiently large.
Shallow cumuli/orm clouds

If the instability mentioned above takes place, the
clouds are reorganized into meso-scale open cells which
are characterized by approximately polygonal clear areas.
However, when there is a large enough vertical shear of
the horizontal velocity, the reorganization is into cloud
bands rather than into open cells.

Cumuliform clouds in very shallow open cells and cloud
bands are not necessarily driven by conditional instability
but may be produced by the overshooting of sub-cloud
convective plumes through the condensation level. The
heat of condensation within the clouds raises the level at
which the overshooting terminates.

The cloudiness is usually small for this cloud regime.
The precipitation is also very small. The important role
played by this cloud regime is that the subsidence between
the clouds keeps the PBL top from rising above the
condensation level.
Deep cumuli/orm clouds

Cloud bands, or more irregular meso-scale convection
systems in which a number of cumuliform ciouds with
different depths and sizes exist, are further organized
by synoptic-scale disturbances. Such organizations can be
clearly identified in satellite photographs as' "cloud
clusters". The frequencies of the cloud clusters in the
tropics are highest in or near the Intertropical Converg~
ence Zones and in the monsoon regions. The location of
the ITCZ over the oceans, as determined from cloud
brightness, is strongly influenced (but not necessarily fully
determined) by sea surface temperature.
Deep cumuliform clouds are important in all of the
coupling mechanisms listed above. Unlike the very
shallow cumuliform clouds, the deeper cumulus clouds are
driven by the buoyancy force produced by the release
of latent heat within the clouds and, therefore, they require mechanisms which maintain a layer of conditional
instability.
Frontal cloud systems

Nimbostratus clouds, which usually appear in middle
and high latitudes, are almost always associated with
fronts. They can be considered as precipitating planetary
boundary layer clouds when the PBL has been extremely
deepened by low-level frontal convergence. As the cloud
layer extends up the sloping frontal surface, a separation
from the PBL takes place and the cloud layer becomes
first a layer of altostratus (or altocumulus) clouds and
then a layer of cirrostratus (or cirrocumulus) clouds.
Cirrus clouds

Cirrus uncinus clouds are interpreted as groups of ice
crystals precipitating from the level of water-saturation,
at which water "mother"-clouds mayor may not exist.
The ice crystals grow while falling through the layer of
ice-supersaturation, and then decay by evaporation
through that layer. The layer which contains the mother~
clouds is turbulent and has a nearly dry-adiabatic lapse
rate. This turbulent layer is thin for cirrus uncinus clouds,
but thick for cirrus spissatus and cirrus fiblatus clouds.
5.3.3

Parameterizations

Almost all individual clouds are sub-grid scale for the
ordinary grid size of general circulation models. The
cumulifonn clouds are horizontally sub-grid scale, while
the thin stratiform clouds are vertically sub-grid scale.
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Even the thicker stratiform clouds, .associated with the
fronts in middle and high latitudes, frequently appear with·
a band structure whose width is only marginally resolvable
by the ordinary grid sizes. Therefore, practically all types
of clouds need to be parameterized in terms of the basic
dynamical~hydrological quantities of the resolvable scale
(step I parameterization).
Naturally, all realistic parameterizations of cloud effects
(or properties) will be non~linear, because there are no
negative clouds. Thus the average cloud effects depend
not only on the averaged large~scale dynamical quantities,
but also on their more detailed statistics. Therefore an
additional step ofparameterization, which formulates the
time and/or space averaged cloud effects, is required for
statistical-dynamical models (step II parameterization).
Step I parameterizations are sufficient to meet most
modelling requirements related to weather prediction,
but step II parameterizations are additionally required for
climate modelling. Step II should include a parameterization of the diurnal changes. Otherwise, the low-level
cloudiness will be considerably underestimated.
As far as physical processes are concerned, step I
parameterization still presents major difficulties.
Because of the difficulties, clouds and cloud effects are
very poorly parameterized at present, even in the most
comprehensive general circulation models. In particular,
the coupling between the radiative processes and the
dynamical-hydrological processes through time-dependent
cloudiness has been either completely neglected or
modelled only ina crude way. All that is currently available for the determination of cloudiness less than 100 %
are empirically derived relationships between the cloudiness and the "large-scale" relative humidity. However,
general applicability of such relationships, especially to
cloud regimes in the sub-tropics and tropics, is rather
questionable. In addition, usefulness of such relation~
ships in prognostic models depends highly on how accurately the relative humidity can be predicted and, therefore,
how accurately sub-grid scale hydrological processes can
be parameterized.
It is therefore desirable to pursue a more rational
approach by formulating the basic physical processes for
each cloud regime, although empirical relationships
between the observed cloudiness and the parameterized
basic properties ofcloud regimes will eventually be needed.

A cumulus cloud ensemble can be spectrally divided
into sub-ensembles according to the characteristics of
clouds. The precipitation and the vertical transport of
sensible and latent heat and of momentum by the total
ensemble then depend on the spectral distribution of
clouds. The spectral distribution also provides the detrainment of liquid water (or ice) as a function of height
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and, therefore, the amount of convectively inactive
clouds associated with the cumulus cloud ensemble,
which greatly contributes to the cloudiness required for
radiative transfer calculations. The problem then reduces
to the determination of thermodynamical and radiative
properties of each sub-ensemble and the determination
of the spectral distribution from the basic dynamical
quantities of horizontally resolvable scale.
For thin stratiform clouds it is necessary to determine
the height, depth and cloud amount, as well as the thermodynamical and microphysical properties of the clouds,
from the basic dynamical quantities of vertically resolvable scale.
Recent progress in parameterizing the cloud~topped
planetary boundary layer and cumulus cloud ensemble is
very encouraging (see Appendix 4). Further improvement
of these parameterizations and development of parameterizations of other cloud types, such as cirrus clouds
and altostratus (or altocumulus) clouds, should be made.
5.3.4 Summary of main recommendations on parameterizations
(i)

(ii)

(iii)

(iv)

(v)

A strong effort should be made to improve the cloud
parameterizations in general circulation models, in
order that the models can predict regional and
temporal changes of cloud regimes, and include
cloud~dominatedfeedback mechanisms.
The weakness of the current cloud parameterizations
is still largely due to our inadequate understanding
of the basic physical processes for individual clouds
and their organizations. Further studies of interactions between small-scale turbulent processes,
large-scale circulations, radiation, and microphysical
cloud processes must be made.
The above study must include formation, maintenance, and dissipation mechanisms of convectively
inactive clouds, such as stratus clouds, altostratus
clouds and cirrus clouds, which greatly influence
radiative transfer processes.
Empirical statistical studies on relationships between
the observed cloudiness and theparameterized basic
properties of cloud regimes must be made.
For use in statistical-dynamical models, formulation
of the average cloud effects must be made as an
additional step of parameterization. It should include a parameterization of the diurnal changes.

5.3.5 Recommendations - observational requirements
Because of the variety of cloud regimes and the complexity of the controlling mechanisms, the modelling of
time-dependent clouds is perhaps the weakest aspect of
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the existing general circulation models and may be the
most difficult task in constructing any reliable climate
model. Intensive and extensive observation programmes,
such as described below, are recommended to overcome
this difficulty.
5.3.5. 1 Observations required for study of processes
Because of our inadequate understanding of the basic
physical processes for individual clouds and their organizations, the following experiments are required. Two
limited area and limited period intensive observation
experiments of the GATE type are recommended, but for
clouds in higher latitudes. Quantities to be measured and
their resolution and accuracy requirements may approximately follow those of the GATE, but with a higher
vertical resolution to resolve thin stratiform clouds.
Observations of subtropical marine stratus cloud layer and
its transition to mesoscale cloud cells (or bands) and
shallow tradewind cumuli
A possibility is to have a moving network (a few
hundred km in size) of ship observations in addition to
intensive observations by satellites (e.g. ERTS) and
aircraft between the California coast and the Hawaian
Islands. A high vertical resolution (ofthe order of 100 m)
in the lower troposphere is required. Measurements of
turbulent fluxes below and within clouds should be given
a high priority.
Observations offrontal cloud systems and cirrus clouds
A possible site for intensive observations is an area of
a few hundred km in diameter over a flat continent where
a good network of conventional observations exists.
A high vertical resolution, of the order of a few hundred
metres, is required for the entire troposphere.
5.3.5.2 Observations required for validation of models
It is obvious that any cloud model must be verified and
eventually be tuned. However, the climatology of total
cloudiness, which is all that is presently available, is of
very little help. It is therefore recommended to establish
a global climatology of the geographical and seasonal
distributions of precipitation and of clouds by height and,
if possible, by cloud type (stratiform or cumuliform;
water cloud· or ice cloud). Desirable resolutions for the
climatological distributions are 2° X 2° in horizontal, 1 km
in height (for clouds), and 15 days in time. The climatology must include contributions of smaller and/or thinner
clouds and the diurnal changes. Thus, basic observations
should have resolutions ofthe order of 500 m in horizontal
and vertical and 2 hours in time. The accuracy of the
climatology should be of the order of 1% in areal coverage
for cloudiness and 0.5 mm/day for precipitation.

5.4 Land Surface Processes
5.4. 1 Scientific objectives
The specific boundary conditions over land surfaces
Which are of significance to climate modelling can be
separated into semi-permanent and variable features.
The scientific problem consists of parameterizing the
"mosaic" features of the land surface eithef as permanent
input data or as predicted information.
For time scales of primary interest in this report,
topography may be regarded as a permanent feature.
It should be noted that topography includes not only
elevation, but some statistical information on the distribution of slopes and curvature from grid-scale to
microscale (Le. to aerodynamic sl11;face roughness). Soil
characteristics, vegetation types and the extent of free
water surfaces and permafrost regions are in general
variable features, but may be considered as fixed features
for short time scales. Snow and ice cover and soil
moisture are variable features at all time scales of interest.
At seasonal time scales, the vegetational cycle and seasonal
snow and ice cover are of major importance. These can
modify, for instance, the topographical roughness, the
surface energy budget and the hydrological cycle. For
further discussion, see Appendix 5.
5.4.2 Characteristics of land-atmosphere interaction
processes
All three basic physical processes of transfer ofmomentum, energy and matter between land and atmosphere are
determined in large part by the surface features. Inclusion
of the boundary conditions invariably requires consideration of all three processes together, but they will,
for sake of clarity, be considered individually in the
following.
5.4.2. I

Momentum transfer

The land surface is always a sink for relative. atmospheric momentum. The sink strength is expressed as
ground drag of scalar value 't'o which is a function of
ambient windspeed, aerodynamic surface roughness, and
surface heatingrate. Via the£dction velocity V 't'o/p (where
p is the density of the air) the ground drag is basic factor"
determining the eddy diffusivity used for flux computations in the surface layer of the atmosphere. Furthermore,
if the friction velocity exceeds a certain threshold, wind
erosion situations can arise which may seriously affect
both the surface character (for instance, the creation of
"dust-bowl" conditions) as well as the radiative transfer
properties of the atmosphere (for instance, the horizontal
spread of aerosol of desert origin).

a
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5.4.2.2 Energy transfer

5.4.3

Any general circulation model involving energy transformations must take into account the mechanical energy
dissipation in the atmospheric boundary layer. The
dissipation is generally more significant over land than
over ocean. Again the dominant surface controlling factor
is the ground drag. For wind speeds typically between
10 and 20 m/sec, land values of 7:0 are between 0.1 and
about 0.3 N/m2 , whereupon energy dissipation is between
about 1 and 6 watt/m2 , due to small-scale roughness alone.
Orographically induced gravity waves may dissipate
additional mechanical energy at another sub-grid scale in
certain regions.

Research in general circulation modelling has so far
been dominated by the problems of parameterizing the
purely atmospheric variables. The specification of the
interaction between atmosphere and ground has only
recently become an obvious limiting factor on realism.
Resolution of the problem is straightforward in principle
though not perhaps in practice - namely, it is required
to have sufficient inforniation to give reliable gridpoint
representation (at the scale of general circulation model
grids) of the complete sub-grid scale mosaic of the region
(including soil and vegetation types) and of relations to
cover temporal variability. It must be understood that
parameterizations of processes for this sub-grid scale
mosaic may be functions of the mosaic itself as well as
functions of the atmospheric state at the model gridpoint
scale.

The prime energy source for the climate system is solar
radiation. Its absorption on land surfaces is highly
variable and is controlled by surface albedo. A prime
energy loss is terrestrial radiation which is controlled by
surface emissivity. The surface emissivity is also variable
to a significant but limited extent.
Unlike the oceans, heat storage effects on land are
generally unimportant on the time scale of more than a
few days, although the heat sink of snow and ice melt may
be significant. However, heat storage can be· very important in certain specific situations such as in regions of
inland lakes. Here the parameterization must be handled
with care. It may even be necessary to consider explicitly
the balance equation for sub-medium heat storage.
5.4.2.3 Transfer of matter
Considering the climate system as a whole, one must
model the transfer of a number of constituents across the
land-atmosphere (or ocean-atmosphere) interface (for
example, H2 0, CO2 , N 20, etc.) and satisfy the appropriate
transfer requirements. A dominant consideration is,
of course, that of the hydrologic cycle. In contrast to the
oceans, water on land must be supplied by precipitation;
runoff is induced by gravity and requires terrain slopes;
and the water holding capacity of soils and vegetation is
finite and variable. All three phenomena must be incorporated in any climate model involving land areas in
order to calculate evapotranspiration.
The transfer of other constituents, for example carbon
dioxide, into or out of the sub-medium (i.e., the land
surface and vegetation) represents a modelling problem
where very little work has been done. Assuming that this
transfer is properly modelled, then the calculation of the
boundary layer flux of a constituent may in principle be
dealt with by similarity assumptions, although it must be
recognized that these assumptions have limited validity.
As the standard reference one takes normally the momentum flux or ground drag (aerodynamical formulae).

Parameters of land features in existing models

5.4.3. 1 Parameterization of momentum flux
The specification of ground drag is one of the relatively
crude modelling approximations. Almost invariably 7:0 is
derived as a function of windspeed at the lowest level
considered and ·of a constant roughness length Zousually about 10 m-2 • Real values of Zo range from 10-4 m
to more than 1 m (often over the area covered by one
GCM gridpoint) and can show seasonal variations.
Furthermore, as far as modelling is concerned, effective
roughness is intimately bound up with larger scale topography and the area density of characteristic elements
(Lettau, 1969). The problem of sub-grid scale 01'0graphically induced gravity waves has already been
mentioned.
5.4.3 .2 Parameterization of radiation quantities
Land surface albedos may range from 0.1 to 0.9. They
vary as a function of surface character, solar elevation
and season. However, since the limiting factor on the
accuracy of radiation calculations is the parameterization
of clouds, present models include the surface albedo only
very simply. The treatment ranges from the assumption
of a single value for any land surface to the use of several
pre-specified values as a function of season, of preceding
rain, or ofpreceding snow fall. Attempts to use artificially
forced relations between (for instance) albedo and surface
temperature have not yet proved conclusive. In principle
there is no difficulty in specifying regional albedo at any
time to sufficient accuracy for any likely level of detail in a
model- Le. to an ultimate accuracy of 0.01. Again, the
use of sub-grid scale information of the true mosaic of
surface conditions may be employed. The data to acquire
the information are becoming available from various
satellites. The urgency for improved treatment of land
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albedo is increasing with the improvement in cloud
parameterization. As cloud modelling improves it will
also become necessary to take account of variations in
surface emissivity e. Present models assume all surfaces
to have e = 1 although it is known that some areas may
have values as low as 0.85.
5.4.3 .3 Parameterization of sensible heat flux
Flux density of sensible heat IS normally expressed in
terms of the drag coefficient, wind velocity and difference
in potential temperature between ground and the lowest
atmospheric level of the model. Richardson number
effects are considered in some models. In others, somewhat arbitrary assumptions are made to ensure a minimum
of heat exchange (for instance, wind speeds in the heat
flux formulae are not allowed to be less than 1 m/sec).
Net storage of heat in the ground is normally neglected,
but latent heat fluxes are taken into account and ground
temperature is computed from outgoing radiation using
the energy balance equation. This equation establishes
the relation between net radiation at the surface and
evaporation prOVided a Bowen ratio can be defined.
5.4.3 .4 Parameterization of water vapour flux and
hydrologic cycle
The flux of latent heat is readily converted to water
vapour flux. In conventional models it is calculated using
similar expressions to those for sensible heat flux. With
the provision that saturation exists at the surface the flux
obtained is equivalent to a "potential" evapotranspiration
Eo.
The soil water system is defined by a maximum water
holding capacity or "bucket size" So, and the amount of
water in the bucket is regulated by inputs from calculated
precipitation and withdrawals by evapotranspiration.
When soil water storage S is greater than or equal to So,
the evapotranspiration is assumed to be at the potential
rate Eo. When S < So the evapotranspiration is set equal
to E = Eo (S/So). It is stipulated that the excess water
forms run-offwhenever S > So' This limits soil maximum
storage to So' Normally no provisions are made for
routing excess water through additional "buckets" so as
to provide realistic simulation of run-off. Moreover, in
some models So is taken to have the constant value of
150 mm for all continents, which is assumed to be 75% of
an average "field capacity". This assumption does not
allow calculation of inter-annual or seasonal variations of
soil moisture or of inland lake levels. In order to model
the hydrologic cycle more realistically, it will be necessary
to consider in much more detail regionally varying waterholding capacities and the retention times of soil moisture
decay by run-off and evapotranspiration (see, for example,
Lettau and Baradas, 1973), again employing information

on the sub-grid scale mosaic of surface characteristics.
This will be especially necessary for the modelling of
drought episodes.
Snow melt is dealt with in a similar manner to evaporation but surface temperature is naturally :fixed and the
excess energy is used to melt water. The snowpack is
treated as a reservoir replenished by solid precipitation
and depleted by melt and sublimation. In sub-arctic
regions the extent and stability of permafrost is an important factor of the climate that is not modelled in
current GCMs.
For additional discussion of land surface processes and
the changes of land surface characteristics produced by
natural factors or human activities, see (SMIC, 1971;
BUdyko. 1974; and Flohn (ed), 1968).
5.4.4 Recommendations

5,4 .4. 1 Parameterization studies
General circulation models generally operate on a
surface grid spacing of 5° by 5° or less. Land surface input
information and the land surface output information must
be specified at the grid intersections over all continents.
As already described, the input information at the GCM
grid scale should be based upon an appropriate weighting
of the characteristics of the sub-grid scale mosaic. The
important input characteristics are known in principle,
although the sensitivity of climate to surface changes has
yet to be established. The important output information
of climate models which will be most relevant and useful
to drive the existing, independently developed, models of
agricultural production, of river basin hydrology and
so on, is not well known even in principle. For instance,
grid point output information mayor may not be suitable
in the context of other scientific disciplines. If it is not,
alternative methods may have to be empirically devised.
(i)

We therefore recommend:
that encouragement be given to regional studies
directed towards providing "land surface data banks" ,
Le. sets of data representative of the natural mosaic
land surface at any time. Such data banks might
have grid scales considerably finer than those of
GCMs. Such data sets should containfirst the purely
descriptive statistics, namely:
- topographic features of various scales
- land Use
- distribution of water substance including water
table, groundwater, lakes, snow and ice, and
permafrost.
Second, the data banks should contain 'parameters
needed for general circulation modelS. These parameters would be derived from the descriptive statistics
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with the aid of both physical and semi-empirical
sub-models. They would include:
- aerodynamic surface roughness or other relevant
terrain parameters
- albedo and surface emissivity
- soil thermal admittance
- soil water holding capacity and retention time
- surface source and sink capacity for gases and for
aerosols.
These sub-grid scale parameterizations for the natural
mosaic of surfaces should consider diurnal variations,
seasonality, and the aperiodic transients associated
with the atmospheric state (as specified at GCM grid
scale). The effects of man's activity must also be
considered, most likely as prescribed conditions.
(ii) that urgent attention be paid to the information
requirements of hydrologists, agticultural and social
scientists, etc. An immediate attempt should be made
to obtain some consensus from other disciplines on
the most useful forms of data for their models.
Further, the following problem should be examined:
given predicted GCM grid point parameters, what
information can be retrieved about sub-grid scale
phenomena for the mosaic structure of the region?
The question is especially relevant for regions of
sharp transition. Coastal areas are a good example.
5.4.4.2 Sensitivity studies
We assume that the physical concepts required to
specify land-atmosphere interaction are known in principle. This implies that the observational requirements
are known well enough in principle. However, lack of
information on model sensitivity to modification of
surface parameterization sets a severe constraint on the
ability to suggest specific improvements. We therefore
recommend as first priority:
(i) Urgent attention to the specific problem of model
sensitivity to surface parameterization. In particular
studies should be made of arbitrary spatial and
temporal changes in those parameters already includedin general circulation models - surface roughness, albedo and soil water capacity.
(ii) Assuming that these tests will indeed show land
surface characterization to be a significant limiting
factor on model accuracy, we suggest the following
as the improvements most likely to be required in
surface parameterization
- more accurate and individual specification of the
GCM grid-point values of: soil water capacity;
the relation between actual evaporation and
potential evaporation as a function of soil water
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content; albedo (presumably as a function of solar
elevation); emissivity; surface roughness; the
larger scale statistics of elevation, terrain slope
and curvature
the introduction of a "multiple bucket" concept
at each grid point to take account of moisture
storage and all depletion processes in relation to
topography (terrain slopes) and vegetation.

5.4.4.3 Observations
In view of the above, we recommend the following
case-study observational programme (see Table 5.4) which
relates to, and is somewhat more specific than, recommendation 5.4.4.1 (i):
TABLE 5.4
Land Surface Processes - Summary of Tentative Observational
Raquirements (see text for details)
1. Study of Processes
Transfer of momentum, energy and mat·
ter between land surface and atmosphere
taking into account
the mosaic structure
of regions.

Location
Up to ten
regions, representing the
dominant surface types of
the world

2. Validation of
Models
Develop land surface
data banks for all
land surfaces - based
in part upon results
of (1) above.

Location

3. Monitoring
Water storage and
runoff
(section 5.4.4.3, ii).

(i)

All land surfaces
Grid size dependent
upon mosaic
structure of
land surface
Location
Three widely
different climatic regions
(tropical, temperate and
sub-polar
climates)
Time: longterm.

See section 5.4.4. 1 (i)
and (ii) for parameters to
be determined. Required
accuracy remains to be
established (as noted in
Rec.5.4.4.2).

Observational requirements cannot yet be specified in detail; tentatively
consider those listed in
Table 4.4. 1 (items 4-9)
and/or portions of Tables
6.3 and 6.4 as guidelines.
Observational requirements cannot yet be specified; tentatively consider
those listed in Table 6.4
as guidelines.

That up to ten regions be selected which are representative of the dominant surface types of the
world. That intensive water and heat budget studies
be conducted on the mosaic structure of each region
(for a limited time) in order to arrive at appropriate
"land surface data banks" which should contain, as
minimum information, parameters compatible with
those previously specified. Wherever possible, use
should be made of existing data networks; for
example, the WMO radiation network in the radiation budget studies.
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Finally, we recommend as a long-term monitoring
programme:

circulation ofthe ocean on the resolution scale of
ocean models;

(ii) The continual assessment of the water storage and
run-off of at least 3 regions of widely differing
climate (for example, tropical, temperate and subpolar climates). Those regions should, as far as is
possible, form individual units which can be used as
test-beds for the hydrologic cycle parameterization
in general circulation models. They should include
river basins for which hydrological parameters have
already been established independently. Possible
regions could be the Amazon Basin, the St, Lawrence
Basin and the MacKenzie Basin, of the American
continents, or similar regions in other continents.

(ii) Modelling
~ to construct a hierarchy of models for studying
climate dynamics on various time scales. In view
of our present ignorance of many of the fundamental processes controlling ocean circulation,
emphasis should be given to simple mechanistic
models to develop the basis for more complex
simulation models.

5 .5 Oceanic Processes

5. 5. 1 Scientific objectives
The fluxes of most physical properties across the air-sea
interface are determined by the conditions at the interface
itself with the exception of precipitation. These conditions, the most important being the sea surface temperature, are themselves determined by the dynamics of the
coupled ocean-atmosphere system. Although many of
the dynamical and thermodynamical feedback processes
involved are not well understood, the role of the oceans
is believed to be a dominant one on climatic time scales.
As pointed out in Chapters 2 and 3,. this is because of the
large thermal and mechanical inertia of the sea resulting
from Its relatively high heat capacity and from the long
time constants of the sub-surface and deep circulation.
The turnover of deep and intermediate waters is also a
governing process in the uptake of CO2 by the ocean.
Apart from its direct dynamical and thermodynamical
role in the coupled ocean-atmosphere system, the internal
climate of the sea itself is an important factor in other
processes, e.g. in relation to biological productivity. In
addition, the distribution of chemical and other tracers in
the deep sea and sedimentary deposits represent valuable
records of past climates.
Empirical knowledge of the ocean is very incomplete,
especially as regards variability. With the exception of
some coastal locations; long-time series of oceanic
variables are virtually non-existent. However, recent
advances in oceanographic instrumentation and numerical
modelling have opened new avenues of research. In the
light of these developments, the scientific objectives of
oceanic studies in relation to climate may be listed as:
(i)

Parameterization ofprocesses
- to understand and parameterize those sub·grid
scale oceanic processes which determine the

(iii) Data set
- to assemble a comprehensive data set of existing
oceanographic observations in a form suitable
for testing climate models.
(iv) Paleoclimates
- to identify the properties of deep ocean sediments
which contain climatological evidence of very
long-time scales and to develop programmes for
the efficient and systematic evaluation of such
evidence.
A more detailed description of these objectives and
ways to achieve them is presented in the following sections.
See also Appendix 6.
5.5.2 Ocean processes requiring study
Measurements of variability in the ocean in a few chosen
areas are providing an increasingly clearer picture of the
statistics, scales and dynamical structure of the motions
in the ocean (Fig. 5.5,1). In order of decreasing time
scale the variability falls into three broad categories:
almost geostrophic motions, inertial-gravity waves and
small-scale turbulence. From the climatic point of view,
it is important to note that the intrinsic time scale of the
phenomena alone does not determine its significance for
the long-time scales of weather or climate, since the
various types of motion are strongly interactive. Thus
turbulence, which has a short intrinsic time scale, plays a
key role in tlie thermohaline circulation, which itself has a
long-time scale of the order of decades or centuries. With
this in mitld, the key processes in the ocean (ill order of
increasing time scale) are described with respect to their
effect on weather and climate.

5.5.2.1

Fluxes of heat, momentum and water vapour
at the ocean surface
The ocean is driven by the fluxes· of momentum and
buoyancy across its surface. The momentum flux is
reasonably well known, although the best available
computation (Hellerman, 1967) is based on a drag law
that is inconsistent with the most recent data (pond,
1974). The buoyancy flux and its seasonal variation is not
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important feedback effect on atmospheric processes, are
primarily features of the oceanic planetary boundary
layer. This layer is thus a region of communication
between the atmosphere and the deeper waters. Typically
with a thickness of the order of 100 m, it encompasses a
"well-mixed" layer, and a small portion of the upper
pycnocline. The mixed layer is usually subject to transient
stable stratification during periods of light wind and
intensive warming, as well as in heavy rain. The planetary
boundary layer acts as a thermal buffer, which can store
and release enough heat to shield effectively the deep
ocean from direct effects of surface heat flux variations
on time scales up to one year.

1 sec

1 min

1 hr

1 day
Quasl-geostrophlc
Eddies

10' yr

'-J----t--

Deep Thermohaline
Circulation

10' yr

Figure 5. 5.2 shows the seasonally .averaged temperatures for the entire North Pacific for the latitude belt
20°- 55°N with the normal seasonal trend removed
(Namias, 1970). The record shows persistent anomalies
over periods of one year and longer. A major effort is
underway to investigate these regional anomalies in the
North Pacific (NORPAX). The experience gained in this
experiment involving a coordinated effort of ships of
opportunity, aircraft, buoys and detailed flux measurements will be invaluable for planning future field studies.
Modelling the mixed layer

10' km

Figure 5.5.1

10 km

10' m

10' m

Principal scales of motion on the ocean. Note that in
contrast to the atmosphere, quasi-geostrophic eddies
must be classed as sub-grid scale processes for models
of the ocean circulation.

known at all well. Contributing elements are (i) the
radiation balance at the sea surface (ii) latent and sensible
heat fluxes (iii) the difference between evaporation and
precipitation rates, and (iv) the difference, where sea-ice
occurs, between freezing and melting rates. Present
methods of estimating these elements are rather crude,
and considerable improvement is required. Despite
extensive field measurements, attempts to parameterize
the flux rates by purely empirical relationships have not
yielded the required accuracy.
It is believed that the difficulty lies partly in the influence
of the wave spectrum on transfer processes at the air-sea
interface. Detailed measurements close to the air-sea
interface are needed to clarify this relationship. If this is
found to be the case, a simplified wave spectrum may need
to be predicted in coupled ocean atmospheric models.
5.5.2.2 Variability in the oceanic planetary boundary
layer
General characteristics

Regional anomalies of sea surface temperature on
seasonal time scales, which are believed to have an

One dimensional (vertical coordinate)models have been
proposed for the mixed layer to relate the surface temperature and energy budget and the vertical density structure
to the flux of buoyancy and momentum at the surface.
These models have been tested against limited laboratory
and field data. Effects oflarge-scale horizontal advection
and upwelling are normally omitted. However, for time
scales of several months or longer these effects can no
longer be neglected. For verification of the models, new
sets of data, including advective effects, are being obtained by ongoing field experiments (e.g. NORPAX,
JASIN, GATE (GATE, 1947) and JONSWAP (Hasselmanu, 1973) particularly important to resolve the effects
of time variation of heating and cooling in view of the
strong non-linearity of the relation between mixing and
stratification. The effects of rainfall on the buoyancy flux
have not been dealt with adequately in studies to date
although they are particularly pronounced in high latitudes
where the effect of salinity on water density is increased
with decreasing temperature and where ice formation
depends on salinity through the change of the freezing
point.
It should be noted that in contrast to the solid land
surface, the surface ·of the ocean is partially transparent
to short wave radiation. Thus light penetration and
scattering must be taken into account in more detailed
.
models of the ocean's planetary boundary layer.
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Figure 5.5.2 Seasonal mean sea surface temperature anomalies over the North Pacific (Namias, 1970).

fee-formation process
Seasonal ice formation leads to a separation of salt and
fresh waters - a parametric pumping process in chemical
parlance. The ice formation process also exerts a profound influence on the surface energy budget through
albedo modification, and by isolating the sea from wave
action effects. It enters both in the local short-term
energy budgets, and on longer time scales through the
modulation of the heat transport associated with bottom
water formation, and replacement with infiowing warmer
water. There is a need for the development and testing of
models involving oceanic processes under the ice and the
behaviour of the sea-ice itself (see Section 5.6).

Upwelling process
In limited areas along certain coasts and at the equator,
the upwelling process is extremely important for temperature variations on a relatively short time scale. In addition,
the response of the ocean to wind currents in such areas
can be complicated. Certainly one-dimensional models
of the planetary boundary layer cannot be expected to
predict even the short-term response of the ocean in such
areas. Although of limited spatial extent, observational
studies suggest that the large temperature variations in
these areas can be very important for large-scale air-sea
interaction.
5.5.2.3

Almost geostrophic motions

Mid-ocean eddies
Two factors combine to allow a significant extension
towards shorter spatial scales of the almost geostrophic
motion regions in the ocean, relative to the atmosphere.
Firstly, the characteristic velocities are about two orders
of magnitude below the atmospheric, and secondly, the

stratification is very much weaker over almost the entire
oceanic column. The. first factor allows quasi-geostrophic
modelling down to spatial scales well below 100 km, and
within several degrees of the equator, while the second
leads to a concentration of the baroclinic instability
effects, as well as the baroclinic responses of the main
thermocline scale to outside forcing, in the wavelength
band from 300 to 500 km approximately.
Eddies in this scale range are found empiriCally to
dominate the kinetic energy of the motions in the central
parts of the Atlantic, and apparently also in the Pacific
Ocean. To resolve their dynamics in a numerical model,
grid resolution an order of magnitude greater than that
normally used in atmospheric general circulation models
appears to be needed. It therefore appears even more
essential than in the atmospheric case to attempt to devise
parameterization methods to deal with the large-scale
effects of this motion class.

Intense narrow currents
A major part of the transport by the mean ocean circulation is concentrated in intense narrow currents such as
the Gulf Stream, Kuroshio, Equatorial· and Antarctic
Circumpolar Current. Their local dynamics, including
variability, must be understood sufficiently to allow the
identification offeedback mechanisms between the current
and the overall circulation and the construction of models
which transport the correct amounts of mass, heat and
other quantities of interest. The breaking mechanisms of
the intense currents (e.g. in the Gulf Stream and Kuroshio
extension regions) also require study. Here the meander
scales of the current become comparable with, or greater
than, the current width and intense mixing occurs. The
fate of momentum, heat, salt and other properties transported into these regions is an important element of the
overall circulation.
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Intermediate and deep-water circulations

The major data source for studies of the circulation of
intermediate and deep water consists of approximately
200,000 hydrographic stations. These stations, which
provide temperature and salinity as a function of depth,
are very non-uniformly distributed in space and time.
In many parts of the world ocean the number of stations
in a 5° X 5° latitude and longitude square is less than 10.
The stations have been taken over a period of several
decades. The limited amount of data available from the
deep ocean do not show any persistent trends, but this
does not mean that climatically significant trends might
not be found when more data are available. With the
uncertainty of fixing a reference level for geostrophic
calculations, the evidence from radioactive tracers has
been invaluable for providing estimates of circulation
time scales for intermediate and deep water masses.
Heat transport by ocean circulation

Figure 5. 5.3 shows two estimates of the poleward heat
transport by ocean currents in the northern hemisphere.
One is based on heat balance and transport calculations
for the free atmosphere together with observations of
required ocean plus atmosphere transport as obtained
from satellite data, and the other on surface heat balance
calculations. Without going into details, we simply note
the large differences between the estimates. The time
averaged mean circulation of the deep water is so badly
masked by the quasi-geostrophic eddy processes, that it is
effectively inaccessible to direct determination by current
meter observations. One is thus forced again to the
conclusion that present understanding of the general
circulation of the oceans is basically qualitative.
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transport of heat by the oceans and thus is a major factor
in climate.
Ongoing and proposed observational studies

Many of the problems described here are currently
being addressed in the oceanographic community. Midocean eddy systems have been studied in the POLYGON
and MODE (Mid-Ocean Dynamics Experiment-one,
1973) experiments and further work is planned in POLYMODE. The ICES Overflow study and ongoing work
around Antarctica by the USA and USSR address the
bottom water formation problem. These activities tend
to be mainly process oriented, and for logistic reaSOns
quite limited in geographic extent. To provide the detail
needed for satisfactory verification of ocean circulation
models, new measurement techniques are essential. The
first goal should be to provide a reliable data base in one
complete ocean basin, in order to be able to discriminate
the regional contributions of different processes and to be
able to judge how far a model may be simplified without
serious degradation from the point of view of climate
applications. A concentrated effort based on tracer
techniques for long time scale integral effect. estimates,
and massive deployment of neutrally buoyant floats
tracked from shore stations for eddy statistics and direct
determination of mean flow patterns, appear to offer a
synergistic combination with reasonable prospects of
meeting the requirements. Current meter mooring arrays
should also be considered in special topographic areas
where model considerations suggest that concentrated
currents should occur - e.g. narrow passages and selected
slope areas.
The status of, and problems associated with, modelling
of the general ocean circulation are discussed in section
5.5.3.
5. 5.2.4 Small-scale turbulence and internal waves
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Poleward heat transport by ocean currents in the
northern hemisphere. (a) Estimated from the atmospheric heat balance (Yonder Haar and Oort, 1973).
(b) Estimated from Soviet surface heat balance maps
(Budyko, 1956; Sellars, 1965).

Order of magnitude estimates based on the tracer time
scales indicate that the poleward flow of warm surface
waters compensated by the return flow of colder water at
lower depths is a major component in the total poleward

Mixing processes are important for all scales of the
oceanic circulation, from the fast responding planetary
boundary layer to the slow abyssal circulation. Dynamically passive quantities such as heat and salinity are mixed
by turbulence, whereas momentum can also be transferred very effectively by internal gravity waves. Measurements show that a significant fraction of energy in the
entire water column is in the frequency range corresponding to internal gravity waves (cf. Figure 5.5.1). These
motions are also believed to be a main energy source for
turbulence in the main thermocline, and the two phenomena should be studied jointly. The relative significance
of turbulence and internal waves for vertical mixing in
the main thermocline needs to be investigated further in
specially designed field experiments.
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Significant mixing also occurs near regions in which
the flow is confined to narrow passages, e.g. in straits
between basins or in submarine passages connecting deep
water masses separated by sills. The Drake Passage, the
Tonga Trench and the Denmark Strl;tit are examples.
As mentioned in the recommendations (5.5.4), such areas
are favourable sites for monitoring the variability of the
ocean circulation.
Convection in regions of strong negative buoyancy flux
at the surface plays an important role in water mass
formation, and consequently in determining the intensity
of the thermohaline circulation. Sinking has been shown
to be a highly sporadic event with respect to both space
and time. The importance of this process makes it worthwhile to overcome the experimental difficulties to make
detailed field studies of this process.
5.5.3 Modelling the ocean from the standpoint ofclimate
5.5.3. 1 Introduction
Modelling the ocean is still in its infancy relative to
modelling the atmosphere. Only about 1D-20 studies
have been published on time-dependent models that
predict the features of the ocean circulation related to
climate. Many complexities of the problem have become
apparent, the most important of which involves the small
size of significant current structures in the ocean relative
to the atmosphere. For example, it has already been
pointed out that the equivalent of the cyclone scale in the
ocean is only of the order of 100 km. Existing model
studies of the ocean are based largely on early steadystate, analytical models of the thermocline, and the theory
of the wind-driven ocean of uniform density.
Allowing for the difference in the media, the same set
of equations is used as in the atmospheric models. Temperature, salinity and the horizontal velocity components
are the predicted variables. The actual equation of state
for sea water is used as a diagnostic relation to determine
density. Initial studies with the first numerical models of
the ocean have been able to include non-linearity between
the velocity and density fields and in some caseS extend
solutions into a non-linear range previously inaccessible
by the analytical approach. For example, the analytic
models of the thermocline could only deal with interior
regions of the ocean with positive surface buoyancy flux.
The numerical models allow by use of a simplified convection scheme the inclusion of western boundary regions,
and interior regions into a single, energetically consistent
model. This has been a necessary first step in developing
an ocean model which will illustrate how various components of the ocean circulation work together in largescale interaction with the atmosphere. The most successful studies have been those designed to illustrate processes,

rather than oriented toward detailed simulation. An
outstanding exception is a study of the seasoQal response
of the Indian Ocean to the annual variation of the mon~
soon. The model simulates the seasonal response of the
Somali Current with the correct phase, and also suggests
a plausible mechanisPl for the phenomena.
5.5.3.2 Ocean models fora period of 1-2 years
In thenorthern hemisphere enough data exist to define
seasonal variations in the temperature field over wide
ocean areas. A challenging problem exists in designing
models which can predict these average seasonal variations
from existing climatological data for the atmosphere.
This is an essential first step to the development of models
that will predict temperature anomalies over periods of
6 months to 2 years. Over wide areas good predictions
may be achieved by local mixed layer models mentioned
in 5.5.2.2. Where upwelling is important and strong
surface temperature gradients exist, more elaborate models
will be required that compute currents. For this purpose
it is recommended that dynamics of a deep ocean be
included, even though temperature and salinity can
remain fixed below the planetary boundary layer. The
reason for this is that a shallow ocean will not have the
correct response to wind forcing.
Mechanistic models designed to illustrate the shortterm response of the ocean in regions of coastal and
equatorial upwelling are extremely valuable, particularly
when coupled with process oriented field experiments.
5. 5.3.3 Ocean models for time scales of several years
As longer and longer time scales are considered, the
response of the ocean's density field to variations of
boundary conditions extends to deeper levels. Most of
the processes outlined in section 5.5.2 become important.
This means that a wide range of modelling effort is needed
in this area since models are needed to understand the
wide variety of processes involved as well as those :intended to study the large-scale response of the general
circulation itself. For exampIe,special models are nee<;led
to explore mechanisms responsible for generating "mesoscale" eddies. The problem bf parameterizing baroclinic
eddies also arises in connexion with simplified climatic
models of the atmosphere (see Section 4.2.4). An
exchange of theoretical ideas between meteorologists and
oceanographers will accelerate progress. Other models
are needed to look at tracer distributions. Equatorial
dynamics and western boundary currents also require
special studies. These models will range from very simple
to quite complex, but should all involve time-dependence
because the time scale of ocean responses is the major
problem area for climate-related ocean studies~
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5.5.3 .4 Coupled models of ocean-atmosphere system
In discussing cOllpled ocean-atmosphere models a
distinction is .again made between short time scales of
1-2 years and longer time scales of 2-100 years.
Modelsfor a period of 1-2 years
The first step in any coupled model study is to test the
ocean and the atmosphere component separately. This is
essential for interpreting the much more complicated
behaviour of the joint atmosphere-ocean system. It is
recommended that an~ntirehierarchy of models of
different complexity be used to study seasonal variations.
Verification for this type of calculation exists in available
climatological data over most regions of the globe. The
final goal is a simulation of climatic anomalies of a 1-2
year time scale based on detailed initial conditions for the
temperature structure of the ocean and atmosphere. This
final stage will require a global data set which does not
exist at present. 'The tentative requirements for the ocean
data set are given in Table 5.5.2. A time scale of 5-10
days and a space scale of 200 km are arrived at from
consideration of statistics obtained in the Mediterranean
and the Northwest Atlantic (Saunders, 1972). Final
requiremflnts must await more detailed sampling studies
based on the time and space variability sampled over .
wider areas. ,
Models for a period of 2-100 years
As longer time scales are considered, poorly understood
processes of the ocean circulation must be considered.
For this reason it is recommended that coupled models
for long-time scales be designed only on a modest scale
to explore mechanisms. This type of experimentation
will provide the experience necessary for more detailed
simulations ata later stage. Only with greatly accelerated
field programmes to provide the information on dynamic
processes and the circulation itself needed for the verification of detailed models of the ocean circulation will
oceanographers and meteorologists be in a position to
build coupled simulation models which are trustworthy
tools for the study of long term climatic variations.
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5.5.4.2 Oceanographic atlases
An international committee should be set up to coordinate the processing of existing oceanographic data
to put it in a form useful for climatic studies. Atlases with
a standard format are particularly important for verifying
models.
5. 5 .4 . 3 . Surface fluxes
Efforts should be made to improve knowledge of
surface fluxes, especially of those elements which contribute to the buoyancy flux. Requirements are (i) field
experiments (see 5.5.4.5) designed to improve parameterization of fluxes so they can be more accurately
calculated from existing or potentially available data,
(ii) accurate methods of measuring precipitation over the
ocean (see 6.4.1), (iii) collection of data from which the
surface radiation balance can be accurately calculated
(see 6.2.3 and 6.3.2), (iv) methods of estimating differences between melting and freezing rates of sea-ice and its
mean motion, (v) methods of summarizing surface data
so turbulent fluxes can be accurately calculated from bulk
formulae. For instance, the evaporation rate can be
calculated if one knows the joint probability of finding
(a) a particular wind speed at 10 m and (b) a particular
difference in specific humidity between the surface and
10 m. The method of calculation would be similar to
that used for calculating surface stress from wind roses
(Hellerman, 1967).

5.5.4 .4 Atmospheric sensitivity studies
Studies of the sensitivity of the atmosphere (see 4.3.3)
to changes in ocean surface properties such as sea-surface
temperature and sea-ice cover may indicate geographical
areas of particular importance to climate, both locally
and globally. It is important to have the anomalies of
about the right magnitude and areal extent. Little is
known about the magnitude and extent of anomalies in
the southern hemisphere as yet, so these need to be
established.

5. 5.4.5 Observational requirements
Field studies in support ofmodelling of the ocean on a
1-2 year time scale (see summary Table 5.5.1)

'5.5.4 Recommendations

(i)

5.5.4.1 Modelling
A wide variety of modelling efforts should be carried
out. These studies should range from the simplest,
semi-analytic modelling of ocean processes to much more
detailed simulation caloulations of the ocean circulation
itself and coupled ocean-atmosphere systems. The most
promising area in the near future is the simulation of large
scale air-sea interaction ona 1-2 year time scale. See
detailed recommendation in Section 5.5. 3.

Local experiments
- Measurements of the turbulent procel:!ses involved
in surface fluxes should be encouraged, particularly at high wind speeds. Separate studies are
also needed of the response of the mixed layer of
the ocean in an area of intense meteorological
measurements. Both types of studies are essential
for the development oflocal models of the oceans
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planetary boundary layer. Opportunities exist
in experiments such as JASIN, NORPAX,GATE
and JONSWAP. Possible regional differences
should be kept in mind.
-

Field.studies of coastal and equatorial upwelling.
Opportunities exist in CUEA, INDEX, MONEX,
and the Soviet experiment. Where possible, field
studies should be designed to study both oceanic
and atmospheric aspects of these processes.

TABLE 5.5.1
Summary ofproposed field experiments needed for ocean model
parameterization studies and verification. In this context "global"
means the scale of a major ocean basin
Field Studies

Climatic
Time Scale

Local

<2 years

Global observations

For verification of ocean models, observations need
only to be made over a major ocean basin. "Global"
will be understood in that context.
-

Recommendations are summarized in Table
5.5.2. In measuring the heat content ofthe ocean,
particular attention should be paid to the sampling problem caused by mesoscale eddies. The
possibility that seasonal variations of salinity
need to be included should be investigated.

2-100 years

Global

Local surface flux
measurements
Local miXed layer
measurements
Field studies of equatorial and· coastal
upwelling

Data sets for model
verification.
(see Table 5.5.2)

~easurements

Tracer studies of intermediate and deep
water circulation
Large scale float experiments to study mesoscale statistics and
the time-averaged
flow

in
intense currents
Current meter
measurements of
mesoscale eddies
Vertical mixing in the
open ocean and
coastal regions

TABLE 5.5.2
Tentative specification of global observational requirements for verification of ocean models intended for seasonal and yearly times scales.
In this context "global" means the scale of a major ocean basin

Quantity
Surface temperature
Heat content upper layer **
Surface stress
Sea level
Ice cover

Space Scale *
200 km
200 km
200 km
200 km
200 km

Time Scale
5-10 days
5-10 days
5-10 days
5-10 days
5-10 days

Accuracy (Iq)
(Desired)
(Useful)

OSC

1.0 kcal Cni-2
0.1 dyne cm- 2
2cm

1.5°C
3.0 kcal cm;-2
0.4 dynes cm-2
10 cm

Period
FOOE

* The space scale is defined as a distance L, where a representative sample for a region L xL is desired. Extra resolution required in
special regions.
** ~easurements by drifting buoys, ships of opportunity. Opportunities in the 100SS programme, NORPAX, POLEX and ISOS.
(ii) Field studies in support of modelling of the' ocean on a
2-100 year time scale (see summary Table 5.5.1)

Local experiments

---', Ongoing research on major intense currents
should continue. Scales of variability should be
established where unknown, e.g. equatorial
currents, Antarctic Circumpolar current and the
Western boundary current extension regions.
Parameterization of the variability in major
currents such as the meanders of the Gulf Stream
and the Kuroshio Current is essential in climatic
models of the ocean. Opportunities exist in
INDEX, GATE and ISOS.

'--- Experiments to determine the statistics of "mesoscale" eddies in the open ocean are' required for
formulating models which will treat the eddy flux
of heat through the water column ~orrectly.
Opportunities exist in MODE,POLYGON and
POLYMODE.
- Field studies of convection on the ocean are
. required in,order to test parameterization schemes.
Special attention should be given to regions
where intermittent deep convection leads to
water mass formation aml sinking processes, and
to the evolution of surface haloclines in regions
of ice formation. Opportunities existin ISOS and
POLEX.
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Ocean models require detailed information on
vertical exchange processes. It is recommended
that field experiments measuring internal gravity
waves in the thermocline concentrate on the
interaction of the motions with the large-scale
fields via turbulence. Opportunities exist in
NORPAX, IWEX, POLYMODE.
The flow of intense currents through narrow
passages needs further study in order to understand their control over ocean circulation.
Opportunities exist in ISOS and POLEX for
example.

Global experiments

-

The large-scale pattern of flow below the thermocline which determines the ocean response on
time scales of 5-100 years is difficult to measure
directly. Such information is essential for verifying the ocean circulation models. This situation
can only be remedied by a very large effort.
Tracer studies (e.g. GEOSECS) aimed at determining the rates of intermediate and deep water
formation, and the associated transport patterns
should be expanded. In addition, large scale
.experiments using very large numbers of neutrally
buoyant floats tracked from shore stations should
be made to establish both mean flow patterns and
eddy statistics. The combination of tracer and
float studies in the same geographic area is
desirable in order to minimize ambiguities in
interpretation. An eventual goal would be a
direct measurement of the overall poleward
transport of heat by ocean currents averaged over
several years with an accurate estimate ·of the
relative contribution of the mesoscale eddies and
the large-scale time-averaged flow.

Monitoring

The nature of the climate problem makes it certain
that a major ocean monitoring system must be
devised and established. We recognized the importance of this task but did not address it. A full statement of the problem does not exist to our knowledge,
but some consideration was given to it by the
D.S. National Academy of Sciences Workshop on
"The Role of the Ocean in Climate Prediction"
Sept.-Oct. 1973, whose report will be available
shortly. Attention is also drawn to the future work
of the recently established SCOR Working Group 48
on "The Influence of the Ocean on Climate".
In view of the scarcity of climatic time series of
oceanic property distribution, it is urged that as long
as weather ships are maintained, every effort be made
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to conduct a regular programme of ocean profile
studies. This should encompass bi-weekly hydro.
graphic profiles (temperature and salinity) to 2000 m,
and more frequent temperature profiles to 150 m.
Special effort must be made to ensure quality control
in the observations.
In places where historic series exist, such as station
PAPA in the Pacific, efforts should be made to
continue some significant observations even if the
weathership operation ceases.
Tide gauge records of mean sea level, particularly
those of high quality and long length should be
maintained.
(iii) Paleoclimates

The study of paleoclimates provides valuable insight
into the behaviour of the ocean by providing a
broader context. It plays the same role as the study
of atmospheres of other planets on the study of the
earth's atmosphere. Research on ocean bottom cores
and the building of simplified mechanistic models
should proceed together. CLIMAP is an example of
a programme in this area (see Chapter 2).
5.6 Cryosphere Processes
5.6. 1 Scientific objectives
On time scales of a season to as long as a million years,
the most marked and extensive changes of the earth's
surface properties result from variations of the extent of
the cryosphere. In the present context, the ctyosphere is
understood to encompass seasonal snow, ice sheets, sea
ice and mountain glaciers. In view of their drastic effect
on the heat balance and boundary layer processes over
both land and ocean, snow and ice must be included in any
global climate model, regardless of its degree of sophistication.
Many important aspects of the influence of the polar
regions on weather and climate are included in various
national proposals to the POLEX programme (pOLEX GARP (North), 1974; POLEX - GARP (South), in
press). An integrated international plan for POLEX is
now being developed.
The four forms of solid water will be considered below
ina sequence that reflects their estimated importance in
inter-annual variations of the climate system (see Appendix 7).
Seasonal snow

Present general circulation models are capable of
simulating the deposition and melting of seasonal snow
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on land. However, the effective change of the surface
heat budget resulting from the deposition of snow depends
greatly onthe type of surface (e.g., bare land, grass land,
or forest). Animportant task during the FGGE will be
to establish, by direct observations, the correct value of
the albedo to be used in GCM calculations, as a function
of surface type and season.
Sea ice

At its maximum seasonal extent sea ice covers nearly
10% of the world ocean, with an average thickness of
3 meters inthe Arctic and 1 meter in the Southern Ocean.
Anomalies of the annual surface heat balance of only a
few Kcal/cm2 can cause shifts of the sea ice boundaries
by hundreds of kilometers and introduce drastic changes
of the sea surface conditions and the state of the upper
ocean layers. As in the case of ice sheets, a number of
problems remain to be solved concerning the constitutive
and other properties of the cryosphere material itself.
The dynamic ice model being developed by AIDJEX
(Maykut, Thorndike and Untersteiner, 1972) is built on
an analysis of small and meso-scale processes, designed
to improve the understanding of basic sea ice mechanics,
with the ultimate objective of making possible the incorporation of sea ice in computations of the global climate
system (pOLEX-GARP (North), 1974; POLEX-GARP
(South), in press).
Ice sheets

Nearly 4/5 of the earth's fresh water supply resides in
the ice sheets of Antarctica and GreenllJ,nd. According
to geomorphic evidence, the variations of these ice sheets
during the past 105 years have been relatively small,
especially when compared to the behaviour of the ice
sheets of North America, Europe and Asia over the
same period of time (see Chapter 2). Initially, it seems
sufficient to treat the Antarctic and Greenland ice sheets
as given geographic features in calculations with general
circulation models. This should" be satisfactory for
investigations of the short-term variability of climate.
For the most general studies of the behaviour of the
climate system, however, it will be necessary to treat the
ice sheets as internal rather than external to the system.
The modelling of the dynamics and thermodynamics
of ice sheets, with precipitation and surface heat budget
given asa set of forcing functions, is only at an early
stage of development and must be perfected before the
interaction of ice sheets with the atmosphere and the
oceans on a long-time scale can be clarified. The scientific objectives of a climate research programme must
initially concentrate (a) on improving bOlllldary layer
parameterizations and (b) on long-term monitoring of
the mass balance (surface elevation, albedo, iceberg out-

put, melting at the underside of ice shelves and snow
transport by wind).
Mountain glaciers
Even though mountain glaciers are of meteorological,
hydrological and economic significance in certain localities, their small contribution to the global cryosphere,
both in terms of ice volume and surface area makes them
insignificant as elements of the interactive global climate
system. However, they are important as indicators and
integrators of short-term and long-term climatic changes.
The redistribution of snow by surface wind is of
importance in mountainous regions. It'may lead to the
formation of perennial snow and glaciers where a winter
snow pack would not survive the subsequent summer
under otherwise similar conditions On flat terrain. The
problems and necessary observational programmes required for. monitoring the heat and mass balance of
mountain glaciers are covered in the stated objectives
of the International Hydrological Programme.

5. 6.2 Basic processes
Perhaps the most important aspect common to all
cryospheric processes is that they may be coupled to
other parts of the climate system by strong feedback
mechanisms.
Seasonal snow
The effect of snow is to increase the reflectivity of all
terrestdal surfaces and, in virtually all cases, to reduce
their thermal conductivity. According to climatological
statistics, solid precipitation can reach the ground at
surface air temperature of up to
5°C. In semi-arid
and partially mountainous regions, the progression of
seasonal snow melt (equivalent hydrologically to a continuous heavy rainfall) can be of crucial economic
importance.

+

Thermodynamics and dynamics of sea ice
The large seasonal variations in the extent and propertiesof sea ice provide opportunities for observing and
studying basic processes. The initial formation of sea ice
depends on the heat balance. and the vertical density
structure of the ocean. Once ice is formed, a complex
situation arises in which four media interact: air, snow,
ice and water. Depending on the rate of growth, sea ice
contains between 10 and 70% less salt than sea water.
This ejection of salt destabilizes the upper ocean,while
the ice cover suppresses dynamic mixing and the exchange
of radiative and latent heat with the atmosphere.
Since laboratory tests of sea ice cannot be extrapolated
to the large-scale assemblages of natural fields of ice
"floes", the dynamics of sea ice rem,ains a problem in
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itself. Large-scale ice strain, caused by air and water
stresses, produce a heterogeneous surface (including open
water) with extremely large variations of surface properties and heat balance. Especially complex and ill defined
conditions prevail in the zones of transition between icefree and ice-covered ocean. The least understood basic
processes are ice-to-ice interaction in the interior, airice-ocean interaction at the open boundaries, and iceland interaction as detailed in the scientific plan for
AIDJEX (Maykut, Thorndike and Untersteiner, 1972)
and in the plan for a U.S. contribution to POLEX
(pOLEX-GARP (North), 1974).
The large variability of sea ice extent at longer time
scales is seen in the sedimentary record, for instance in
the North Atlantic where the southern boundary of sea
ice receded by about 2000 km during the past 10,000
years.
Ice sheets

The existence and behaviour of ice sheets are governed
by their geographic location, their surface and bedrock
topography, their internal structure and temperature, and
by the interaction with their atmospheric and oceanic
environment. The magnitude of continental ice sheets is
sufficient for them to create, in part, their own climatological environment. The Antarctic and Greenland ice
sheets have in common that each covers an entire continental plate. In contrast, the earlier ice sheets of the
Quaternary period had extensive southward terminations
on land and showed rapid fluctuations. This different
behaviour may have been caused not only by global
changes of the combined ocean-atmosphere-sea ice system
but also by the different dynamics of the Pleistocene ice
sheets. It has been speculated that the Antarctic ice sheet,
and especially that of West-Antarctica, is capable of
surging, and that it is in an unstable condition at present.
Finally, cores taken from ice sheets provide a detailed
(and sometimes complex) chronology of past climatic
conditions in terms of accumulation rates, paleotemperatures, and measures of past variations in atmospheric constituents (The International Antarctic Glacio.
logical Project, 1971).
Mountain glaciers account for less than one per cent
of the total volume of ice on earth at present and exert
no appreciable influence on global climate. They retain
a portion of the winter snow cover and provide a continuous source of run-off for irrigation and the generation
of hydro-electric power during the dry season.

Mountain. glaciers generally respond with greatsensitivity to climatic change, but the mode of response of
an individual glacier must be ascertained in the light of
lOCal topographic and meteorological conditions.
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5.6.3 Recommendations - Modelling and case studies
(i)

Improve boundary layer parameterization in sea-ice
covered regions

In the Arctic, the actual state of the atmospheric
and the oceanic planetary boundary layers are relatively well documented. However, GCM calculations produce unsatisfactory values for surface temperature and latent heat flux. The extreme stability
of the upper Arctic Ocean is thought to be governed
primarily by fresh-water continental run-off, and
secondarily by haline convection. A comprehensive
theory should be developed explaining how the
thermocline at 30-50 m and the pycnocline at 100200 m depth are maintained and how these conditions would vary with different rates of ice growth,
continental run-off, etc.
A special problem of the Antarctic is the transformation of air from the continent as it passes over the
highly fractured pack ice. Winter-time observations
from aircraft of surface conditions, heat exchange
and air mass modification are needed along typical
trajectories. This will provide a basis for parameterizing surface heat and moisture exchange in terms
of quantities internal to the GCM, or observable by
satellite.
In the Southern Ocean, the upper layer is much less
stable than in the Arctic. Data coverage in the
Antarctic sea region is extremely poor. Its improvement should receive high priority during the FGGE
(pOLEX-GARP (South), in press; Southern Ocean
Dynamics, 1974).
(H) Improve parameterization of sea-ice properties and

motion

In order to include the extent of sea ice coverage in
calculations of the climate system it will be necessary
to study the physics and parameterization of small
and meso-scale processes that are presently not
understood. The results of AIDJEX (1970-1977) are
expected to allow predictions of the field of motion
in the interior of ice-covered regions, ice thickness
distribution including open water, and ice roughness. For an application in connexion with modelling
the global climate system, the present AIDJEX
model must be subjected to extensive performance
tests, with the purpose of introducing suitable simplifications and parameterizations. Proposed under
POLEX are theoretical and experimental studies of
the mechanical interaction of sea ice and land
("shear zone experiment") and, most important, a
meso-scale model of the processes controlling the
position of the unconfined sea ice boundary.
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(iii) Sea ice - cloud interactions
Summer observations in the Arctic indicate the
existence of a persistent stratus layer that coincides
with the extent of the sea ice cover. It affects the
global albedo as well as the heat and mass balance
of the ice. A similar, but perhaps less persistent,
cloud layer is found over melting Antarctic sea ice.
Observations and modelling of the interactions
between sea ice and Summer stratus should be performed in order to ascertain their climatic significance.
(iv) Variations in extent of snow cover and sea ice
The most informative test of a model of the atmosphere-cryosphere-upper ocean system will be its
ability to simulate the annual variation of sea ice
extent and of snow cover on land.
Sensitivity calculations with various types of GCMs
should be performed of the effect of global and
regional anomalies of seasonal snow cover including,
if possible, the effect of variable albedo depending
on the type of snow-covered surface.
It is possible that the onsets of major continental
glaciations were initiated by small or meso-scale
process. Experimental and theoretical studies should
be made to analyse the interaction of heterogeneous
surfaces consisting of bare tundra, snow patches,
lakes and taiga, with special emphasis on identifying
possible feedback mechanisms that would enhace the
growth of snow patches into a continuous snow
cover. Eventually, these mechanisms should be
expressed in a parametric form that can be used to
study the effects of human activities near the boundaries of perennial snow, such as the creation of
artificial lakes and the diversion of rivers.
(v) Parameterization of the planetary boundary layer

(PBL) over Antarctica
Parameterizations of the PBL over Antarctica will
require considerations of the special circumstances
not found in other regions: a large part of the snow
deposition in the interior of Antarctica is not associated with clouds and cannot be observed by conventional means. Therefore, it should be modelled
by computing the moisture transport across the
continental margins, taking into account the large
annual variations of evaporation due to the annual
cycle of sea ice cover around the continent. Further
observations and theoretical studies are needed to
relate the persistent surface wind regime ofAntarctica
to the highly negative radiation balance of the earthatmosphere system and the generally dome-shaped
topography of the continent.

(vi) Long-term monitoring of ice-sheets and glaciers
Long-term monitoring observations in both Antarctica and Greenland should include large-scale surface topography, the position of the edges of ice
shelves and outlet glaciers, and changes of the Surface albedo.
Mountain glacier variations are already under surveillance by the Permanent Service on Fluctuations
of Glaciers which exists under ICSU-FAGS sponsorship; a "worId Glacier Inventory" is part of the
IHD-IHP Programme.
(vi) Sea ice formation and production of bottom water
Strong off-shore winds during the Antarctic winter
cause persistent polynyas which must be regions of
rapid sea ice formation. Suitable experiments (such
as ISOS (Southern Ocean Dynamics, 1974)) should
be performed to study the possible role of sea ice
formation in the production of bottom water.
Similar studies are needed in the northern North
Atlantic Ocean.
5.6.4 Summary of main recommendations
(i)

Seasonal snow cover
Sensitivity studies should be conducted using general
circulation models, with special attention being paid
to possible feedbacks - for example, between snow
cover and temperature (cf. 4.3.3.2). Globalmonitoring of the extent and albedo of snow cover by
satellite should be included in both short-term and
long-term observational programmes.

(ii) Sea ice

The role of sea. ice in modifying the boundary l,ayer
processes in the air and the ocean, especially the
effects of open water, must be established by a combination of observational and modelling studies.
Particularly, the seasonal and long-term variations
of the seaward edge of the ice should be monitored
by satellite observations. Special effort should be
placed on parameterizing the sub-grid scale dynamic
and thermodynamic phenomena in the zone of
transition between open and ice-covered seas.
Both the seasonal and the long-term changes of the
mass balance require intensified experimental and
theoretical studies of the close coupling of the dynamic and thermodynamic processes in polar sea ice
fields. Long-term monitoring of surface albedo,
temperature, and microwave properties of ice is
recommended as a control on ice model calculations~
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(Hi) Ice sheets

GCM sensitivity studies should be undertaken of
the interactions between continental ice sheets and
the dynamics of the lower troposphere. Continued
efforts are necessary to model the steady-state dyna-
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mics of ice sheets and to establish possible unstable
models.
The search for evidence of past Antarctic ice surges
should be continued (SCAR, 1971). Further increased use should be made of information stored
in ice cores for reconstructing past climate.

TABLE 5.6
Cryosphere - Summary of Tentative Observational Requirements

1. Study of Processes

Observational Requirements

Seasonal snow cover

Interaction of heterogeneous surfaces, snow
patches, lakes, tundra, with special emphasis on
p9sitive feedback.

Special programme of small and macro-scale
observations, to be specified. Proposed FGGE
data, Table 6.2, 6.3, 6.4, and 6.6 useful but
insufficient.

Sea ice

Extend AIDJEX model calculations to cover
entire Arctic Ocean.

FGGE drifting buoys, see (POLEX - North,
1974; Maykut, Thorndike and Untersteiner,
1972).

Develop models for sea-ice-air interaction at
land-bound and open-sea margins.

POLEX required field data to be specified after
development of model concepts. Monitoring
data, Table 6.6. 1.

Ice-cloud interaction.

See Tables 6.2,6.3, 6.5, and 6.6.1. Specialfield
observations to be defined (POLEX- North).

Special studies of air and ocean boundary layers
in sea ice regions (effect of leads and polynyas).

Some aspects covered by AIDJEX and POLEX.
Monitoring data, Table 6.2,6.3,6.5, and 6.6.1
will be useful. Intensive observational programmes to be defined.

Sea ice and bottom water formation.

See ISOS andPOLEX-South. Special observations to be defined.

Planetary bOUl?-dary layer over Antarctica.

FGGE observations, Tables 6.2 and 6.3 will be
useful. See also (POLEX - South).

Ice sheet dynamics modelling.

See IAGP.

Ice sheets

2. Validation of Models
Seasonal snow cover

Time-dependent extent of snow cover (from
GCMs).
Surface heat balance and melting rate (regional
from GCMs, local from PBL models).

Sea ice

(POLEX - North ;POLEX - South; AIDJEX;
Southern Ocean Dynamics; Antactic Glaciology).

Large-scale sea ice motion from GCM wind stress
fields.

Table 6.6.1 (pOLEX - North; POLEX - South,
AIDJEX).
Table 6.6.1, FGGE, and long-term monitoring
(POLEX - North; POLEX - South).

Planetary boundary layer over ice sheets (especially Antarctica), katabatic winds, moisture
balance.

Table 6.2, 6.3 (POLEX - South), Additional
observations to be defined.

Ice sheet dynamics.

Table 6.6.2 and (IAGP).

3. Monitoring
Seasonal snovy cover}
Sea ice
Ice sheets

FGGE and long-term monitoring, see Table
6.6.1.
FGGE, Tables 6.2, 6.3, 6.4, 6.6.1, and IHP
programme. Some additional local observations
may be required.

Regional modification of pBL structure and
surface heat balance by variable ice concentration.

Seasonal variation of ice extent.
Ice sheets

Observational Requirements

Observational Requirements

See Section 6.6.
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5.7 Carbon Dioxide Processes
5.7. 1 Scientific objectives
Atmospheric CO2, because it is an absorber of infrared
radiation, influences the earth's· heat budget and hence
climate. Large changes in the amount of CO2 in the air
would almost surely produce climatic change, but the
magnitude and kind of change which might occur cannot
be determined from present knowledge.
The direct objective in studying atmospheric CO2 in
relation to climate is to produce reliable predictions of
future atmospheric CO2 variations in concentration which
might occur as a consequence of climatic change or as
a by-product of man's industrial activity, independent
of climate. To be able to make such predictions will
require that the geochemical cycle of CO2 becomes sufficiently well established to be able to predict how the
earth's carbon pools which interact with atmospheric
CO2, especially the oceans, marine sediments, and land
plants, are likely to respond to such climatic or manmade stimuli to the CO2 cycle.
See Appendix 8, for further discussion.

CO2 concentration would reach twice the pre-industrial
value near the year 2030. Since such a prediction involves
less, probably considerably less, than half of the estimated
reserves of fossil fuels having been burned, the concentration might be expected to rise still higher during the
latter part of the next century. Furthermore, geochemical
and ecological considerations suggest that the capacity
of the oceans and of land plants to take additional CO 2
from the air is likely to diminish as higher levels of
atmospheric CO2 are rea,ched, so that the airborne fraction from combustion itself will increase. If one adopts
an optimistic estimate of fuel reserves, C02conceptra~
tions perhaps even teh times the pre-industrial level are
a possibility sometime during the 22nd century. If high
levels of CO2 are once reached, they will almost surely
only decrease rather slowly and thus remain well above
the pre-industriallevel for at least one or a few thousand
years. This is because the ability of land plants to withdraw addition!!-l quantities of CO2 will have been exhausted and the deeper water of the oceans and ocean sediments respond only slowly to changes in conditions at
the sea surface (Keeling, 1970).
Simple geochemicalmodels which depict the exchange
of CO2 between the atmosphere, oceans and land biota
have been used to estimate possible future levels of
atmospheric CO2 (Keeling, 1973). The majority of these
models are linear; they predict a constant airborne fraction as long as the input of CO 2 to the air increases
exponentially. Since the' input of industrial CO2 is likely
to riseexponentially for several more decades and still
produce only minor, essentially linear, adjustments to
the global carbon cycle; all these models are able to make
useful predictions up to about the year 2000.

5.7.2 Basic processes requiring study
The carbon dioxide content of the atmosphere has
been found to be spatially almost uniform at about
300 ppm (parts per million) by volume of dry air, but
has been increasing appreciably in recent years. Paleochemical evidence suggests that a concentration somewhere near 300 ppm has prevailed for ten thousand
years or longer and that the recent rise in atmospheric
CO2 is due to a new factor in the carbon cycle, namely
the combustion of large amounts of fossil fuels, cQal,
petroleum and natural gas. On the basis of rather unFor predictions extending into the next century, no
certain measurements carried out since the late 19th cen- linear model can be correct, however, because of the
tury, the rise in atmospheric CO2 since the industrial era decreasing capability of surface sea water to absorb
began is between 30 and 40 ppm. Observations at Mauna further increments of CO2 as the water becomes progresLoa Observatory, Hawaii, and at the South Pole indicate sively more acid from the CO2 already absorbed. Also,
an average concentration rise from 1958 to 1974, cor- rising CO2 levels will probably not produce proportional
rected for seasonal variation, by 14 ppm, or on the increases of land biomass in the next century even if
average 0.9 ppm per year. The annual rise has, however, such increases are occurring' now, because other factors
itself increased during this period from near 0.7 ppm . limiting plant growth wilI become progressively more
per year in the late 1950's to about 1.5 ppm per year in important.
1973. This rate of increase is consistent with the rise in
Besides such problems of ;non-linear interactions, basic
rate of consumption of fossil fuels which have averaged uncertainties need to be resolved as to the relative impor4.5% per year since about 1950 (Ekdahl and Keeling, tance of plants and ocean carbonate sediments as com1972; Bolin and Bischof, 1970).
pared to ocean water in the removal of CO2 from the air.
A comparison of the world wide CO2 emission from Also, none of the existing models can be shown to be
combustion with the rate of atmospheric CO2 increase correct in specifying or parameterizing the circulation of
indicates that about 55% of the emitted CO2 has been intermediate and deep ocean water which is of critical
accumulating in the air. If this fraction were to continue importance in long-term prediction. Finally, there is the
to remain airborne and if fossil fuel consumption were question, not easily answered, as to whether increase's
to continue to rise at about 4% per year, the atmospheric in atmospheric carbon dioxide might produce secondary
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effects which in themselves could influence significantly
the level of atmospheric CO2 ,
Although it would, of course, be desirable to make
better use of existing information, all modelling efforts
are handicapped essentially by a lack of certain basic
data. An obvious need is for better documentation of
fossil fuel consumption, more extensive reporting of the
carbon content of fuels, and more complete estimates of
world-wide fuel reserves. Especially lacking is a quantitative knowledge' of how rapidly various layers of subsurface ocean water exchange with surface water, and
whether the rates of exchange are likely to vary appreciably with time. Even the chemical data from sea water
are too uncertain to model accurately the large changes
in surface water chemical composition which may occur
in the next hundred years.
With regard to the fraction of industrial CO2 which
land plants will absorb, little chance exists to detect
directly the growth response of plant communities to
changing levels of atmospheric CO 2 because the relatively
small changes in biomass which may occur in the near
future will be indistinguishable from sampling uncertainty. Nevertheless, a survey of land biomass in representative habitats should be carried out as carefully as
possible so that in two or three decades a re-survey could
detect if significant changes in carbon storage resulting
from CO 2 increase or climatic change will then have
taken place. Also, without waiting for the results of
such are-survey, more systematic studies at elevated CO 2
levels could be made, for example in greenhouses, so as
to improve our general understanding of the response of
plant~ to variable ambient CO 2 , Especially needed are
data on trees. An entirely different approach is to make
use of data on the seasonal variation in atmospheric CO 2 ,
If CO2 were monitored over a wide area for a long enough
time, this parameter could be used to deduce changes in
uptake of the land biota in temperate and polar regions.
Finally, knowledge is inadequate with respect to the
response of marine plants and of carbonate sediments
to changing CO2 partial pressure and the acidity of
ambient sea water. Even the solubility of pure carbonate
phases in sea water is poorly known.

5.7.3 Recommendations - Modelling studies of sensitivity to external stimuli
In spite of the difficulties discussed in section 5.7.2
above, predictions of future atmospheric CO 2 levels are
sufficiently reliable, and the possibility of climatic effects
from CO 2 increase sufficiently important, to justify using
existing geochemical predictions as a provisional basis
for climatic prediction. Climate models should be tested
to establish the sensivity to climate of various pre-
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scribed levels of CO 2 , the probable sequence of climatic
changes which actually may occur and possible coupling
between geochemicalanq, climatic factors which could
produce secondary effecfs.
More specifically, the following studies are desirable:
(i) Changes in the radiative budget of the atmosphere
and in the general circulation if the CO 2 level rises
by factors of, say, 2, 4, 8, and 16 times the preindustrial level of about 300 ppm.' (Regarding a first
attempt to carry out such a study, see Appendix 2.4)
(ii) Comparison of predictions of global climate with and
without including in the model the probable time
variation in atmospheric CO 2 level. This prediction
should extend over at least several thousand years
to provide a measure of the full impact of the exploitation of fossil fuels on climate.
(Hi) Assessment of secondary influences of warming
brought about by a CO 2 increase, including effects
on the CO2 geochemical system itself. For example,
a warming of surface ocean water might increase
the CO 2 partial pressure or reduce the rate of formation of subsurface water so as to cause areduction in the oceanic uptake of atmospheric CO 2 ,

5.7.4 Recommendations - observational requirements
The requirements set forth below are for the purpose
of understanding more clearly the role of CO2 for the
climate of the earth and its variations. All of these
requirements are essentially recommendations which, to
be implemented, will require international co-ordination.
(i) To assess the long-term, secular trend in atmospheric
CO 2 , a .single monitoring station in a location known
to be representative would satisfy the most pressing
demand. In the foreseeable future at least one station
in each hemisphere is needed to guarantee reliability
and to provide continuity if one station should have
to be abandoned for any reason. Measurement
accuracy in the monthly means should be to 0.1 ppm.
It is specifically recommended that the existing
measurements programmes at Mauna Loa Observatory, Hawaii, and at the South Pole be continued.
(H) To establish variations in the secular trend and thus
to obtain a reliable data base for determining the
airborne fraction of industrial CO 2 will require at
least two stations in each hemisphere because no
single station in either hemisphere can be proven to
exhibit representative variations without a second
station with which to compare it. All stations should
be located in areas where at least some of the air
reaching the station each month is ·free ,of all local
influences. It is specifically recommended that the
existing programmes at Baring Head, New Zealand
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(begun in 1969) be continued. Additional stations
near the equator or in the southern hemisphere
would be desirable. (At the present time there are
proposals for stations in the Line Islands, Samoa,
and near Tasmania.) Also measurements in the
North Polar region are indispensable.
(iii) To establish the response of land plants to the long
term CO 2 increase will require that enough data be
gathered on a monthly basis to obtain integrated
estimates of the seasonal withdrawal of CO 2 during
the growing season in temperate and polar latitudes.
Up to about eight additional stations would be
desirable, especially in the northern hemisphe:J;e poleward of 30oN. Aircraft sampling carried out on a
regular basis with sampling at least once per month
from near ground level to within the stratosphere
would provide additional essential data from which
integrated estimates of withdrawal could be obtained.
(iv) With respect to all three of the above monitoring
proposals, very great care should be taken to intercalibrate instruments throughout the period of
measurement. This is because the variations between
stations and over short periods are small compared
to the large background level of CO 2 ,

Carbon Dioxide Processes -

I. Long term monitoring

2. Variations in long-term trend

3. Response of Land Phmts

4. Response of Oceans
Variables: CO 2 partial pressure
Total dissolved inorganic
carbon
Titration alkalinity

(v) Toimprove estimates of the production of industrial
CO2 , statisticians concerned with documenting production of fuels should also provide accurate documentation of the proportion of carbon in these fuels.
This information should be gathered separately for
each major fuel type, and for individual regions and
countries in order to establish reliable world averages. It is recommended that this effort be carried
out by the Statistical Office of the United Nations.
(vi) To help establish unambiguously the response of the
oceans to increasing atmospheric CO 2 levels, widely
spaced direct measurements should be made at least
once per year of chemical properties of surface and
near surface ocean water at fixed ocean stations.
Besides measurements of CO 2 partial pressure, the
total dissolved inorganic carbon and the titration
alkalinity should be measured to an accuracy better
than 0.1 % of the values for average surface water.
Stations should be chosen to be representative of
large· oceanic regions and should be located where
they can be reoccupied on a regular basis, for
example, using weather ships. The character of any
seasonal variation should be established and care
taken thereafter to obtain representative year-toyear variations.

TABLE 5.7
Summary of Observational Requirements (see text for details)
Space Resolution

Time Resolution

One station each hemisphere
(Mauna Loa) (South Pole)
Two stations each hemisphere
(New Zealand) (Weathership P)
and additional in S. hemisphere and
equatorial zone
Eight additional stations - especially
north of 300 N
Aircraft sampling
Widely spaced ('1) surface and near
Surface waters at fixed locations

IS days

5.8 Ozone Processes and Processes of Other Chemically
Active Minor Constituents
5 .8 . 1 Introduction
A relatively small fraction of the atmospheric mass
participates directly in those radiative processes which
are effective in determining the thermal structure of the

Period

long"term

long-term
Sufficient number
to separate seasonal
variations and
trends

A<:curacy

±

0.1 ppm

.
.

0.1% '1

atmosphere; a lesser fraction of the atmospheric mass
participates directly in the atmospheric component of the
hydrological cycle, and an even smaller fraction participates in the photochemical processes. Yet these are
processes which play a major role in determination of
climate and the impact of climate on man and his activities.

CHAPTER

Due to their sigllificance for the head budget of individual layers of the atmosphere, the space and time distribution of HzO, CO z and 0 3 must be calculated correctly
in climatic models. 0 3 , which is the principal topic of
this section, presents difficulties of special kinds, as its
production and destruction is determined photochemically, and this involves knowledge of the distribution of
a number of other constituents. Most of the atmospheric
ozone is concentrated in the stratosphere, which constitutes about 15% of the atmospheric mass. This region
of the atmosphere is radiatively heated primarily by the
absorption of ultraviolet radiation by ozone. The differential heating provided by the absorption determines the
depth, static stability and, in part, the dynamic behaviour
of the stratosphere. As noted in sections 4.2.4.2,
4.3.3.3 and 5.2, radiative and dynamic coupling occurs
between the troposphere and stratosphere with active
participation by the stratosphere in both instances. For
example, the tropospheric synoptic scale vertical energy
flux is modulated by the stratosphere in accordance with
its ability to absorb or transmit this flux, consequently
the synoptic evolution of the troposphere can be influenced by the thermal and dynamic state ofthe stratosphere.
In addition to short term variations ofozone concentration, caused by synoptic processes, there also exist long
term variations which have not yet been explained. These
may represent changes in average meteorological conditions, in solar spectral input or in concentrations of
reacting gases affecting 0 3 ,
Stratospheric 0 3 is important not only as a climatic
factor but also is of fundamental importance for life on
earth by protecting it from harmful ultraviolet radiation.
It is now well recognized that man's activities could
influence the distribution of 3 , Examples of this are
continued use of chlQro-fluoro-methanes and the injection
of NO into the stratosphere by high-flying aircraft. Such
affects will complicate the interpretation of future 0 3 long
term trends on the time scale of decades.
Special mention should be made of our very incomplete
knowledge of the nitrogen cycle of the system biosphere(ltmosphere, which may be an important climatecontrolling factor. The release of NzO from the ground
controls the production of NO in the stratosphere, and
this is typical of an area involving sources and sinks
where our knowledge is fragmentary. There is thus the
possibility of inadvertent interference in the climate by
man's activities which merits further study. See Appendix 9 for further discussion.

°

5.8.2 Chemistry in atmospheric models
Reduced chemical schemes
It is clear that it is not feasible to include all reactions
listed in the position paper (see Appendix 9) to compute
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0 3 in climatic models. To assist in the choice of reaction
schemes a classification of the reactions into categories,
according to their importance, is desirable:
(i) The minimum set of reactions to be adopted consists
of the oxygen-only reactions, the catalytic nitrogen
oxide reactions and the main reactions describing
the distribution of NzO, NO, NO z, HN0 3 , HO,
and HO z. (These reactions are marked in the position paper by italicizing the reaction number).
(ii) The remaining reactions are only of secondary
importance for a description of the 0 3 distribution
in the stratosphere, except possibly the chlorine
reactions during volcanic episodes. This category
contains reactions describing the distribution of
CH4 , CO, H z, and HzO z. These distributions, when
compared with observation, may provideindependent validation of model simulations.
(Hi) It is unlikely that the chlorine reactions R36-R44

(see Appendix 9) affect the ozone layer significantly
under normal conditions. However, Cl and ClO
are potentially very effective ozone reducing catalysts. Because major, especially submarine, volcanic
eruptions (e.g. Krakatoa) can inject large quantities
of chlorine compounds into the stratosphere, there
may be periods during which ozone is reduced
sufliciently to affect the global climate.
Heterogeneous reactions

Due to lack of quantitative knowledge, we cannot
recommend how heterogeneous reactions be treated.
Nevertheless it is obvious that they play an important
role, especially in the troposphere with regard to water,soluble and reactive gases. Of special importance is an
investigation whether such gases can reach the stratosphere from ground levels in amounts sufficiently significant to affect the ozone layer.
Uncertainties in the photochemistry

During recent years our knowledge about the relevant
rate coefficients, and their temperature dependence has
improved very significantly. Tl:rls is especially demonstrated by the close agreement between results coming
from different laboratories, adopting different experimental techniques. However, important uncertainties
remain with regard to reactions R3a and R17. The way
in which methane is oxidized to COz and HzO is relevant
for establishing the sources and sinks of CO and H z,
and of 0 3 in the troposphere.
One of the most important and still insufficiently known
parameters in photochemical models is the solar ultraviolet flux, especially between 1800 and 3100 A.
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scheme, with Os as a prognostic variable, would be
to use the oxygen-only reaction scheme with the
chemical rate constant for reaction R3 modified
empirically to simulate the full chemist1:y. From
photochemical considerations, a model with an
upper boundary at 40 km and vertical resolution of
2-3 km would appear to be adequate for these
studies.
A further possibility might be to iterate between 2and 3-D models using the complete chemistry of the
former with dynamics derived from the latter to
update the Os distribution. Of course, it may prove
necessary to use complete chemistry and 3-D models
for some purposes.
Even if a two-dimensional parameterization were
permissible for dynamical and climatic purposes
(which remains to be determined), it may be desirable
for biological purposes to forecast explicitly the Os
concentrations in long-term integrations with a 3-D
general circulation model. For example, the predictionof future natural fluctuations in the total Os
amount would be of value, as would possible perturbations generated by anthropogenic causes. For
such explicit Os forecasts the parameteriiation of
the Os sink at the earth's surface would be required,
and the possibility of tropospheric photochemical
sources and sinks of Os would have to be clarified.

5.8.3 Recommendations for the incorporation of photochemistry into atmospheric models

Atmospheric photochemistry is studied in 1-, 2~ and
3-dimensional models. The parameterization of atmospheric motions involved in 1- and 2-D models permits
very elaborate chemistry to be included which is impractical in a 3-D GCM. The latter model imposes very
heavy demands on computer time; moreover, memory
limitations restrict the number of gases which can be
transported by the lllodel. For example, the minjmum
number of such g~ses includes Os, NO, NO z, NilO and
IlNOs according to the previous discussion. . Other
required constituents such as OH and HO z bave to be
computed. from pbotocbemical equilibrium conditions
based on tbe calculated concentrations of the transported
gases. Such simplifications can be verified by sensitivity
fests in I-D models using more complete chemistry.
(i)

Studies of the interrelations of atmospheric chemistry
and dynamics in GeMs
In order to elucidate the interrelations between
atmospheric chemistry and atmospheric dynamics, it
is desirable to conduct a series of experiments which
incorporate simplified chemistry into GCMs. For
example,NzO, which has a very simple chemistry,
can be included in a strrtightforwatd experiment in
a GCM and this would provide insight into possible
spatial and temporal variations of this gas as well
as helping to define the NO source in the stratosphere.
Additionally, this experiment could shed light on
.tropospheric~stratospheric exchange and its subgrid
scale parameterization; currently GCMs represent
this exchange process inadequately.

(ii) Sensitivity and parameterization studies with regard
to ozone
Sensitivity experiments are desirable to assess how
accurately Os concentrations and photochemistry
need to be included in a GCM. For example, if
tropospheric dynamic variations were found to be
relatively insensitive to synoptic stratospheric Os
fluctuations, it might be possible in long-term clima. tic experiments to parameterize suitably the Os distribution. Depending on the accuracy required for
the Os speCification, a variety of parameterizations
is possible. The simplest consists of using the seasorial, zonally averaged observed Os distributiontbis is' the current practice in some GCM's. Improved procedures on this would be to vary the Os
total amount in relation to synoptic situations using
empirically derived statistics or to parameterize the
vertical Os distribution in terms of the observed or
prescribed total amount. The simplest photochemical

5.8.4 .Recommendations - observational

requirem~nts

5.8.4.1 Study of processes
In order to shed light on the validity of component
processes in photochemical modelling, 'it is highly
desirable to assemble representative and accurate
values of the atmospheric chemistry climate, especially in the stratosphere. This could be achieved by
means of "expedition monitoring", in which space
sections are sampled by a:itcraftand large-balloon
experiments. Useful constituents in this category are
NO, NO z, HNOs, NzO, HzO, CO, CH4 ,Hz and
of course, Os.
(ii) Observations are required of certain sporadic events,
which are now or may well be in the future required
to test modelling concepts or solve new chemical
problems. Key examples would be observations of
Os, HzO, NzO, CO and SOz above and below the
tropopause, of HO, of stratosphericCl0z , of
boundary-layer fluxes of Os, CH4 , NzO and CO and,
most especially, of the tropospheric and particularly
the stratospheric burden of products of volcanic
eruptions (802 , chlorine and particulates). In the
latter connexion it may well be essential to ensure
that in-situ radiative fluxes are simultaneously monitored (i.e. following major volcanic eruptions).
(i)
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(m) Sources and sinks in biochemical cycles (especially

the nitrogen cycle) need to be determined.
(iv) A survey of industrial efHuents is required to assess
their potential climatic impact (see Appendix 9).
(v) Laboratory measurements are required of the oxidation of CH4 relevant to atmospheric conditions (see
Appendix 9).
(vi) Regional ozonesonde networks, such as the North
American network in the 1960's or the present
European network, are required. Synoptic ozonesonde observations at a minimum frequency of once
a week (preferably three times a week) are required
to determine the nature of ozone variations in the
upper troposphere and lower stra~osphere ~md to
study how ozone is transported from the stratosphere
to the troposphere.
5.8.4.2 Global observations
(i)

Of major importance is the systematic global observation of atmospheric 0a, since that is the primary
photochemical parameter of climatic importance.
This includes measuring both the total 0a (1-1.5%
accuracy) and the vertical distribution of Oa (5%
accuracy near the Oa maximum, decreasing to 10%
accuracy elsewhere). Satellite observations of 0a
(the BUY experiment for example) isconsideredespecially appropriate for levels above the ozone maximum. These is no method currently used that gives
the global distribution of Oa below the maximum.
The existing WMO network of 0a observing stations
should be continued and extended.

(ii) A key input parameter for photochemical models is

the incoming solm' ultraviolet flux as a function of
wawelength, which can be uniquely specified only
by satellite observations (10% accuracy; spectral
resolution 1800-2300A: 25 A, 2300-31QO A: 50 A).
5.8.4.3 Monitoring
(i)

Long term monitoring of ozone can be conducted
with the use of the WMO ozone network extended
as indicated in table 6.7. The present ad hoc
arrangements for regional ozonesonde networks
need to be systematized and coordinated to' give the
most useful time and geographic spacing for long
term monitoring of ozone and deterniination of
ozone statistics in the stratosphere (up to 30 km).
10 such stations (2 in the tropics, 3 in mid-latitude
and sub polar regions of each hemisphere, and 1 in
polar regions of each hemisphere) are needed to
detect year to year variations and long period trends
in the Oa distribution.
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(ii) Long term monitoring of the variations of the solar
UY flux, as given above, to determine'variations
in the photochemical source function for ozone and
changes in radiative heating in the stratosphere.
(iii) There is a need for informationon tropospheric NzO.
This could best be observed,on an occasional basis
at WMO background pollution inonitoring stations
(order of 5% accuracy desirable).
5.9 Aerosolsprocesses
5.9 . 1 Scientific objectives
As with other constituents of the atmosphere capable
of affecting the energy budget, the overall objective here
is to understand the role aerosols play in atmospheric
short and long-wave radiation, and the kind and magnitude of· climate effects that can be expected as a result
of regional and global variations of aerosol composition
and loading. This overall objective can be broken down
into the following sub-objectives:
(i) Assessment of the nature and magnitude of short
and long-term variations of aerosol sources, both
natural and man-made, and both tropospheric and
stratospheric. Since the average atmospheric aerosol
burden represents a balance between sources and
sinks, the long-term variations of the sources and
sinks, as well as their dependence on climate itself,
require study.
(ii) On the basis of the assessment under (i) ,one should
attempt to model the atmospheric aerosols in terms
of their sources, modification processes, removal
processes and the meteorological variables involved
such as transportation and mixing.
(iii) On the basis of (i) and (ii) it should possible to
assess any short and long-term variations of the
radiation budget resulting from variations of aerosol
sources and sinks. This assessment should consider
both
~ the direct radiative effects in cloud free air, and
- the indirect radiative effects resulting from the
modification ·of the' microphysics of clouds by
aerosols.
(iv) The results obtained can then be used to incotporate
aerosol processes, to the extent necessary, in'GCMs
or any other models used to study climate changes.
For the following considerations, general reference is
made to Appendix 10.
B. 9 .2 Basic processes requiting study and their modelling
5.9.2.1 Troposphere
Basic characteristics
Atmospheric aerosols and their effects on radiation are
complex and poorly understood phenomena.· The aerosol
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particles cover a range ofsizes from less than 10-6 to more
than 5 X 10-3 cm radius but the range which is important
for radiation is narrower, from about 10-5 to 10-4 or,
rarely, to 10-3 cm. The density, size and shape of the
particles varies considerably with relative humidity due
to the absorption of water by the water soluble fractions
or the particles. Below about 40% relative llumidity most
particles are dry and of irregular shape: above about
80% relative humidity most particles are almost spherical
and approach the quality of water droplets as 100%
relative humidity is approached, In general each particle
consists of a mixture of different substances. Only in cases
where a single source dominates (as, for example, sea spray
particles over the ocean) is the composition of particles
relatively uniform (Winkler and Junge, 1972).
, A considerable proportion of aerosol matter is formed
within the atmosphere by homogeneous and/or, heterogeneous gas reactions. For example, most sulfate found
in aerosols results from SOz oxidation, and some chlorides,
nitrates and hydrocarbons may be formed in a similar
way. Other processes by which aerosol formation and
growth are modified within the atmosphere are thermal
coagulation and the cycle of cloud or rain droplet formation and evaporation (SMIC, 1971). '
Because of their unique characteristics, atmospheric
aerosols are difficult to simulate in the laboratory. They
are constantly modified during their stay within the
atmosphere so that it is justifiable to speak of the dynamics
of atmospheric aerosols. Compared to other atmospheric
constituents their average residence time is short, i.e.
between about a few days and two weeks in the tropo'sphere (but on the order of years in the stratosphere).
We can conveniently sub-divide the tropospheric
aerosolsinto four main groups (see further Appendix 10):
(i)

The sea spray aerosol is formed by the "bubble
process". Because of their relatively large sizes and
their solubility the sea salt particles are very efficiently
removed by washout and rai,nout so that only a minor
fraction of the considerable global production
penetrates the "cloud filter" beyond about 3 knl
above the sea surface, even in the centre of oceans.
Production and removal rates are almost entirely
functions of the climate itself. Sea spray aerosols
will, therefore, not be of any importance to initiate
climate changes. They should, however, be considered in the radiation budget because of their
possible feedback on climate changes (Junge, 1972).

(ii) The continental aerosols (without the mineral dust

component, which will be discussed separately) are
formed over continents primarily by gas to particle
conversion of SOz, NH3 , NOz ,and hydrocarbons

(both natural and man made). The variety of sources
results in a very complex composition. Removal by
washout and rainout is somewhat less,efficient than
for the sea salt particles; nevertheless, as one proceeds
upward to levels above 5 km, the concentration falls
to a fairly uniform world-wide background level
even in the centre of continents. The soUrces of the
precursor gases, both natural (soil, plants) and man
made, can vary independent of climate and result in
changes of the aerosol. Since most of the mass of
these ,aerosols is concentrated in the optically
important size range of 0.1 to 1.0 ).tm radius, such
changes could be of special importance for the
radiation budget.

(iii) Mineral dust is discussed separately although it is of
continental origin, because it may be of special
importance for climate changes. Its global production rates are similar to those of (i) and (ii) and it is
found in aelosols over the entire globe. Substantial
fractions occur in optically important size ranges.
The special interest in this constituent arises from the
fact that the source areas (especially the borderlines
of arid zones) are'very sensitive to variations of
vegetative cover, soil erosion, etc., both man-made
and natural. These variations are known to have
been very substantial in the past on a large variety
of time scales from short-term droughts to changes
over large portions of man's history. It appears that
this aerosol constituent may be one of the most
variable and it is therefore essential to asses the
variability of sources and their effect on the composition of atmospheric aerosols and on the radiation
budget.
'
(iv) The few available data from the middle and upper
troposphere seem to indicate that on the average
these layers are filled with a rather uniform aerosol,
usually referred to as the tropospheric b,ackground
aerosol (SMIC, 1971). It is composed primarily of
those parts of (ii) and (iii) which penetrate to higher
tropospheric layers. It occupies 70-80% of the
troposphere. Beca'ijse, of its fairly low concentration
its possible variations may have little direct effect on
the radiation budget but possibly its indirect effects
on cloud albedo are of climatic interest. O'ijr present
knowledge about the background aerosol is very poor.
Distribution of aerosols

Important for all radiation budget considerations is the
spatial distribution of the combined total aerosol. As a
first approximation it would be sufficient to have reliable
data on the average distribution but our knowledge in
this case is very unsatisfactory. Broadly speaking, the
distribution is as follows: With regard to the background
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aerosol the local average number concentrations (referred
to cm3 STP) do not seem to vary by more than about a
factor of three around a global average of about 300/cm3
STP. In general, the backgmund aerosol extends down
to the surface over large portions of the oceanic area.
The less numerous and much larger sea spray particles
are superimposed on the background aerosol in the lowest
few kilometers or below the trade wind inversion. The
continental and the mineral dust aerosol, on the other
hand, vary considerably with time and location depending
on t1;l.e location and intensity of the sources.
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Direct and indirect effects on radiative flux

knowledge, be computed fairly reliably (including multiple
scattering). However, such calculations are exceedingly
complex and it will be important to develop much simpler
but still sufficiently accurate procedures to be used in
general circulation models. The indirect effects of aerosols
via modification of clouds are still not well understood.
The presence of aerosol particles in clouds results in
absorption of short-wave radiation. This may be partly
responsible for the fact that albedos of even thick clouds
lie in the relatively low range of 70% and 80%. Cloud
albedos of more than about 80% have not been observed
even under clean air conditions.
An increase in aerosol number concentration, particularly under background aerosol conditions (i.e. for low
total concentrations around 300 per cm3) could,on the
other hand, result in more, but smaller, cloud droplets.
This would increase the cloud albedo if the droplets
retained the same absorption properties (SMIC, 19.71).
Both these non-linear effects compensate each other
partly and the net .effect will depend on details of the
situation. No attempt to estimate this net effect has been
made.
Itmay well be that the indirect effects on the radiation
budget are the most important aerosol effects on climate.
Cloud modelling has not reached the point where the
microstructure of clouds can be included. It may as a
first step, therefore, be sufficient to vary regionally or
globally the albedo and absorption of clouds on the basis
of studies on typical cloud forms. Such studies are in
progress.

We must distinguish the direct effects (in cloud-free air)
and the indirect effects of aerosols (due to changes in
cloud albedo and absorption). One-dimensional radiation
models show that the combination of short-wave scattering and absorption by aerosols, considered with variable
surface albedo, can result in either an increase or a decrease
of the planetary albedo, depending on the numerical
values of the optical properties of aerosol and surface
(Mitchell,1971). The most recent data on the imaginary
part of the complex refractive index of aerosols indicate
that a decrease in the planetary albedo seems to be the
more general case so t1;l.at aerosols would result in a
slight overall warming so far as solar radiation is concerned (Fischer, 1973). The long-wave radiation effects
of aerosols modify opacity in the spectral windows.
This emissivity of aerosols is particularly high in the
8...:.12 pm window, as a result of their sulfate andquartz
content. Even under clean air conditions, this long-wave
emissivity of aerosols cannot be neglected in comparison
with the total emissivity of tropospheric gases (Grassl,
1973).
If the proper characteristics of aerosols are given, the
effect on the radiation budget can, with our present

5.9.2.2 Stratosphere
Information on the stratospheric aerosol layer is based
upon 15 years of study, including a period of about 10
years of volcanic disturbance. These studies seem to
indicate the existence of a normal aerosol layer which is
present, though weak, even during long periods of no
volcanic activity and a vastly increased aerosol layer during
time periods of 3 to 5years after eruptions. There is good
evidence that the total aerosol burden can increase by a
factor of 50 as a result of major eruptions (Appendix 10).
In both cases the aerosols seem to consist maiI;lly of
sulfates. This has given rise to the concept that these
aerosols are formed within the stratosphere by S02
oxidation. The S02 reaches the stratosphere either by
upward diffusion of the normally present tropospheric S02
(normal layer) or by volcanic injection of possibly H 28
which is rapidly oxidized to 802' The normal layer can
be explained quantitatively by this concept but some of
the crucial parameters, such as the average 802 concentration in the upper troposphere and the net oxidation rate
have to be verified before this concept can be definitely
accepted. We therefore need to clarify the formatioll

Modelling

Modelling the tropospheric aerosol may be possible at
the present state of our knowledge by using a steady state
two-dimensional (latitude, height) or three-dimensional
(to include longitude) model. This model should include
hotizontal and vertical transport and mixing, cloud and
rain formation processes and, of course, all relevant
aerosol formation, modification and removal processes.
It should be designed to provide information on the
total concentration, the size distribution, the chemical
composition as a function of size, and the complex
refractive index, all of them as functions of space. The
results of computations with such a model (if in proper
agreement with observations) would provide input to
models whose purpose is calculating the direct radiative
effects in the troposphere as well as the expected changes
in cloud albedo.

72

THE PHYSICAL BASIS OF CLIMATE AND CLIMATE MODELLING

process, primarily of .volcanic layers,before proper
modelling can be done. .

listed in Table 5.9, la. The accuracies given ate estimated
on the basis of our present understanding of the optical
behaviour of atmospheric aerosols. Because of the com~
plexand variable composition of atmospheric aerosols as
compared to that of laboratory aerosols composed of
uniform substances, studies of this optical behaviour
are still in progress and the figures given in Table 5.9
should be considered preliminary.

So far as the overall effect on climate is concerned, the
concept ofa "standard volcanicevent" (see Appendix 10)
may be used to calculate the integrated net effect on the
global energy budget. This would be done on the basis of
the observed data on aerosol concentrations, distributions
ahd optical characteristiCs.. Fir~t, it must be established
that this concept of a standard volcanic event can be
.Studie~ of the important .effects of aerosols on the
applied with sufficient accuracy, since it implies that the optical properties of water clouds have barely started
total global heat loss or gain is assumed to be a function so that it is not yet possible to specify observafional
of only the total amount of sulfur injected into· the requirements at this time.
stratosphere. Secondly, it is necessaryto establish whether
For studies of the radiatiy,e effects of stratospheric
randomly occuringvolcanic events are simply additive in aerosols formed by volcanic injections,. the following
their effects. An important question arises as to the long observations are suggested. It would be very v~luable
term variations in global volcanic activity and their causes. to have complete documentation by direct sampling, as
A climatic variation (due only to volcanic actiVity) of say by lidar measurements, the changing stratospheric aerosol
30 years· or longer can be expected only if during this characteristics beginning immediately after the. next
period the frequency of eruptions would be sufficiently significant volcanic event. (At the present time ~he
different from the preceding and follOWing periods. It is aerosol loading of the stratosphere is back almost to
fairly certain that there have been significant variations in pre-Agung levels, wWch is most likely the "undi~turbed"
volcanic activity in the past (Lamb, 1970). From what level.) Serious consideration should be given to making
we know about the radiative effects of large volcanic advance preparations for such sampling, to be carried out
injections into the stratosphere it is clear that such long on short notice under. perhaps difficult logistic circumterm variations of global volcanic activity should have stances. Desired elements of such a sampling programme
c.onsiderable climatic effects.
are as follows:
5.9.3 Recommendations - madelling studies of sensitiVity to differ?ntkinds of external stimuli
On the basis of section 5.9.2 the following sensitivity
studies are suggested:

(i)

(ij)

Direct effects of the various aerosol sources on the
short and long wave radiation budget. The most
interestitig sources would be the gaseous precursors
S02' NHs and N02, and mineral dust.
In~lirept

effects of aerosols on the optical properties
of clo~ds. These studies will most likely be restricted
. at first to calculations for clouds of different microstructure and depth, and for different aerosol
environments.

(Hi) Radiative effects in the shOrt and long wave range of

volcanicinjections into the stratosphere, as a function
. onotal material injected and of the time sequence of
these events, or other controlling features which
might be revealed by the basic studies.
5.9.4 Recommendations - observational reqUirements
for research and monitoring

5.9 .4 . 1 Case studies of processes
Studies of radiativeeffects of aerosols require simultaneous measurements of several parameters which are

Ground measurements

Lidar and twilight observations of highest feasible
sensitivity and accuracy, every day that weather permits,
at two stations in each hemisphere over a period of about
5 years, the expected duration of a volcanic perturbation.
Aircraft observations

The parameters to be measured for complete documentation include the following:
- Large volume filter collections of aerosol to obtain
the mass concentration and for chemical analysis
- Complete particle size distribution
- S02 mixing ratios
- Lidar in aircraft to measure variability along the
flight path
These flights should be made about once a week over
as wide a latitude range as possible in both hemispheres.
The measurements should when possible coincide with
ground observations (both in space and time). During
each mission at least two vertical profiles of the stratospheric aerosol layer should be obtained.
From the above listed data, a first approximation to
the optical properties of the aerosol can be derived, as
required for studies of the radiative effects of the layer.
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5.9.4.2 Global observational programmes
It is too early to specify in detail an observational
programme for validation ofglobal models. A programme
along the following lines is suggested.. It seems essential
to obtain the aerosol size distribution and its vertical
profile for all regions of the globe. For the other parameters listed in Table 5.9, such as the refractive index,
etc., it is perhaps possible to derive satisfactory average
values which can be applied for the different geographical
regimes. Chemical analyses for the important constituents
will certainly be required. Various field studies are
planned or are underway. These studies may provide
data that will be useful for preliminary validation of
existing models and for further planning of a global
observation programme and may lead the way to compilation of a global aerosol climatology.
5.9.4.3 Monitoring
Our incomplete present understanding of the dynamics
of atmospheric aerosols makes it difficult to specify an
optimal list of the parameters most important for long
term aerosol monitoring. Tentatively the following
programmes may be required:
(i)

Tropospheric aerosols

Monitoring at a number of suitably located baseline
and regional stations is considered satisfactory.
Regional stations of special location should be
included in this network because of the considerable
variability of aerosols with distance from the large
source areas (natural and man made) and the need
to monitor these regional effects which are of considerable importance for the global budget.
Important parameters are:
- Total number concentration determined by
condensation nuclei counters Ca very sensitive
indicator for man-made pollution)
- Particle concentration in the optically important
size range between 0.1 and a few J.tm, by optical
or special sampling techniques.
-:- Total mass concentration of aerosols, by filter
samples which may also be analysed for specific
constituents such as mineral dust, sulfate, etc.
- Cloud. nucleico.ncentration (for possible effects
on clouds).
- The concentration of such precursor gases as 802,
NHs, NO z and hydrocarbons.
A world wide network for monitoring such pflrameters is presently being developed by WMO.
(ii) Stratospheric aerosols
Lidar observations provide a good monitoring
technique during times of volcanic perturbations.
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TABLE 5.9
Aerosol Processes - Summary of Tentative Observational
Requirements (see text for detail)

I. Study of Processes
(a) Radilitive effect$ of aerosols.

ReqUired aerosol parameter
for troposphere and stratosphere

Observational
requirement
and accuracy

Size distribution
dn.
4
-mcm- STP
dr

5%

Vertical profile of size distribution

5%
Required vertical resolution generally 0.5 to
1.0 kilometer

Real refractive index of bulk
material n

1% over the range
1.0 ~ n < 2

Imaginary part of the
refractive index k

10% over the range
0.001 < k < 0.1

Bulk density 0 of aerosol
particles, in g cm-s

5% over the range
1.0 ~ 0 < 3.0

Solubility of aerosol particles
and/or growth characteristic
with relative humidity

Use of 3 to 4 typical
growtIi curves

For necessary data to calculate energy balance of the
atmosphere see 5.2. 5 (albedo atlas)
(b) Aerosol cloud interaction

Cannot be specified at
this time

(c) Volcanic events -

See detailed specification in 5.9.4.1

stratosphere

11. Global Observation Programme
Global aerosol climatology required -

see 5.9.4.2

Ill. Monitoring
Variables to be monitored
(see also 5.9.4.3)
(1) Total number concentration
(2) Concentration of optically
important particles
(3) Total mass concentration
(4) Concentration of gaseous
. precursors

Space
resolution
about 20
baseline
stations
distributed
over the
globe

For stratospheric aerosols see 5.9.4.3

Time
resolution

Accuracy

1

.
daily}

5%
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The sensitivity oflidar may hot, however, be sufficient
for monitoring at times of "undisturbed" conditions
of the stratosphere. Additional observations of
twilight phenomena are, therefore, recommended at
suitably located baseline stations. Since such groundbased optical observations are difficult to interpret
in absolute terms, regular collection of filter samples
by high altitude aircraft or balloon-borne instrumentation is strongly recommended. In addition,
use should be made of the WMO network of global
radiation stations to measure the trend in atmospheric
turbidity (see 6. 7 .2) .
LIST OF VARIOUS ATMOSPHERIC AND
OCEANOGRAPHIC OBSERVATIONAL EXPERIMENTS
MENTIONED IN THE TEXT OF CHAPTER 5
AIDJEX

Arctic Ice Dynamics Joint Experiment
Backscatter Ultra Violet Spectrophotometry
Climat~/Long Range .Investig~tion Mapping and
CLIMAP.
Predictions
CUEA
Coastal Upwelling Ecosystems Analysis
GATE
GARP Atlantic Tropical Experiment
GEOSECS Geochemical Ocean Section Study
IAGP
International Antarctic Glaciological Project
ICES
International Council for the Exploration of the Sea
IGOSS
Integrated Global Ocean Station System
INDEX
Indian Ocean Experiment
ISOS
International Southern Ocean Studies
JASIN
Joint Air-Sea Interaction Experiment
JONSWAP Joint North Sea Wave Project
Mid-Ocean Dynamics Experiment
MODE
MONEX
Monsoon Experiment
NORPAX North Pacific Experiment
POLEX
Polar Experiment
BUY
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6. THE OBSERVING PROGRAMl\1E

6 . 1 Introduction
The pr9blem of modelling the global climate is obviously
more complex than that of modelling the general circulation of the atmosphere for short-term prediction of
weather. It is understandable then that a climate modelling programme should call for a variety of specific
observations in addition to the already very large. datastores produced by the World Weather Watch (Sixth
Status Report on Implementation, 1973) and expected
from the observing system planned for the FGGE.
The earlier chapters of this report have described what
should be observed to fulfil specific scientific needs. The
aim of this chapter is to indicate what could be done now
and in the foreseeable future to satisfy these observational
requirements. It must be realized that in many instances
what is desired as ideal for climate modelling and what
is realizable on technological or economic grounds will
be vastly different. In many instances the ideal will be
impossible to achieve. What is important is to determine
if what is possible is also useful. This more difficult
question can best be answered after there has been an
extensive dialogue between the modellers and the observers. So far, this extensive dialogue has not more than
begun and what is proposed in this chapter is an initial
estimate based on preliminary discussions. The tables
and specific proposals mentioned later must not be
regarded as best estimates but only as preliminary
estimates and a final set of specifications will requite
further discussion.
As will be described later, it is also necessary to
keep in mind the difference between the specifications
of observations and determinations. It is well known that
many observations can be converted into excellent
determinations if sampling theory requirements are met.
This chapter is based on the consolidated contributions
of the participants in the Conference, as well as information from other experts, such as presented in the
COSPAR Working Group 6 report on space observation
of environmental quantities (COSPAR WG6, 1972).
It is convenient for the purpose of designing an observation strategy and specifying the accuracy and resolution
required to distinguish among three classes of observational programmes as described below.
6. 1 . 1 Intensive studies of speCifiC processes
The first class (I) of observational programmes is that
needed to understand better the detailed physical and/or

chemical processes which are thought to be significant to
the cliinateproblem.Class I programmes generally need
to be very detailed; intensive in space and time, but may
be restricted to one or a small number of selected areas
of the order of a grid element (lOO x 100 km2) and also a
limited time period.
Intensive observations of this nature are necessary for
the purpose of developing the parameterization schemes
required for climate modelling (cf. 4.2.4). Examples of
such parameterizations needed for the climate problem,
but which are not considered essential for short-term
prediction of weather are:
- extended cloudiness not associated with precipitation but affecting the radiation budget (e.g., cirrus
or stratus)
- the storage of water in the soil
- the wind induced mixing and heat budget of the
upper ocean layer
- the heat budget of sea ice and snow covered land.
These intensive observational studies are described in
the various sub-sections 5.2 to 5.9 in connexion with the
specific processes requiring study.

6. 1.2 Global data sets of variable climatic parameters
This second class (II) refers to the global observation of
climatic quantities which exhibit a large space and/or
time variability, as needed for verifying the fidelity of
climate models by comparing their computed climatic
variability to the observed variability. Climate model
verification will undoubtedly be done on several time
and space scales. Seasonal variability is much larger than
interannual variability and interannual variability tends
to be larger than variations averaged over decades, and
so on. These variations in the behaviour of the atmosphere will affect the required accuracy of observations
also; thus, it is not possible to specify a particular accuracy
for all time and space scales even if one had perfect
instruments. One can imagine that a hierarchy of
accuracies for different time scales and space scales
would be desirable but, as already mentioned, additional
dialogue is needed. In some cases the tables which
appear later in this chapter contain accuracy estimates
as a function of time and space scales, but these specifications should not be regarded as final.
Extensive (possibly global) observations are necessary
to establish a sufficient data base for validation of
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climate models. The first opportunity for a beginning
of this series of observations will be inconnexion with
the FGGE.
Because so much of the climate modelling problem lies
in a proper understanding ·of the interaction between
vari0lls elements of the atmosphere-ocean-cryosphereland system, it is highly desirable, and in some instances
imperative, that these supplementary climatic data sets
be obtained concurrently with the FGGE.
The observing system already planned for theWWW
(Sixth Status Report on Implementation, 1973) and the
FGGE (FGGE..-'- Objectives and Plans, GPS No. 11,
1973), together with major experimental satellite and
ground observation projects (NIMBUS-G; Antarctic
Research Programmes, Oceanographic Research Programmes, etc.) will go a long way toward providing the
basic raw data required for the supplementary· climatic
parameters. This does not mean, however, that the
req1,lired· information (determinations) will automatically
become .availaqle inasmuch as the extraction of the
specific physical quantities from raw data would generally
entail a major data processing task and require major
computing resources. Examples of the supplementary
global information sets needed, in addition to the basic
FGGE data set, for the purpose. of climate model
development, are:
- Three-dimensional climatology of extended cloudiness.
- Planetary radiation balance.
- Extent of snow and sea ice.
-Climatology of precipitation over the oceans.
- Depletion of soil moisture.

Lo~g term monitoring of climatic parameters
The third class (Ill) of observational programmes refers
to the long-term surveillance of slowly varying elements of
the atmosphere-ocean-cryosphere-Iand system such as:
- run-off of the main river basins,
- .thickness and extent of the polar ice sheets,
- deep ocean circulation
and also .the long-term surveillance of environmental
parameters and of external "forcing" factors which may
in the long run induce climatic trends,suchas:
---'- ozone content of the stratosphere,
- CO2 content of the atmosphere,
- aerosols,
- integrated 'solar flux.
It is of course assumed that the ongoing WorId Weather
Watch programme will.continue to provide the observations of the basic atmospheric parameters which are

6.1. 3
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essential to the understanding of most processes of the
climate system suoh as:
~ atmospheric pressure,
..-'- temperature,
- wind,
- moisture aud precipitation.

6. 1.4 Overview of the possible observing and data
. processing system
Because the understanding of climate processes is
neccesarily.a global problem, the global surveillance ofthe
planet from a variety·of space platforms isa very attractive
possibility. Indeed, .space observation is the.,most direct
and most accurate means to measure such essential
climatic parameters as the incoming solar flux and the net
planetary radiation budget. Also, progress in the remote
sensing of many atmospheric processes or parameters by
spaceborne instruments has opened up the possibility
of global observation with high spatial as well as temporal
resolution, as needed for periods of intensive surveillance
such as the FGGE. Space observations have indeed many
advantages over corresponding discrete measurements in
the atmosphere because calibration discrepancies, aliasing
and humau errors are more easily avoided. However,
space observations are indirect and must rely on.extractiug
what are sometimes very weak signatures froin a very
large amount of raw data consisting of measurelllents of
the electromaguetic radiation emerging from the atmosphere. The processing of these raw data can easily
become an impossibly heavy load on existing computiug
resources: this should always be kept in mind when designing a global, quasi-operational observing and data processing system for a long-term monitoring. Conseque:t;1tly,
well designed ground monitoring programmes, established on a small number of baseline stations or observation facilities, should be preferred whenever the spatial
and. temporal homogeneity of the p4ysicalquantity under
consideration will allow.
Surface observations will also serve as reference points
against which the remote observations from space platforms can be verified. For most climat.e variables, it is
not feasible to establish a ground observational network
of the required density; but, when used in conjuuotion
with satellite observations, the '·'effec.tive" coverage of
surface observations can be greatly enhauced.. That is,
the satellite observatious can be used to assign the proper
area weighting to surface point observations.
Oceanographic observations pose a special problem.
Here the considerable spatial inhomogeneity of significant
dynamic processes coupled with the need to survey the
huge expanses of the oceans make global rem.ote sensing
from space most attractive. Unfortunately, the electromagnetic signature of oceanic processes observable from
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above is very weak. The one parameter which can indeed
be remotely observed is the sea surface temperature,
provided that the indirect observational accuracy could
match the (small) variability of this parameter.. A major
data processing effort is warranted to extract this information from existing radiometric measurements.
In view of the above mentioned difficulties, it is already
possible to identify a long lead time task ~ that is, to
begin to develop means to observe the ocean's structure
and behaviour.
Finally, as already noted in 6.1.3., there will be a
continuing need for extensive processing of the data on
the basic atmospheric state as provided by the ongoing
World Weather Watch programme, since these observations are central to the understanding of most processes
within the climate system. During times of increased
surveillance (such as the FGGE) there will be correspondingly increased observational and data processing
requirements for basic atmospheric variables.
6. 1. 5 Accuracy and sampling

Many physical quantities which must be considered for
the purpose of validating climate models are associated
with transient atmospheric processes and exhibit a large
variability on short space and time scales, and often
diurnal cycles. The observation system must obviously be
designed to overcome the aliasing problem which would
result from undersampling these transient variations.
A typical example of such aliasing would be the determination of the planetary radiation balance from sun-synchronous data only, as provided by operational polar
meteorological satellites. A correct sampling could be
achieved in this case either by multiplying the numbe~' of
space platforms in various orbits or by using one single
hon-synchronous orbiter. The total number of individual
measurements needed to produce one reliable determina~
tion of the mean net radiation is, in both cases, :fixed only
by the specified accuracy versus sample variance. It
should be emphasizedfurther that only monthly or possibly
longer average values could possibly be used for the
purpose of verifying predictions of energy input statistics.
The tentative specifications of observing systems given
herein refer to one possible trade-off between space
resolution and measurement accuracy. An increased
space resolution can usually be exchanged for a reduced
accuracy, and conversely, inasmuchas measurement errOrs
lead to random variations around the mean.
The precision allowances indicated herein refer
generally to variance or relative accuracy about the exactly
known mean value or assumed baseline value. Indeed,
any long-term systematic error in the measurement of
total energy input for example, would eventually become
overwhelming. This could be avoided by "tuning" the
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instruments' calibration by imposing the condition of
exact balance for one (standard) set of observational
data such as the radiation budget during one special
observing yea);, for example.
Finally, since the magnitude of interannual or longerterm variations of many climate variables (e.g., the
radiation budget) are not known well, it is not possible to
state observational requirements with great confidence.
We can, however, indicate what might be possible, given
enough samples, a large enough area anrla long enough
sampling time. With this information it may be possible
to estimate the magnitude of the climatic variations that
could be detected. The tables reflect these estimates where
possible.

6. 1.6 The need to define vigorous interfaces between
model outputs and observational inputs
Particularly for class 11 observations, there is a need to
define more sharply the interface at which a comparison
can be made between what a model might predict and
what nature produces. In the sections which follow the
reader will note that in many instances the margin
between what the modellers desire and what the observers
can produce is wide indeed. In some instances this
margin is more apparent than real and the gap can be
closed to a large degree, as illustrated in the following
example:
It is almost impossible to obtain precise measurements
of the planets' net radiation at the top of the atmosphere
(30 km) for 500 km grid squares from satellite flight
altitudes. The sampling problems mentioned in the
previous chapter and the notorious angular dependence
of the upwelling radiation, especially the reflected solar
radiation mentioned in the section which follows, are
the same source of the difficulty. However, it is possible
to measure the net radiation flux at satellite altitudes very
precisely. Therefore the model should be designed to
yield the net radiation at the top of the atmosphere for
each grid square, including an implied angular dependence. This information can then be transformed into
the net radiation flux at satellite altitude, where a vigorous
intercomparison with measurements can be made. Many
other examples can be cited. In these instances the
divergence between what is desired and what can be done
is not so wide as it might first appear, but it seems clear
that the interface must be defined more satisfactorily if
the differences are to be reduced.
6.2 Extended Cloudiness and Planetary Radiation Budget
6.2.1 Solar flux
The total incoming solar electromagnetic radiation Q.
varies annually according to the distance cif the earth
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from the sun but the solar energy flux at the mean solar
distance is assumed to be almost invariable and equal to
So = 1358 watt m- 2; a fairly large uncertainty (1 %) is
still attached to this determination, however, so that
significant long-term variations could still have remained
undetected (see Appendix 11.1). The purpose of monitoring the total incoming solar radiation is thus to detect
small but systematic long-term variations. Highly
accurate new radiation standards and calibration techniques need to be used to achieve the increase of
required reproduction accuracy (0.1%). Pilot experiments on Spacelab will be possible from 1980 and are very
desirable. There will be sufficient opportunities in the
future using both manned and unmanned space platforms
and a wide variety of instruments, to be very confident
that the high performance needed for monitoring this
fundamental climate parameter can be achieved.
Appreciable variations of some ultraviolet components
of the solar spectrum do occur and are well documented
by solar observatory satellites. Such fluctuations of the
solar ultraviolet flux do not appreciably change the total
energy input from the sun but significantly affect the rates
of photochemical processes and heating in the upper
atmosphere, particularly the chemistry of ozone (5.8.4).
Efforts should be made, through coordination with the
solar astronomy programmes, to ensure a continuous
surveillance of the solar DV spectrum (1800-3100 A)
particularly during the FGGE when intensive global
observations of ozone are expected (NIMBUS-G).

6.2.2 Planetary radiation budget
The planetary radiation budget at the "top of the
atmosphere" is defined as the net radiation flux Qu
crossing one unit horizontal area. It is equal to the
difference between the incoming solar radiation Qs and
the sum of the scattered outgoing solar radiation QR and
thermal emission emerging from the atmosphere Qe:
QN = Qs-QR-Qe

The major contribution to QR is the solar radiation
(primarily in the spectral range 0.3 to 3 J.Lm) reflected by
clouds, ice and snow-covered regions; lesser contributions
are due to back scattering in the atmosphere and reflection
at the surface. The ratio QR/QS is defined as the planetary
albedo A. The thermal emission Qefrom the earth surface,
clouds and other infrared absorbing constituents of the
atmosphere, ranges in the spectral domain from about
3 to 100 J.1m. Over cloud-free areas, Qe depends primarily
upon the temperature of the ground or oceans; over
cloudy areas, QE depends upon the fractional cloudiness
in the field of view of the radiometer, and the temperature
of cloud tops. In all cases, the amount and vertical
distribution of water vapour above the uppermost opaque

6

79

surface and its temperature significantly influence the
outgoing infrared radiation. Both the reflected solar
radiation (or planetary albedo) and the outgoing thermal
radiation QE exhibit very high spatial and temporal
variabilities so that the determination of accurate representative mean values poses a specially severe aliasing
problem. Particular notice must be taken of the diurnal
cycle of cloudiness associated with convective processes,
which can introduce a serious aliasing of QR and QE in
measurements obtained from one single sun-synchronous
satellite.
Estimates from available data indicate that QE is
modulated by about 10% due to diurnal variations.
Similar estimates show that the diurnal changes in
albedo are about ±5% about the mean. However, since
solar radiation is modulated 100%, one must meet much
more severe sampling constraints to obtain suitable
estimates of QR' Since QN = QS-QR-QE, the severe
sampling constraints also apply to QN'
.
Mean annual and seasonal values, and to some extent
the geographical dependence, of the planetary radiation
budget have been determined from earlier meteorological
satellite radiometer data with an accuracy of the order of
3-5% (Yonder Haar and Suomi, 1971; Raschke et aI.,
1973). This precision enabled tracing the annu.al waves
of QR, QE, and the absorbed energy (QS-QR) in both
the global and hemispheric domains. The amplitudes
ranged between 1 and 10% of the averages mentioned
above (Raschke et aI., 1973). Radiation budget data from
satellites together with atmosphere data have been used
in order to infer a new estimate of energy transport by
the northern hemisphere oceanS (Yonder Haar and
Oort, 1973).
It must be emphasized, however, that higher precision
is needed in order to monitor climatic variations. Guidelines for a high quality planetary radiation budget
observing programme have been mapped in the report of
the Working Group on Remote Measurement of Pollution
(REMOP, 1971). This programme should include, in
addition to flat-plate radiometer measurements from 2-3
satellites, simultaneous measurements with a scanning
radiometer of medium spatial resolution, providing these
measurements are made at all viewing angles.

The observing system for planetary radiation budget
for the late 1970's and 1980's is to some extent under
development. Prior to that time, new data will be obtained
from the earth radiation budget experiments on METEOR
and NIMBUS-F and -0 satellites. Because of the severe
sampling problems mentioned earlier, the best estimates
of the earth's radiation budget might be obtained using
the whole fleet ofsatelIites. This would require a significant data processing effort.
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6.2.3 Clouds
The discussion of radiative e:x:change processes has
indicated the need· for a refined parameterization of the
appearance and disappearance of various forms of
e:x:tended cloudiness, not generally associated with
preCipitation, but affecting the radiation bUdget (e.g.,
cirrus or stratus) (section 5.2). In addition to detailed
field studies of cloudiness over selected target areas using
high spatial resolution images from satellites, aircraft
and sotideobservations (Class 1), the need has been

e:x:pressed for global cloudiness observations to serve as a
data base for verifying the performance of cloud modelling
and also for empirical refinements of the cloud modelling
schemes (cf. 5.2.4).
Polar orbiting and geostationary meteorological satellite
systems now produce both visible and infrared images· of
sufficient spatial resolution and brightness accuracy to
allow reliable subjective nephanalyses. Indeed a global
nephanalysis, describing cloud types, altitude, and
thickness in each 10 X 10 square· of the earth, is now

TABLE 6.2
Tentative specification ofglobal observation of the radiation budget
The tentative specifications of required space and time resolution and accuracy from Chapters 4 and 5 are indicated (in parentheses) above
the proposed measurements. Where two values are given, the smaller value refers to desired accuracy, the larger value refers to useful
accuracy. The tentative specifications from Chapters 4llnd 5, as well as those presented in Chapter 6, can be expected to be revised as more
extensive study is made and as the proper interface of model output and measurements is achieved (see section 6.1; 6).
Variable

1. Total Solar

Class

Space
Resolution

Time·
Resolution

Accuracy (1 uJ
of determination

Reriod

(2 - 10 Wm- 2 )

(Ill)

(1/4 - 1/2

III

1 month

13 Wm- 2

1975

HI

1 month

1 - 5 Wm- 2

Post FGGE

(I)

(1 day)

(10 % per 50
interval)

1 day

10 % per 50
interval

To be estimated

To be estimated

year)

Additional remarks,
observing technique, etc.

(From Sec. 4.4)

Flux Qs

2.

Solar DV
Flux (18003100 A)

HI

3.

Net Radiation
Budget QN(Visible and IR)

"

4. Cloudiness

A
A

(ll)

(100 km)

(5 days)

(2 - 15 Wm- 2 )

II

500-1000 km

5-15 days

To be estimated

(Ill)

(100-500 km)

(15 days)

(2 - 15 Wm- 2 )

ll-IlI

1000 km

15-30 days

2 - 15 Wm- 2

(ll)

(100 km)
(5 days)
(1 km vertical)

II

500 km
1 km vertical

5-15 days

(From Sec. 5.8)

FGGE

Coordination with solar
astronomy programme
is required

Post FGGE

Not determined
(From Sec. 4.4)

FGGE

Multiple satellite visible and IR
radiometry**
(From Sec. 4.4)

Post FGGE

(1 0 cloud top
temperature)
(5 % amount)
To be estimated

Thermocouple radiometer on
Nimbus F
Spaceborne radiometer*

High accuracy can be
achieved for QN at satellite
altitudes proVided sampting
requirements are met
(From Sec. 4.4, 5.3)

FGGE

Analysis of RAOB and
satellite imagery and
conventional cloud reports***

* ReqUires development of new photometric standards and calibration techniques to achieve the required reproduction accuracy.
**
***

Finer
time resolution is required to determine the extent of solar irradiance variations as a function of solar rotation period.
Requires a major data processing effort to merge radiation measurements from operational and experimental satellites in order to obtain
the required time and space resolution~ Accuracy determined mainly by sampling frequency and weather variability.
Requires a moderate data processing effort beyond that already done for operational air traffic control purposes plus a significant effort
to validate the analysis.
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prepared daily for operational air traffic control purposes,
from all existing conventional and space data. These
daily maps, based on a subjective blend of quantitative
and qualitative data, could well serve as the basis forthe
required cloud climatology.
New instrument development, such as stereo-photogrammetry from a low altitude satellite, polarimetric
detection df aerosols and thin cirrus clouds etc. could be
envisaged in the future, for implementation on Spacelab or a special purpose radiation budget space platform
in non-synchronous polar orbit. Such techniques are by
no means demonstrated at the present time and could not
be used (except possibly for restricted Class I studies) in
the time frame of the FGGE.
6.3 Surface Radiation Parameters
6.3 . 1 .• Surface temperature
The surface temperature field, including its variation
with time, is an essential interface specification for both
atmosphere and ocean circulation modelS. A decisive
refinement of global surface temperature observations,
particularly over the oceans, is needed for application to
climate modelling sinceO.5°C (RMS) accuracy is required
instead of about 2°C for present infrared mapping of the
sea surface by high resolution radiometers on meteorological satellites.
.
.Space-based observation of the surface temperature
on the global domain has been demonstrated, using
infrared radiometry in the spectral ranges of the thermal
infrared emission where atmospheric absorption is
mini;lual. ·Two such "windows" are available:
(i) 3.6 to 4.1Ilm: very weak residual absorption but the
emitted thermal radiation is contaminated by the
extreme spectral range of the reflected solar radiation
on the daylight side of the earth.
(ii) 10.5 to 12.5 Ilm: few lines of H 2 0 and CO 2 and a
background continuation of the stronger absorption
bands just outside this spectral interval. Water
dimer molecules also have a small effect ("e-type
absorption") .
The residual atmospheric absorption in the 10.5 to
12.5 Ilm window, exclusive of any cloud contamination
in the field of view, still causes significant differences,
which may vary from -8°C in the moist tropical atmosphere to + 2°C over polar regions. These differences
can be accounted for and corrected if simultaneous
determinations of the temperature profile of the atmosphere and the water vapour content are available (as
they will be with operational meteorolbgical satellites
starting in 1978). Corrections are also necessary for
aerosol absorption and emission in this spectral interval.
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A more direct and possibly more accurate method could
be using simultaneous infrared radiance measurements
in the two thermal windows (or two spectral intervals
in the main 11 Ilm window). This will be implemented in
the next generation high resolution scanning radiometers
(1978).

Cloud contamination is essentially unavoidable if low
or medium resolution radiometers are used. It is expected
that radiometric measurements in the 111lm window will
be obtained with a spatial resolution of i km from pblar
orbiting satellites and 5-10 km from geostationary orbit,
thus providing a high probability of finding some completely clear fields in areas of broken cloudiness. Even so,
solid cloud patches would obstructsizeable areas and thus
prevent obtaining a reasonably global surface telnperature
determination on any single day. It has been shown,
however, that repeated observations over 3- to 5-day
periOds would yield reliable temperature data over nearly
all 200 X 200 km2 grid squares except possibly over· the
persistent stratus cover of polar ice fields.
Finally, one should understand that refining the
accuracy of space-based determination of the surface
temperature is not truly an instrument problem, as the
random electric noise of infrared radiance measurements
by satellite sensors is now below 0.25<\C. Rut it isa
staggering data processing task, involving the quality
screening of huge raw data inputs, and the mixing of
information from several sensors on the same or some
other platform. It would require a major investment in
computer resources which may well be worthwhile for a
limited period like FGGE but would constitute a very
heavy task if such high requirements on spatial resolution
and accuracy were to be maintained for long-term
monitoring.
6.3 .2 SUlface albedo
The albedo of surfaces, defined as the ratio between
reflected and incoming flux densities of solar radiation is
a sensitive measure for the amount of solar radiation
absorbed at the ground. It undergoes seasonal changes
over most land surfaces and needs to be monitored over
periods ofat least a few years. Where snow cover is to be
expected, these observations must be continued for a
longer time.
A precise determination of the surface albedo must take
into account the dependence upon the sun elevation.
A rather complex data processing task could be avoided
here by taking measurements only at small solar zenith
angles. Such measurements can be provided from satellites looking downward from the top of the atmosphere.
They require, however, a careful evaluation of absorption
and scattering by various intervening atmospheric
constituents even where no major cloud or dust layer is
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present. It should be noted that such methods for compensating atmospheric absorption still need improvement.
In order for the surface albedo observations at small solar
zenith angles to be of maximum usefulness as a climate
data base, additional empirical studies of the dependence
of surface albedo on solar zenith angle are required.
The basic visible brightness data are provided by many
spaceborne imaging instruments (high resolution scanning
radiometers). However, itis the total solar energy albedo
that is required and many surface features have significant
spectral albedo variations outside the visible region.

6. 3 . 3 SUlface radiation budget
Remote measurements of all components of the radiation budget at the surface have not yet been accomplished.
The feasibility of this determination is discussed briefly
in Appendix 11. 1.

6.4

Hydrological Cycle

Models dealing with the simulation of climate and
climatic variations must necessarily rely on parametric
representations of hydrological processes and precipitation on a spatial scale of the order of 100 to 500 km, i.e.
a much larger scale than the basic processes themselves.
Such parametric representations could be based on
detailed, intensive studies of well documented Cases over
selected areaS. But there remains a pressing need to check
the validity of· these approximations and verify the
predictions made by the models against the present global
climate of the earth. Unfortunately neither discrete
in situ measurements nor remote sensing from space could
conveniently serve to measure the basic small-scale
processes so that only semi-quantitative integral indicators
can be proposed for this verification.

TABLE 6.3
Tentative specification ofglobal observation of surface radiation parameters
The tentative specifications of required space and time resolution and accuracy from Chapters 4 and 5 are indicated (in parentheses) above
the proposed measurements. Where two .values are given, the smaller value refers to desired accuracy, the larger value refers to useful
accuracy. The tentative specifications from Chapters 4 and 5, as well as those presented in Chapter 6, can be expected to be revised as more
extensive study is made and as the proper interface of model output and measurements is achieved (see section 6. 1. 6).
Period

Additional remarks,
observing technique, etc.

(From Sec. 4.4)
FGGE

IR radiometry from meteorological satellite in atmospheric
transparence windows*
(From Sec. 4.4)

FGGE

Same technique as sea surface
temperature

FGGE

Multispectral visible and near
IR radiometry from meteorological satellite* *

(From Sec. 4.4)

3.

Solar net
radiation surface

4. Infra-red net

I, II

***

5 days

1-3 010 ****

FGGE

Standard surface pyranometer

I, II

***

5 days

1-3 %****

FGGE

IR plate radiometer

radiation ·surface
* Consideration of variable absorption-emission by C02 and H20 calls for a major data processing task.
** Requires a major data processing effort plus further scientific development to correct for absorption and/or scattering by aerosol,
haze and other constituents. Surface measurements required for calibration.
*>t<* Sites for surface observations need to be identified and established for the major vegetation and land-surface zones of the globe.
**** Relative accuracy.
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6.4. 1 Precipitation over the oceans
The conventional method for measuring precipitation
(Le. rain gauges) is not suited because discrete measurements are seldom representative of mean rainfall over
such a large area as the FGGE grid element. On the other
hand, it is not practical to consider establishing a global
network of suitably calibrated weather radar for this
verification purpose.
Estimates of rainfall rates have been derived from the
measurements of microwave radiances emitted by the
ocean surface and transmitted through the· atmosphere
in the 1.55 cm wavelength range. In particular, the
feasibility of discriminating 3 or 4 magnitudes of rainfall
rates (such as light, moderate, intense and very intense
rainfall) over oceans has been clearly demonstrated with
the imaging microwave radiometer on NIMBUS 5.
In that case, monthly average rainfall rates for all oceans
were determined (Figure 6. 4. I). It is expected that
observation systems permitting such determinations will
be operating during 1974-75 (NIMBUS-5 and -F) and
dl,uing 1978-80 (NIMBUS-G). It will .be necessary,
however, to devise appropriate data processing techniques to estimate rainfall amounts, rather than rainfall
rates, and eliminate the aliasing of the observations due
to sun-synchronous sampling. Such schemes shOUld
merge the instantaneous (twice per day) microwave
emission measurements from high inclination satellites
with continuous measurements of cloud brightnesses
obtained with geostationary satellites.
Representative maps of the averaged distribution of
rainfall over the global oceans are expected from these
observations on a monthly (pos~ibly weekly) basis.
It should be noted that such observations are not
planned on operational meteorological satellites and shall
not continue beyond NIMBUS-G unless special action is
undertaken to include them in further spacecraft projects.
Although accurate precipitation estimates are difficult
to achieve, precipitation is such a fundamental parameter
of climate and climate modelling that an added effort to
obtain better estimates of its distribution (even with
limited accuracy) seems well warranted.
6.4.2 Stored moisture and depletion of available stored
water
It would be desirable to observe the amount of
water stored in the soil and available for evaporation
(or evapotranspiration) into the atmosphere when the
necessary energy is provided by a positive radiation
budget. This is not conveniently feasible by direct observation on account of the tremendous variability of terrain
characteristics over areas of the size of theFGGE grid
(500 X 500 km). It is also not possible at the present time
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by remote sensing because of the rather ambiguous
surface signature of soil moisture.
Therefore, it is not proposed to measure the amount of
available water stored in the soil but rather to detect the
depletion of this amount should it occur in the course of
seasonal variations. The proposed technique is to determine the occurrence of vegetation wilting over all land
areas where large variations of soil moisture are expected.
The basic data to be used for this purpose are polychromatic images of the terrain in the visible and infrared
portions of reflected sunlight (earth resources satellites)
or microwave brightnesses mapping (NIMBUS-F and -G).
It has been demonstrated with both optical and micro"
wave imaging devices that it is feasible to determine and
map the deterioration of vegetation due to various stress
conditions, from such images. However, the deteriorations are not necessarily characteristic of the depletion of
available water. New processing schemes are therefore
required for establishing an unambiguous spectral signature of the occurrence of water depletion from otherwise
ambiguous optical and/or microwave data.
6..4.3

Run-offfrom river basins

Since no reliable mean rainfall estimate can conveniently
be obtained from conventional discrete measurements
(rain gauges), an integral measurement of the total run-off
would allow a precise verification of the mean difference
between rainfall and evaporation storage rates on a
regional basis for each river basin.
A data base for this purpose is provided by measurements of river discharge rates now made as part of the
IHD programme at several hundred stations throughout
the world. Results from these measurements are now
published by Unesco (Discharge of Selected Rivers of the
World, Vol. II, Unesco, 1971). Such measurements
should be continued throughout the period for which
verification of model simulations will be necessary and
should be expanded to include those smaller rivers which
contribute significantly to the discharge, but are not now
included in the measurement and reporting programme.
Reports should be formatted to list the total cumulative
monthly discharge for each base.
Earth resources satellite imagery may permit determination of the width across large river estuaries or the
area extent of sizeable inland lakes (such as Lake Tchad).
This information could serve as a substitute for direct
gauging and yield values for run-off and lake level
fluctuations.
6.5

Oceans

The complex dynamics of the oceans and the interaction
of the ocean with the atmosphere, the cryosphere and
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TABLE 6.4
Tentative specification ofglobal observation ofprecipitation and hydrology
The tentative specifications of required space and time resolution and accuracy from Chapters 4 and 5 are indicated (in parentheses) above
the proposed measurements. Where two values are given, the smaller value refers to desired accuracy, the larger. value refers'tollseful
accuracy. The tentative specifications from Chapters 4 and 5, as well as those presented inChapter 6, can be expected to be revised as mOre
extensive study is made and as the proper interface of model output and measurements is achieved (see section 6. 1 . 6). .
Ti/Jle
Resolution

Accuracy (1 a)
of determination

(100 km)

(5qay~)

(1 mm/day-4 levels
of discrimination)

11

500 km

5-15 days

4 levels of discrimination

11

(100 km)

(5 days)

(10 % of field
capacity - 2 levels
of discrimination)

11

500 km

15 days

2 levels of
discrimination

(11)

(major
river basin)

(15-3 o days)

(10%)

11

major river
basin

15-30 days

Variable

Class

1. Precipitation
over oceans

(11)

"

2. Soil moisture

3. Water runoff

Space
Resolution

To be estimated

Period

Additional remarks,
obsefVlng technique, etc.
(From Sec. 4.4)

FGGE

Passive microwave (1.55 and
0.86 cm) radiometry from
NIMBUS-F and "G also geostationary satellite IR & visible
cloud ima~es*
. (From Sec. 4.4) .

FGGE limited
regions

Detection of vegetation wilting
from m!llti-spectral visible radiometry and passive Jl.lic:rowave
brightness mapping**
(From Sec. 4.4)

FGGE

River gauges IHD programme;
augmentation required

.* Requires it. moderate (but continuous) data processing effort plus further calibration studies.
** Method for extracting an unambiguous signature of stored water depletion from colorimetric andrnicrowave brightness data needs to be
developed.
. .
.
land hydrology is central to the problem of climate
modelling (cf. Section';L2). Unfortunately the interiors
of the oceans acre esse.Q,tially inaccessible to probing with
electromagnetic radiation. TQ.us, in assembling global
or basin-wide data sets, one must rely on logistically
cumbersome in situ sensors. The oceanographic community has responded to this challenge by ,qeveloping
new observing technologies such as expendable probes
for rapid synoptic surveys, long-term recording probes
deployed on moored buoys, free floating probes tracked
on the surface by space navigation techniques or in the
mid-ocean column by acoustic ranging. Thes~ instrument
developments represent a substantial effort in terms of the
present oceanographic resources. Nevertheless, the high
scientific' value and the increasing practicaJ necessity
attached to understanding global and regional ocean
dynamics warrants considerable further effort to develop
observation, methods which show promise to provide a
basis for long-term monitoring and studies of ocean
variability on a global (or basin-wide) scale. New techniques being developed with ongoing or forthcoming
observation projects such as NORPAX and POLYMODE,

and developing satellite programmes such as, SEASAT
should contribute substantially toward this objective.
6. 5 . 1 Sea temperature

6.5.1.1 Sea surface temperature
The sea surface temperature is one parameter which can
indeedbe observed remotely by airborne and'spaceborne
infrared radiometers. It is also an essential interface
parameter for verifying models of atmospheric ~nd ocean
circulation. Sea surface temperature is currently determined routinely by operational meteorological satellites
but with insufficient accuracy for oceanographic purposes
(see Section 6.3.1 above). Long-term monitoring ofsea
temperature is already provided by the records of ship
intake temperature, available through various oceanographic data banks.
6. 5 . 1.2 Heat content of the upper mixed layer
Reasonably well time-resolved observations of the
total heat content or mean temperature afthe upper mixed
layer over basin wide areas will eventually become
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necessary for validating dynamic ocean models intended
for seasonal and yearly time scales.
The development of such a data base relies for the
pres'ent time on the collection of expendable bathythermographs (XBT) profiles and is marred by aliasing associated
with improperly resolved mesoscale and wave structures.
A greatly stepped-up XBT-sounding programme, together
with the possible deployment of a significant number of
moored or drifting instrumented buoys would be necessary
to fill this need. Space-located data collection and relay
techniques could greatly help to alleviate the vast telecommunication problem which would arise from the
deployment of a dense synoptic observation network over
the oceans.
The inter-governmental IGOSS programme has been
established to further this undertaking.

6. 5.2 Wind stress at the surface
Because the upper and intermediate ocean currents are
to a considerable extent driven by the wind stress applied
on the sea surface, and since the surface wind may be
deduced from a knowledge of the wind stress, a global
or at least basin-wide determination of this quantity
would greatly add to a specification of the climate system
at anyone time. In view of the temporal variability ofthe
wind stress, it is obviously impractical to consider discrete
in situ measurements. One must then rely on the future
development of Some form of remote sensing of physically
related quantities such as the wave spectrum. The problem
of relating precisely the wave spectrum development to the
wind stress still requires considerable study in order to
establish a physical basis for the interpretation of remote
observations.
Sun-glint (specular reflection of solar light as observed
from an aircraft or space platform) provides an indirect
determination of the wave slope distribution and possibly
the wind stress itself. Studies are underway to investigate
this possibility. Other more sophisticated techniques such
as microwave holography from space have not to any
extent been developed at the present time.
6.5.3

Ocean currents

A description of the time and space variations of the
global ocean velocity field would be the most direct
information on which models of ocean dynamics could
be established. The observational problem is, however,
extremely difficult in view of the wide variety of significant
scales of motion present.
Three sub,sets can conveniently be distinguished for the
purpose of drafting an observational strategy.

6.5.3 . 1 Surface currents and current instabilities
Fast continental-edge currents can be and have been
monitored by current meters in critical locations, operating on station from oceanographic vessels or moored
buoys. Off-shore tracking of drifting buoys or markers
has also yielded a wealth of information on current
kinematics (particularly the Gulf Stream).
In the open ocean the satellite tracking of drifting
instrumented buoys has been successfully demonstrated
with IRLS (NIMBUS-4) and EOLE. This technique will
be implemented again with NIMBUS-F (RAMS data
collection and location system) and TIROS-N (ARGOS
system).
Tide gauges on continental shelves, islands and sea
mounts have yielded valuable information on the annual
and long-term variations of the mean oceanwide slope
of the sea surface. Another (indirect) approach consists
of inferring the geostrophic current velocity consistent
with the temperature and salinity field.
Furthermore, high precision radio aItimetry measurements of satellite height above sea level are now planned
for the next generation space geodesy programme. In such
measurements, the geodetic signal, i.e. the shape of the
sea-level geopotential surface, is mixed with "oceanographic noise" (departure of the sea surface from the
geopotential surface). It is envisaged that this "oceanographic noise" will eventually become an "oceanographic
signal", allowing a sufficient determination. of mesoscale
horizontal pressure gradients associated with the geostrophic motions and eddies. A significant improvement
of precision over the present state-of-the-art is needed to
provide a usable signal ( ± 10 cm).
Finally, recognizable patterns in the surface teniperature field or the "sea-state" could provide valuable
qualitative information on the shape ofcurientinstabilities
and mesoscale eddies as demonstrated by thermal mapping
of the Gulf Stream meandering boundary. Various active
(side-looking radar) and passive (microwave brightness)'
techniques could be developed to characterize the sea
state by remote sensing from aircraft or spacecraft.
6. 5.3.2 Deep ocean circulation
The problem of observing deep ocean circulation is
complicated by the extreme slowness of the mean currents
which are easily lost in the relatively energetic "meso-scale
eddies" and other short period motions. For this reason,
the preferred approach IS based on Lagrangian tracer
techniques, either discrete tracers such as free drifting
floats or diffuse tracers such as artificial injections of
chemical or radioactive materials.
A precise tracking of constant-depth, free drifting
floats by acoustic ranging in the SOFAR sound channel
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has been successfully demonstrated in the recent MODE
project (Mid-Ocean Dynamics Experiment-one, 1973)
during extensive periods of time ranging from several
months to 1 year. Further development is needed to plan a
basin-wide current velocity observation programme based
on a large number of such tracers, particularly with
regard to the problem of acoustic interferences. It is
believed, however, that these SOFAR floats show great
promise for obtaining very precise mapping of mid-ocean
meso-scale eddies, and the mean deep ocean circulation
down to 1500 or 2000 m.
Chemical and radioactive tracer techniques are applicable for determining the deep circulation on obviously

*
**
***
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much longer time scales of the order of 10-20 years.
Such studies are under way (GEOSECS) and should be
continued for establishing basin-wide deep circulation
data sets.

6.5.4 Indirect measurements
In addition to the direct measurements described above,
it should be noted that useful information about ocean
processes can be obtained indirectly. For example,
latitudinal ocean heat transport can be inferred via
residual calculations based upon satellite-derived radiation
budgets and aerological data (see Fig. 5.5.3).

Extra resolution required in some critical regions.
Feasibility not demonstrated.. Extensive instrumental development and extremely accurate mapping of geoid shape are needed to make
this technique applicable.
Qualitative information on the deep ocean circulation patterns would also be useful at this stage.
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6.6' The Cryosphere
6.6.1 Snow cover
A precise description of the variable extent of the snow
cover over land and ice surfaces would provide a significant
test of the performance of climate models. Historical data
regarding snowlines are available for some regions. Since
1966, the use of satellite measurements in the visible and
more recently also in infrared wavelengths has allowed
snowline determination over all continents. In addition,
thermal infrared radiometry can provide infotmation
about the occurrence of melting and the melting rate (by
observing the diurnal temperature cycle of snow surfaces).
It is also possible to detect melting snow thnmgh variations
of the spectral albedo, particularly in the solar infrared
radiation spectrum.
As regards long-term monitoring, the problem is not
one of observation, as operational meteorological satellite
imaging systems will continue providing ample data; the
problem is one of data processing and data storage.
Various teGhniques including y-ray flux measurements
are being experimented with for remotely sensing the
snow depth and thickness from an aircraft. No such
method exists so far for remote sensing from space,
although this would be very desirable information for
large-scale snow budget studies. Of course, conventional
techniques provide snow cover information at weather
stations.
6.6.2 Sea ice
The role of sea ice in modifying the atmospheric
boundary layer fluxes and the dynamics of the ocean
justifies a careful parameterization of the dynamics and
heat budget of ice fields and simulation of their extent and
thickness. In· addition to intensive experimental. studies
of limited areas (see Section 5. 6), the verification of
comprehensive atmosphere-ocean-sea ice models requires
global sea ice data sets which should inasmuch as possible
be obtained concurrently with the FGGE.
6.6.2. 1 Extent and albedo
Satellitei images of. reflected sunlight and emitted
infrared radiation over polar regions under cloud;.free
conditions have been used for several years to map the
surface temperature and areal extent of polar ice. But,
because of cloud cover; reliable determinations by this
technique are possible only on relatively rare favourable
occasions. Recently (December, 1972), the imaging
microwave radiometer (ESMR) on the NIMBUS-5
satellite has provided daily measurements of the extent
and microwave emissivity of ice with somewhat lesser
resolution (50 km) but regardless of cloud cover (Fig.
6. 6 .1). There are definite plans to continue these 0 bservations with NIMBUS-F (1975) and NIMBUS-G (1978).

NEAR·MINIMUM AND NEAR·MAXIMUM ANTARCTIC SEA ICE
. BOUNDARIES FOR 1973 IFEBRUARY 10 AND JULY 16)'
90W

o

90E

~ SEA - ICE FORMED IN 1973
~ 1972 ICE SURVIVING THE SUMMER MELTING

Figure 6.6.1

Seasonal Variation of Sea Ice in the Southern Hemi.
sphere.
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Liquid water contained either in the uppermost layer
of the ice or in the form of puddles on the ice, as well as
deposited dust, drastically reduce the surface albedo with
obvious consequences for the radiation budget and melting rate. Measurements of the reflected sunlight as
observed by meteorological satellites would be the most
direct approach for determining the ice albedo but this is
generally made impracticable by the persistent summer
stratus cloud cover over sea ice fields. Microwave
brightness temperatures, on the other hand,_ can be
measured reliably through the cloud cover but their
relationship to albedo is indirect. Empirical data processing schemes are being studied for relating the microwave
brightness temperature, which depends strongly and
uniquely upon the amount of liquid water, to the ice field
albedo, on a spatial scale of the order of 500 X 500 km.
6. 6.2.2 Surface temperature
Observations ofice surface temperature can be obtained
with the same technique as used for sea surface temperature by satellites of the FGGE and World Weather Watch
observing system (see Section 6.3.2 above). Because of
cloudiness in polar regions,. the frequency. ot temperature
determinations is relatively low, probably about bnce
every month with a spatial resolution of 500 X 500 km.
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6.6.2.4 Thickness and roughness
The large-scale mapping of the thickness and surface
structure of sea ice fields would be very desirable as a
verification of ice dynamics modelling.
The mean thickness of sea ice could certainly be determined with great accuracy by averaging the upward sonar
soundings routinely obtained by submarines operating
under the polar ice. However, these data are not available
at the present time. Various remote sensing techniques
based on radar and/or passive microwave measurements
from aircraft or spacecraft could also be envisaged. Such
techniques are not available at the present time.
As regards surface structure, information could be
obtained by active microwave techniques (side looking
radar mapping) from an aircraft and possibly from space
in the future (Spacelab). Methods to extract quantitatively significant information from radar surface maps
have not yet been developed.
6.6.3 Polar ice sheets
The Greenland and Antarctic ice sheets constitute by
far the largest mass of the cryosphere and have a major
influence on the climate. In view of the very long time
scales involved in ice sheet processes, one can only plan
for a continuous surveillance programme aiming at
providing, in the course of time, a sufficient data base for
ice sheet dynamics studies. In addition to in situ measurements such as deep core drilling, the following long-term
observations are called for.

The measurement of the large scale deformation and
drift of the Arctic and Antarctic sea ice would constitute
a very direct verification of our understanding of ice field
dynamics. This motion could be determined from
the trajectories of point tracers, i.e. automatic instrumented stations or buoys, observed from space using
satellite location and data collection techniques which will
be available on NIMBUS-F (TWERLE-RAMS) and on
the next generation NOAA operational meteorological
satellites (ARGaS system from 1978 onwards).

6. 6.3 . 1 Monitoring of ice sheet thickness
The long-term change of thickness of the polar ice
sheets is of obvious importance for understanding the
long-term evolution of climate. The determination of the
accumulation could best be resolved by representative
measurements ofthe ice thickness on a large scale (several
traverses or extensive two-dimensional grid) using airborne radar techniques. The method is based on differential ranging of the ice-atmosphere interface and the bottom
rock-ice interface using two frequencies between 35 and
300 MHz. The problem of developing alternate methods
for remote sensing from space is an intriguing possibility
for the larger space platforms (Spacelab).

Beacons capable of surviving several months on the
relatively thick Arctic sea ice, have been tested successfully
with the NIMBUS-4 IRLS data collection system.
Further tests have been performed with the EOLE
satellite by tracking several icebergs drifting in the
Antarctic circumpolar current. However, similar beacons
capable of surviving for comparable periods of time in the
much thinner Antarctic pack ice do not exist at the present
time.

6.6.3 .2 Monitoring surface motions of the ice sheet
Long-term observations of the relative motion of
representative geodetic markers on the surface of the
ice sheets would be an efficient method to determine the
outflow and to some extent the deformation of the sheet.
Such measurements are well within the capability of space
geodesy techniques such as developed with GEOS-C and
the forthcoming GEOLE European Geodetic Satellite
Project (GEOLE Project, 1974).

6.6.2.3 Deformation and drift
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One survey would involve carrying the appropriate
portable transponder around a network of fixed markers
embedded in the ice and performing measurements for
1-2 days at each location.

programme could be established for the preparation of
monthly charts.

6.6.3 .3 Monitoring the iceberg discharge
Monitoring the position of the ice shelves and outlet
glaciers around the Greenland and Antarctic ice sheets
appears to be the· most direct method to estimate the
iceberg discharge and erosion of the ice sheets. (Arctic
icebergs are too small in any case to be conveniently
detected and counted from space.) The position of ice
shelves could be determined on available visible images
from meteorological and earth resources satellites with
the accuracy needed to detect moderately large changes
such as one iceberg breaking 'offthe sheet (Antarctica).
Adequate high resolution images were obtained since
1970 onward by earth resource satellites and an analysis

6.7 Gaseous and ParticuIate Matter
6.7.1 Gases
Atmospheric water vapour, carbon dioxide and ozone
are the major atmospheric constituents which determine
the radiative heating and cooling of the atmosphere.
Water vapour also plays a major role in the thermodynamic processes through condensation. Other minor
constituents like NzO, CH4 , etc. are present in such small
concentration that their direct radiative effects are
negligible, but they participate in the complex ozone
photochemistry and thereby may produce significant
effects indirectly.
6.7.1.1 Water vapour
The tropospheric water vapour content is highly
variable in both space and time so that the synoptic

TABLE 6.6.1
Tentative specification ofglobal observation of snow and sea ice *
The tentative specifications of required space and time resolution and accuracy from Chapters 4 and 5 are indicated (in parentheses) above
the proposed measurements. Where two values are given, the smaller value refers to desired accuracy, the larger value refers to useful
accuracy. The tentative specifications from Chapters 4 and 5, as well as those presented in Chapter 6, can be expected to be revised as more
extensive study is made and as the proper interface of model output and measurements is achieved (see section 6. 1 . 6).
Variable

1. Extent of snow

2. Extent of sea ice

Class

Space
Resolution

Time
Resolution

(11)

(100 km)

(5 days)

Accuracy (1 uj
of determination

Period

(From Sec. 4.4, 5.6)

(Presence/Absence)

(lIl)

(lOO km)

(5-15 days)

(Presence/Absence)

ll-lIl

50 km

5-15 days

Presence/Absence

(11)

(lOO km)

(5 days)

(Presence/Absence)

Additional remarks,
observing technique, etc.

(From Sec. 4.4, 5.6)
FGGE

Visible and/or IR radiometry
from meteorological satellites* *
(From Sec. 4.4, 5.6)
(From Sec. 4.4, 5.6)

(lIl)

(100 km)

(5-15 days)

(Presence/Absence)

ll-lIl

50 km

5-15 days

Presence/Absence

FGGE

Passive microwave (1.55 and
0.86 cm) brightness mapping
from NIMBUS-4 (operating)
and NIMBUS-F and -G
(planned)***

3. Thickness of
sea ice

ll-lIl

200 km

15-30 days

10-20%

Post-FGGE

Not developed

4. Sea ice melting

I

50 km

5 days

Yes/No

FGGElimited
regions

Estimated albedo (0.025-0.05)
from microwave brightness,
NIMBUS-G***

5. Drift of sea ice

I

400 km

1 day

5 km (1 (7)

Post-FGGE

Tracking of ARGOS beacons in
ice stations or buoys by
TIROS-N. Could be done for a
limited number of ice-stations
or buoys during FGGE.

"

* For ice and snow albedo and surface temperature see section 6.3 and Table 6.3.
** Better data processing techniques need to be developed at low signal/noise ratios and in the presence of clouds.
*** No specific plans so far to include microwave mapping instruments on future meteorological or research satellites beyond 1978.
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TABLE 6.6.2
Tentative specification of monitoring observations ofpolar ice sheets
The tentative specifications of required space and time resolution and accuracy from Chapters 4 and 5 are indicated (in parentheses) above
the proposed measurements. Where two values are given, the smaller value refers to desired accuracy, the larger value refers to useful
accuracy. The tentative specifications from Chapters 4 and 5, as well as those presented in Chapter 6, can be expected to be revised as more
extensive study is made and as the proper interface of model output and measurements is achieved (see section 6.1.6).
Class

Space
Resolution

1. Thickness

III

200 km

2. Deformation

"Ill

3. Change of
boundary

III

Variable

Time
Resolution

Accuracy (1 aJ
of determination

Period

1 Year

0.1-1 m

Post·FGGE

Differential VHF radar from
aircraft

200 km

1 year

1-10 m

Post-FGGE

Location of markers by geodetic satellites

1-5 km

1 month

1-5 km

Post·FGGE

Matching of high resolution
images from meteorological and
earth resources satellites

upper-air moisture data obtained by the World Weather
Watch radiosonde network cannot provide a reliable
estimate of water vapour distribution on a global scale.
It is also generally accepted that hygrometer sondes still
require much technical improvement. Remote sensing of
the tropospheric water vapour content from space based
radiative (outgoing infrared radiance) measurements is an
attractive alternate source of global data but cannot be
considered to be very accurate for discrete profiles.
Furthermore, the general concentration of the water
vapour content near the ground and the poor vertical
resolution of vertical sounding in the water vapour
absorption bands, are not conducive to an accurate
reconstruction of the vertical distribution of relative
humidity.
Accordingly, only moderately accurate (20-30%)
determination of the water vapour content can be expected
from any individual sounding from space with a vertical
resolution of two (possibly three) layers in the troposphere:
surface to 500 mb, and above 500 mb. Large-scale
averages over areas of about 400 X 400 km could, however,
be significantly more accurate (5-10%).
The stratosphere is known to be very dry with a mean
mixing ratio around 2 X 10-6 • In situ measurements
require carefully designed instrumentation. Satellite
measurements can be made and are planned with
NIMBUS-F and -G in the limb scanning mode. Their
accuracy is not yet established, but it will be high enough
to discover local or regional injections of water vapour
from strong tropospheric disturbances and possibly also
from supersonic transport aircr~ft.
Global water vapour data are expected from the space
observing system planned for the FGGE (see detailed
specifications in GARP Publications Series No. 11).

Additional remarks,
observing technique, etc.

6.7. 1.2 Carbon dioxide
Carbon dioxide is a very active absorber of infrared
radiation in the spectral range of thermal emission from
the ground. Being generally inert in atmospheric processes, CO 2 is well mixed in the troposphere and stratosphere except near the ground (where exchanges with the
biosphere and ocean may act on a short-time scale) and
within cities. Its concentration is also fairly steady in
time except for regular seasonal variations.
CO2 concentration could not at the present time be
inferred from satellite measurements and it is preferable
to rely on in situ sampling from aircraft and some baseline
monitoring stations established in remote sites where
chances of local contamination are minimal. For the
purposes of long-term monitoring alone, one station
located in the northern hemisphere (e.g. Mauna Loa
Observatory, Hawaii) and one in the southern hemisphere
(e.g. South Pole) would suffice, but two in each hemisphere are to be preferred in order to verify variations in
the secular trend (see Section 5.7.4). Additional stations
(10 or more) are needed for establishing systematic
regional anomalies associated with the response of plants
and ocean water.
6.7. 1. 3 Ozone
Ozone is an important gas for the radiative balance of
the atmosphere and is responsible for the temperature
increase with altitude in the stratosphere. The response of
the ozone distribution to the (known) fluctuations of shortwave solar radiation needs to be established by intensive
ozone observations concurrent with the continuous surveillance of the solar DV flux during a period of 2-5 years.
Satellite techniques have already demonstrated the
capability of providing observational data. The intensity
of backscattered solar ultraviolet radiation in the interval
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0.25-0.34 Ilm is observed with the NIMBUS-4 satellite,
permitting the mapping of the total ozone amount and
the derivation- of vertical profiles for the atmospheric
region above the ozone peak. Backscatter UV spectrophotometry will be continued on NIMBUS-G (1978) with
an advanced instrument providing a spectral resolution

of four to six channels in the DV ozone band. These
observations will allow the determination of total ozone
amount with a standard error of 5% or somewhat less.
Profile determinations can be made to about 10% accuracy
if the incoming solar flux will be known or measured with
corresponding precision.

TABLE 6.7
Tentative specification of global observation of gases and particulate matter
The tentative specifications of required space and time resolution and accuracy from Chapters 4 and 5 are indicated (in parentheses) above
the proposed measurements. Where two values are given, the smaller value refers to desired accuracy, the larger value refers to useful
accuracy. The tentative specifications from Chapters 4 and 5, as well as those presented in Chapter 6, can be expected to be revised as more
extensive study is made and as the proper interface of model output and measurements is achieved (see section 6.1.6).
Variable

Class

Space
Resolution

Time
Resolution

Accuracy (1 a)
of determination

1. Water vapour

II

500 km

*

*

2.

(lI-IIl)

2-4 baseline
stations and
10 additional
regional
stations

(15 days)

(± 0.1 ppm)

15 days

± 0.1 ppm

CO 2

II-IIl

Period

Additional remarks,
observing technique, etc.

FGGE
(From Sec. 4.4, 5.7)

FGGE - limited
number of stations & postFGGE

Chemical analysis of air sample,
see Sec. 5.7 for description of
existing measuring programme

(l-1I)

(100 km)
(2 km vertical
resolution)

Cl day)

(± 0.5 ppm)

I-Il

500 km2 km vertical
resolution

1 day

± 0.5 ppm

FGGE

Backscatter DV spectrophotometry by NIMBUS-G**

3a. Total ozOne

m

Existing WMO
network

1 day

1"5 0/ 0****

FGGE

Ground-based optical measurements (preferably Dobson
spectrophotometer)

3b. Ozone profile

(m)

(latitudinal
dist.)

(10-30 days)

(± 0.5 ppm)

"

III

10 stations
distributed over
the globe

1 week

± 1 ppm

FGGE

Ozone sonde profile measurement

4.

Tropospheric
aerosols

m

WMO baseline
air-chemistry
stations

***

***

FGGE

Aerosol analysis of air sample,
see Sec. 5.9

5.

Atmospheric
turbidity

m

WMO baseline
stations

1 week

1 % ****

FGGE

Need to measure direct and
diffuse radiation separately

6.

Stratospheric
aerosols

m

2-4 baseline
stations

***

***

FGGE

Udar. Sunlight polarization

3. Ozone distribution

*
**
***
****

(From Sec. 4.4, 5.8)"

(From Sec. 4.4, 5.8)

Same as FGGE requirements (2).
Should be coordinated with measurements of solar DV radiation (Table 6.2, item 2).
See section 5.9, especially Table 5.9.
Relative accuracy.
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On the other hand, the long-term monitoring of the
total ozone amount or vertical distribution need not be
conducted with the high spatial and temporal resolution
of satellite observations. It is thus recommended that
the statistical properties including possible secular trends
of the ozone content of the stratosphere be monitored
through continuing observations by the WMO ozone
network (giving ground-based measurements of total
ozone and its vertical distribution) and the development
of an ozonesonde network of about 10 stations distributed
judiciously with respect to geography. This will also
provide a reference base for remote measurements of
ozone.
6.7 . 1.4 Other tracer gases
Advanced spectrometric techniques have been proposed
and, in some cases, are being developed to detect the
stratospheric concentration of various trace gases such as
nitrogen oxides, methane, S02' ... from satellites.
However, because tracer gases can have only an indirect
effect on the energy budget of the planet (through participating in the photochemistry of ozone or the production
of particulate matter) it is considered adequate, at the
present state of our knowledge, to recomniended monitoring by the WMO baseline air chemistry network as part
of the future UNEP Global Environmental Monitoring
System. In particular N 20 should be observed on an
occasional basis with an accuracy of 5%.
6.7.2 Aerosols
An increase of the aerosol content of the atmosphere
as a result of natural causes or human activities, would
cause an appreciable modification of atmospheric absorption and scattering thereby altering the radiative transfer
and ultimately the planetary radiation balance. Furthermore, aerosols interact with various chemical and photochemical processes in the atmosphere as well as the
condensation of water vapour. There is, therefore, a need
for documenting long-term trends in the aerosol content
of the troposphere and stratosphere.
Observations of atmospheric turbidity can be made by
routine measurements of direct and diffuse solar radiation
received at the ground at a number of WMO baseline
stations. It is suggested that the observations be made
using standardized and well calibrated pyrheliometers
and pyranometers at about 10 remote area locations (at
different latitudes) to detect long-term trends, and variation in these trends, of atmospheric turbidity.
As regards tropospheric aerosols, their concentration,
size spectrum and chemical nature are best monitored by
the WMO baseline air-chemistry network.
Airborne mineral components in the troposphere, such
as those generated in heavy sand storms, have been found
to have a considerable effect on the atmospheric radiation
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budget. When their optical thickness is large enough to
provide sufficiently large scattering, as in the case of
Sahara sand clouds over the oceans, they can be detected
in satellite photographs. Polarization measurements have
been found to be a more sensitive means of detection.
So far, the feasibility of mineral dust observations by
polarization photometry has been demonstrated only
from aircraft.
Stratospheric aerosols have a relatively long residence
time, of the order of years, and are well mixed zonally.
The amount of stratospheric aerosols is normally quite
steady except when natural events such as volcanic
eruptions inject a large amount of dust and aerosolgenerating gases (S02) into the stratosphere. In order to
be ready to document any future event of this nature,
a low key monitoring programme for stratospheric aerosol
content is needed, based on lidar backscatter proilles
(one station in each hemisphere), optical twilight polarization measurements and a few aircraft or balloon samplings.
Space-based measurements of the limb twilight radiance
and polarization provide another tool for global observations of stratospheric aerosols if the need would arise.
Observations from Spacelab might also be useful in this
regard.
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APPENDIX 1.1
ON THE VARIABILITY OF THE GENERAL CIRCULATION OF THE ATMOSPHERE
AS DEDUCED FROM AEROLOGICAL DATA
by Abraham H. Oort
Geophysical Fluid Dynamics Laboratory/NOAA, Princeton, N.J., U.S.A.
1. INTRODUCTION
The central theme in this position paper will be the
question of how one can describe and understand the
earth's climate using the now available upper air data.
It is clear that any definition of the term "present
climate" will include information concerning the longterm mean state of the atmosphere, say over a 10- to
20-year period, and its regular diurnal and annual
components. However, in addition the term should
probably include a knowledge of the level of year-to-year
or natural fluctuations in the atmosphere. Further,
certain months or years will stand out in the record well
above the normal level of natural variability, and also
a slow long-term trend may be evident suggesting
fluctuations of a still longer span than the original record.
All these effects appear to be basic ingredients of the
climate, that should be investigated and understood.
By and large, it seems that in investigating the climate
a logical order of priority would be to study:

1.
2.
3.
4.
5.

The long-term mean state.
Diurnal and annual variations.
The level of interannual variability.
Abnormal climatic periods.
Long-term trends.

Gradually, earth scientists begin to realize that the
climate between different spots on the earth is highly
interconnected, and that changes in one part of the
system will ultimately affect all other parts. On the time
scale of weeks, this is fairly clear in case of the atmosphere
alone, but on the longer time scale of months to years,
it seems to be also true for the combined atmosphereocean system. In other words, to fully understand the
present climate one needs to describe and understand
the intricacies of not only the atmosphere but also of the
oceans in some detail in space and time. For example,
it will not be sufficient to measure a few parameters
extensively, or to monitor all parameters at a few bench
mark stations or at a few levels in the vertical, or to take
only a few snapshots of the entire system. The necessary
integrated view will only come about through a detailed,
world-wide, long-term, many-level study of all significant

parameters as far as they are known presently. No short
cut will be adequate.
Assuming that all relevant observations in space and
time were available, there still would remain at least one
other important stumbling block, i.e., the volume of the
data. How can one shape this deluge of numbers into a
coherent framework; how does one finally arrive at an
understanding of climate? One way to reduce the volume
of data is to integrate over the three spatial dimensions
or to integrate in time. Alternatively, one can perform
spectral analyses in space and time on the raw data and
limit the study to certain groups of important waves.
Here, theory would be a most valuable guide in relating the
different meteorological parameters and their space and
time characteristics.
To further illustrate the promises and problems of
climate programmes in general, a short summary will be
given next of earlier climatic research performed during
the last 20 or 30 years at the Massachusetts Institute of
Technology (MIT), with which the present author is quite
familiar.
2. SOME RECENT COMPREHENSIVE CLIMATE
PROGRAMMES
It may be of interest to discuss in some detail here the
systematic approach to an understanding of climate
initiated by V. P. Starr and his collaborators at MIT
shortly after World War II and 'continued up to the
present time. Besides this group there are, of course,
many other groups and individuals in different parts of
the world who have contributed greatly to our present
knowledge. Let us mention, for example, the group at
the University of California at Los Angeles (UCLA)
under J. Bjerknes and Y. Mintz and those at Bonn, West
Germany, under H. Flohn, and at Norwich, England,
under H. H. Lamb. However, the MIT efforts seem to
have been perhaps the most extensive and most relevant
in the context of the present Conference. Furthermore,
this author has been intimately associated with the MIT
work during the last 10 or 15 years, and is, of course, less
familiar with work carried out at other institutions.
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Most of the analysis efforts in the MIT projects have
centered on three periods, namely, the year 1950, the
International Geophysical Year 1958, and the 5-year
period May 1958 through April 1963. Recently, new
ambitious projects have been initiated both at MIT and
GFDL, more or less independently of each other, to
analyse data from the lO-year period elapsed since April
1963. These will be discussed later in connexion with
some suggestions for a more extensive climate programme.
The many published research papers based on the outcome of the earlier projects have contributed substantially
to our present outlook on the atmospheric general circulation. A small selection of these papers giving the final,
basic statistics will be discussed here in some detail.
These selected papers or reports are listed in Table 1
together with further relevant information.
The different lists of entries in Table 1 indicate, among
other things, that considerable progress has been made
between the year 1950 and the present time, particularly
in the following two areas. First of all, as is well known,
the number of upper air stations has steadily increased
from less than 100 to more than 1000 during the last
25 years. At the same time, the reliability ofthe data well
up into the stratosphere has improved markedly with time.
The second significant advance has been due to the
revolution in data storage, data reduction, and data
analysis methods brought about by the recent development of digital computers. These two developments
taken together provide the unique opportunity to now
increase our understanding of the detailed spatial and
temporal character of the general circulation. Mter all,
knowledge of these finer details seems to be of great
importance to acquire a more profound understanding
of the earth's climate.
The time elapsed before completion of each particular
project is given in column (4) of Table 1 and further
illustrated in Figure 1. It is found to range from about
4 years to well over 10 years. Although our experience
and tools to deal with data have grown substantially with
time, the time needed to complete each project has
apparently not decreased. Perhaps this measure is somewhat deceiving since many more analyses have been made
in the more recent than in the earlier programmes.
Nevertheless, one may expect, on the basis of these
experiments, that the final "digestion" of large amounts
of data will always take at least several years of hard work
provided that a small but dedicated group of researchers
is involved.

.

3. PRESENT KNOWLEDGE OF CLIMATIC
VARIABILITY
In the previous section, a review was given of certain
extensive climate programmes undertaken at MIT. It

provides an example of what has been done with only
limited manpower and limited financial resources.
The review may therefore serve as a first guide for the
planning of future large-scale observational studies to
be discussed in section 4. However, first some of the
results of the earlier climate programmes will be discussed
below, but only in very general terms.
3. 1 Mean Climate

Undoubtedly, it is of primary importance that in the
course of these projects the present yearly mean climate
in the free atmosphere and its normal seasonal variation
were established for tlte large-scale circulation in the
northern hemisphere, and to a smaller extent also in the
southern hemisphere. The derived statistics as listed in
column (10) of Table 1 can be subdivided into the
following three groups:
1. the mean fields of the horizontal wind components,
temperature, geopotential height, specific humidity,
and kinetic energy.
2. the variance fields of the horizontal wind components,
temperature, geopotential height, and specific
.humidity.
3. the horizontal (both zonal and meridional) flux fields
of momentum, specific heat, geopotential energy,
water vapour, and kinetic energy.
Perhaps the single, most important group of missing
statistics are those involving the vertical velocity. Some
acceptable way may be found to compute large-scale
vertical velocities despite their small amplitude. However,
there is less hope for measuring, at least directly, the
small-scale vertical velocities (e.g., in convective clouds),
that presumably are responsible for a large part of the
vertical fluxes of sensible heat, water vapour, and
possibly momentum. Other additional statistics needed
for an integrated picture of the climate include radiation
fluxes, parameters describing the state of the continental
surface, and of course, the oceanic parameters. However,
a further discussion along these lines is beyond the scope
of the present paper.

3.2 Interannual Variability
One important new aspect of the climate mentioned
briefly in the introduction is the level of interannual
variability in general circulation statistics. Once the mean
statistics listed in section 3.1 are evaluated, this aspect
seems to be of the next highest priority. Apart from their
intrinsic interest, studies of naturally occurring variations
will also help to answer some of the following questions.
For example, how reproducible and meaningful are
climatic statistics based on only one year of observed

TABLE 1.
(1)

(2)

Investigators

Period Studied

1950
1950
1950
1950

SOME RELEVANT INFORMATION CONCERNING RESEARCH PROGRAMS INITIATED AT MIT SINCE 1950
(3)

(4)

(5)

Year
Time Elapsed Area
of
Bef'ore
Studied
Publicat. Completion

lA
lB
1C
1D

Starr & White [1]
Buch [2]
Peix6to [3J
Peix6to [4]

year
year
year
year

1954
1954
1958
1960

2A

Peix6to & Crisi [5J

year 1958

1965

2B
2C
2D

Obasi [6J
Peixoto [7J
Peixoto [8]

year 1958
year 1958
year' 1958

1963
1973
1974?

(6)

(7)

(8)

(9)

(10)

SoUrce of
Input Data

No. of
Stations

No. of
Levels

Method of
Analysis

Parameters
Evaluated

5, zonal
maps by
maps by
maps by

years
years
years
years

NH
NH
NH
NH

tabulations
tabulations
tabulations
tabulations

'" 75
",eo
",eo
'" 80

7
6
4
7

7 years

NH

4

SH
SH
SH

punch cards I
magn. tape
tabulations
tabulations
tabulations

285

4 years
15 years
>15 years

8
8
4

4
3.5
8
10

"-140
147
147

strings
hand
hand
hand

(11)

*

ii,v,T,q, Vii,VT",!i.-

Seasonal Breakdown

'ii,v,a(u) ,a(v),v'u'
q:,a(q),i:rci,Vci
'f,a(T),iiT,VT

year
year,winter,sumtller
year,winter, summer
year,winter, summer

maps by hand

q:,a(q),uq,Vci

year,vinter,summer

maps by hand
maps by hand
maps by hand

u,v,a(u) ,a(v), V'U'
'if,a(T), iiT", V'r
q,a(q),uq:,Vq

vinter,summer
yea:r,winter, sUIm:l.er
year,winter ,s~er

I
~

~

>-'

3

Oort & Rasmusson[9J

May 1958April 1963

1971

NH

8.5 years

magnetic
tape

",600

11

maps by computer

4,5

at MIT and GFDL

May 1963April 1973

?

?

NH & SH

magnetic
tape (NMC)

u,v,"T;Z,q,KE
a(u) ,a(v) ,a(T) ,a(Z) ,a(q),
Vir, vZ, vq, vrcE

vu,

,

>1000

maps by computer

u,v,T",Z;q,KE
a(uj ,a(v) ,a(!l.a(Z) ,a(q),
vu,VT,~,vq,vKE

*

5-year,
J8J1. ,Feb ... Dec.;
in,terannual variations

5-year,
Jan. ,Feb ... Dec.;
interannual variatiJ:ls

U, V = zonal, meridional wind components, T = temperature, q = specific humidity, and KE = kinetic energy; the bar and prime
indicate a time average and a deviation from the time average, respectively, and (j the standard deviation.
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Figure 1 Timetable of climate research programme initiated at MIT since the year 1950. Dashed area indicates the time period from
which data were analyzed. The length of the arrows indicates the approximate time needed to complete each project.

data? Does the atmospheric circulation flip-flop between
several different quasi-equilibrium states? How long lived
are climatic anomalies?
All these questions are of considerable importance, but
not much systematic research has been completed along
these lines. Therefore, it seems of interest to mention
here a few recent and still rather crude results that are
based mainly on the projects listed in Table 1. The
integrated picture of climate that finally may emerge
from these and further studies will hopefully enable one
to define more quantitatively what may be considered as
anomalies in the circulation and what, so to speak, as
normal variations in the circulation.
Different manifestations of year-to-year variability will
be discussed now with the aid of Figures 2 through 7.
The figures are roughly arranged in order of decreasing
complexity. Thus, Figures 2, 3, and 4 deal with variability in the horizontal plane, Figures 5 and 6 vith northsouth variability ofquantities that are averaged in the zonal
and vertical directions, and Figure 7 with variations in time
only of quantities integrated over the entire hemispheric
mass. The variables selected all relate directly to the
meridional flux of energy in the atmosphere, one of the
most important parameters in the general circulation.
Example 1. Because the poleward flux of energy is
dominated outside the tropics by the transient eddies,
some yearly mean fields of the eddy fluxes of sensible and
latent heat will be shown at the level of maximum flux,

i.e., the 850 mb level. The first hemispheric analyses of
these fluxes were made by Peix6to (3,4) for the year 1950
and are reproduced in Figures 2 and 3. Also shown in
these figures are comparable analyses for the 5-year
period May 1958 through April 1963. It should be
mentioned here that the 1950 maps were drawn by hand
while those for the period 1958-1963 were analysed
objectively by computer.
The differences between the yearly maps may be due
to one or more of the following factors:
1. Real year-to-year variations in the character of the
circulation.
2. Changes in the station distribution and the number
of reports.
3. Changes in analysis method.
The agreement between the results for different years
is remarkably good in the case of the sensible heat, but
less so in the case of latent heat. Undoubtedly, all three
factors mentioned above influence the results, but to a
different degree in different parts of the hemisphere. For
example, in data-rich areas, such as North America and
Europe, the differences are probably real, while on the
other hand over much of the oceans factors 2 and 3 may
be quite important. The uncertainty in interpreting the
present results emphasizes the importance of using a
uniform reduction and analysis method for all the data.
Furthermore, it is clear that many years of data are
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T' at 850 MB

l ' YEAR 1950

y:;p

YEAR 1958·59

v"f' YEAR 1959·60

v'T' YEAR 1960-61

v'T' YEA R 1961-62

Y'Ti

YEAR 1962-63

Figure 2 Hemispheric distribution of the northward flux of sensible heat by transient eddies at the 850 mb
level (about 1.5 km height) for the year 1950 (4) and the five years May 1958 - April 1959, May
1959 - April 1960, etc. Units are in QC m sec-I.
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Vi

qJ at 850 MB

y'q'

YEAR 1950

y'q'

YEAR 1959·60

y'q'

YEAR 1961·62

V'<i'

YEAR 1958·59

y1rt

YEAR 1960.61

ylq'

YEAR 1962.63

Figure 3 Hemispheric distribution of the northward flux of water vapour by transient eddies at the 850 mb
level for the year 1950 [3] and the five years May 1958 - April 1959, May 1959 ~ April 1960, etc.
Units are in g kg- I m sec-I,
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Figure 4 Northward flux of sensible heat by transient eddies at
Weather Ship C as a fnnction of frequency from Hartmann (10). The average of 13 winters between 1949 and
1962 is given by a thick solid line, while the area between
extreme years is shaded. The actual values for the first
6 winters are shown by stars and those for the last
7 winters by dots. The heat flux integrated with respect
to frequency varies between 15.3 and 29.6°C m sec-1.

needed before one can draw reliable conclusions
concerning long-term circulation changes on a hemispheric
scale. These considerations motivated the undertaking of
the recent five-year projects listed at the bottom of
Table 1.
Example 2. The year-to-year variability is, of course,
much larger if one considers the contributions at different
frequencies to the northward heat flux. This is illustrated
in Figure 4 for Weather Ship C at the 850 mb level.
Important interannual differences are also evident when
one makes a spatial instead of a temporal decomposition
of the total eddy heat flux into its components associated
with different zonal wavenumbers (11, 12).
Example 3.. The level of year-to-year variability is
considerably reduced by averaging the data with respect
to longitude and height. Thus, Figure 5 shows the level

1. 1
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of natural variability for the suitably averaged eddy, mean
meridional, and total energy fluxes as computed from
5 years of data. These quantities are shown separately
for the individual years (top), individual January (middle),
and the individual July (bottom) months as a function of
latitude. As one would expect, the variability for the
individual months is much larger than for the individual
years. Further, the seasonal cycle is far dominant over
the interannual fluctuations. It is of interest to note that
year-to-year differences in the total energy flux are somewhat smaller than one would expect if the different
contributing terms were uncorrelated. Such a correlation
is illustrated on the left-hand side in Figure 6. It shows
that anomalies in the transient and standing eddy heat
fluxes tend to be negatively correlated; in other words,
there is a compensation in the sense that whenever the
transient fluxes are small, the standing fluxes tend to be
large and vice versa. A positive correlation between the
total eddy fluxes of sensible and latent heat is, on the
other hand, shown on the right-hand side in Figure 6.
However, in the net energy fluxes (vE) given in Figure 5,
the compensating effects apparently dominate.
Example 4. If one finally proceeds to integrate over the
entire hemispheric mass, one obtains curves giving only
the variability in time as shown in Figure 7 (top) for the
temperature. As in example 3, the seasonal variation
overwhelms any interannual variations present. In the
case oftemperature, one can see the interannual differences
only after taking out the seasonal cycle as was done in
preparing the bottom diagram in Figure 7. This last time
series resembles a series of random numbers with perhaps
some persistence and a long-term variation superimposed.
The month-to"month variability evident in a time series
like this is large compared with the linear trend. This
points out the necessity of reducing quite extensive data
sets (actually much longer than the present sample) before
any conclusion concerning slow trends in the present
climate can be inferred. It is obvious that a selection of
only a few months from the entire record may lead to
erroneous conclusions about the 5-year trend. Similarly
serious ambiguities will arise if one considers only a
limited geographical area or only a few levels in the
vertical.
4. SUGGESTIONS FOR CLIMATE MONITORING
PROGRAMME

As planned in the most recent MIT/GFDL projects,
a total of 15 consecutive years of hemispheric (possibly
global) upper air data will be collected and reduced into
a form suitable for general circulation studies. This data
bank should bean invaluable tool for analyzing the
present climate before the beginning of the First GARP
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Figure 5 Year-to-year variability of the northward fluxes of energy (sensible heat plus potential energy plus latent heat) for the annual
mean, and for the extreme months of January and July. Shown are the flux by transient plus standing eddies (left), the flux by
the mean meridional circulations (middle), and the total flux of energy (right). The solid lines indicate the 5-year average ± the
standard deviation. Units are in QC m sec-1 or after multiplication by 0.957 X 1014 X cos rp in cal sec-1 •

Global Experiment (FGGE) in the year 1977. It should
provide a basis for determining the nature of possible
anomalies encountered during FGGE.
In spite of its tremendous size, there are also several
limitations in the planned data set as enumerated below.

1. Because the most easily accessible data, namely, the
upper air reports collected daily on magnetic tape by
the National Meteorological Center (NMC) of
NOAA, will be used almost exclusively, many late or
not-transmitted reports are excluded from the planned data set.
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2. No use will be made of aircraft, constant level balloon,
or satellite derived data, nor of surface reports insofar
as they are not included in the upper air soundings.
A mixture of several different types of data would
create data managing problems that are beyond the
capacity of the present projects.
3. No information will be collected concerning the
meteorologically important surface conditions in the
mixed layer of the oceans or over the continents.
To arrive at a truly integrated picture of climate, a
much broader programme encompassing many diverse
research groups is clearly needed. Such a programme
should coordinate and stimulate climate related research
in the following fields:

1. Solar statistics (solar constant, spectral distribution of
solar radiation, solar flares, etc.).
2. Atmospheric circulation statistics (discussed before,
see Table 1).
3. Oceanic circulation statistics (roughly similar to those
in the atmosphere; unfortunately, not many direct
current data are available).
4. Hydrological statistics (precipitation, cloudiness,
runoff, ground storage, etc.).
5. Cryospheric statistics (extent and depth of snow and
ice coverage).
The main task in each of the above fields would be
to collect the proper data for a time period of 10 years or
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longer, reduce them to a standard form, analyze them,
and as a final step compute integrated statistics relevant
to climate.
A splendid example of a comparable cooperative
enterprise can be found in CLIMAP (Climate/Long
Range Investigation Mapping and Predictions). CLIMAP
is a joint programme on paleao-oceanography and climatic
change (on a geological time scale) of Brown University,
Columbia University, Oregon State University, and the
University of Maine. In this programme, the basic data
are collected by many individual specialists, but the
interpretation is a joint effort by all participants. Coordination is through a project manager and several task
leaders. An executive committee assumes responsibility
for the project, coordinates free flow of information
among institutions, assures coordination among task
groups, and sets and implements policy. This setup
seems to work very well and has produced, already,
exciting results in the form of palaeo-temperature maps
of the world oceans.
The programme envisaged here would be different from
CLIMAP in at least one important aspect, namely, the
data gathering task. For investigating the present climate,
there is probably no immediate need for new data.
After all in many of the fields listed above, large amounts
of unreduced data are available in climatic data centres,
although not always in an easily accessible form. It

seems, therefore, that no new glamorous and costly data
gathering expeditions should be conducted before FGGE,
but that instead, one should take stock of the information
at hand.
5. SUMMARY AND SOME FINAL REMARKS
Some of the important points discussed in the paper
are summarized below.
1. A complete description of the present climate should
contain measures of the long-term mean state, the
diurnal and annual variations, the level of interannual
variability, the nature of abnormal climatic periods
and of the long-term trends. In this context, a 10or 20-year average may be considered to be a longterm average.
2. The great variability in time and space of atmospheric
phenomena make the reduction of large amounts of
observations necessary before one can draw reliable
conclusions, or climatic trends.
3. On the longer time scales phenomena in atmosphere
and oceans are coupled, and there exists a great need
for oceanic statistics comparable with those now
available for the atmosphere.
4. It seems essential that the deluge of present and future
atmospheric and oceanic data be made available in
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Figure 7 Record of the monthly-mean temperature averaged over the entire northern hemisphere mass between the surface and 75 mb
(about 18 km height) for the period May 1958 through Apri11963 after Starr and Oort (13). Plotted are the raw values (top),
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an easily accessible and uniform format, and be
reduced and analyzed in a homogeneous fashion. As
an example, the problems and successes of a more thim
20-year long series of project~ initia.ted ~t MlJ;. by
V. P. Starr were discussed eXtensively in tms paper.
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2. Buch, H. S., 1954. Hemispheric wind conditions during the
year 1950. Final Rep., Part 2, Dept. of Meteor., Mass. Inst.
of Tech., 126 pp.
.3. Peix,6to, J, P., 1,958.. J.lemispheric humidity conditions during
the Y'ear 1950. .Sci. Rep'. 3, Dept. of Meteor., Mass. Inst. of
Tech., 142 pp.

S. Finally, a proposal is made to stimulate and coordinate' .,'

climate related research between iuterest~d groups iu
the fields of solar physics, oceanography, hydrology,
and glaciology.. The organization could be quite
modest; perhaps alongthelines:of the palaeo-oceanographic research programm~ CLIMAP.

One important flii'theruse of general' circulation
statistics as described above is the verification ofimmerical
shnulations'of climate. The present general circulation
models (GCM's) seem to be able to reproduce quite well
the observedatinual and seasonal statistics, at least in the
atmosphere (in .the ocean, the 'simulation is not yet
realistic enough, possibly due to lack ofspatial resolution).
The next step in moclelling should perhaps 'be a test of
the range of year-to-year variations by running the
atmospheric GCM's for many years. A comparison with
observations could then provide valuable information as
to the differences in the range of natural variability
explained by either .a model atmosphere with fixed
boundary conditions or by one with variable but speCified
conditions at its interface with the oce.an or land surface.
It is conceivable that the proper range of variability can
be attained' only when one includes also variability in
solar output, but because of lack of the proper information, this possibility should probably be left as a last
resort.
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APPENDIX 1.2
HISTORY AND INTRANSITIVITY OF CLIMATE
by H. Flohn
Meteorologisches Institut der Universitiit Bonn, FRG

1.

REGIONAL INSTABILITIES

A few years ago, E. Lorenz (1) raised a fundamental
question: Is our climate stable? This question has become
quite real in a situation where large-scale climatic anomalies (culminating during 1972) demonstrate, at least
on a regional scale, the occurrence of potential instabilities.

patterns are correlated with many circulation anomalies
in other parts of the world.
According to the results of an advanced air-sea interaction model (5) equatorial upwelling can be considered
as normal (see also 6). During the irregular anomaly
periods the oceanic evaporation increases by (at least)
20-30%, and rainfall by a factor of 5-20: this produces
a drastic change of the energy budget of the Hadley
circulation, with large-scale effects on the atmospheric
circulation (7, 8). Between the Pacific anomalies and

Lorenz' definitions of a transitive, intransitive and of
an almost-intransitive climate are given, in a slightly
revised form, in this report (Chapter 4). According to
this definition - as derived from ergodic theory - the
observed climatic fluctuations during the 300-year period
of instrumental records cannot be taken as indicative of A)
an almost-intransitive climate; evidence for this exists
only on a much longer time-scale (see following chapter 2).
However, the occurrence of bimodal frequency distributions of meteorological data presents a hint to local or
regional instabilities of climate.
Especially in middle latitudes, moving averages of
climatic data show non-periodic oscillations; only in a
few cases is some kind of a flip-flop mechanism at work,
producing a bimodal or multimodal distribution or, at
least, unusually large variances. Of special interest are
the extreme variances of rainfall in the equatorial regions
of the Pacific (2, 3, 4) positively correlated with surface
water temperature. They occur nearly simultaneously
along the 12,000 km distance from the Ecuador coast
(80°W) to Nauru (169°E) together with the El Nifio
phenomenon along the coasts of Peru-Ecuador; similar
but less striking events are observed in the equatorial
Atlantic. Their physical interpretation is given by the
change of sign of the helical Ekman drift of the ocean
layer above the thermocline on both sides of the equator.
While normally equatorial upwelling causes stabilization
together with cloudless arid conditions, a weakening of
the SE trade system leads to equatorial downwelling,
with tropical warm water, destabilization and cumulonimbus convection with humid conditions (Fig. 1).
Apparently the two opposite regimes cannot occur
simultaneously in different parts of the whole system, at
least not east of 165°E; this leads to a nearly synchronous
switch from one regime into the other. Teleconnexion
studies (2, 3, 4, 7) indicate that the two contrasting
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Figure 1 Meridional Circulation Patterns of Troposphere and
Upper Ocean Mixing Layer in the Equatorial Pacific.
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those of the Atlantic - here including the densely populated region of NE Brazil - a negative correlation has
been found (4, 9), probably caused by the varying position of the warm anticyclone during southem summer
above the western margins of the Amazonas basin; the
typical season is January-April or May.
On the other side of the Atlantic the recurring droughts
in the Sudan-Sahel belt of Mrica (from Ethiopia to
Senegal) occur nearly simultaneously with failures of the
monsoon rains in northern and central lndo-Pakistan (10). This can be interpreted as a result of the
varying intensity of the large-scale monsoonal system
consisting of the tropical easterly jet near 150 mbs
together with the low-level equatorial westerlies, both
extending from West Africa to the Philippines and
restricted to the northern summer. Each failure of the

El"Nino

El Nino
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monsoonal rainfall in N- and NE-India causes a weakening of the system with its highly effective high-tropospheric divergence pattern above Africa (11).
Surprisingly enough, recent (but preliminary) inves~
tigations seem to indicate frequent coincidences between
the anomalies of these two systems - the lndo-Mrican
Monsoon and the Pacific-Atlantic Trades with equatorial
upwelling - centered in a distance of nearly 1800 longitude and developing in different seasons. As a challenge
for further investigations with statistical techniques,
Figure 2 shows large and smaller deviations from normal
in six areas; the best examples are around 1899, 1913,
1941 and 1972, each aggregating a period of 1-5 years.
As a preliminary result, strong equatorial upwellingi.e. an intensified north-hemisphere Hadley cell above
the Pacific-seems to coincide with droughts in NE-Brazil
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Pacific Peru-Ecuador NE-Brazil

L. Chad
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Figure 2 Synopsis of Climatic Anomalies in equatorial regions.
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Brazil (4, 9) and with weak monsoontains in the Indo- the German Weather' Service (16, 17). Values are given
for the polar cap (lat. 65-90°N) and for a zone extending
Afrjcan region.
"
In addition to the cIimaticanoinalies of this time-scale to mid~latitudes (5()""'90°N); within theJimits of standardizationof radiosondes, this series' is homogenous; The
there exists ano,ther type, of climatic fluctuation (12,1.3).
general
decrease of temperature (15) during the period
The most importalit example is the wide-spread decrease
1958-63 is by no means to be extrapolated. The record
of precipitlltion and the lowering of lake levels in Eastern
and Central Africa around 1899 (Fig-.. 3), as well as the demonstrates a. discontinuit~ aroun~ 1963,. possibly, corlimited return to the higher level of the 19th century related with the eruption of the Agung volcano at BaIi
in March 1963. The difference between the partial
around 1960 (12); during this' period Lake Victoria
average 1949-62 and 1963-73 amounts, for the polar cap,
(68,00.0 km2) rO~e in one and a half years by ;more ;than
to -11.1 gpm equivalent to -0.56 C, and for the larger
2 meters"retaining this high level with minor fluctuations
area 50-90o N to -9.4 gpm = 0.47 C. The average
to 1972. Similar long-term Cfhanges can also be seen in
interall).lUal variation amounts (for the polar cap with an
the frequency of large-scale. weather patterns above Great
area near 27 .IQ6 km2) to 6.7 gpm = 0.34 C, equivalent
Britain (14), especially during the cool season Novemberto an energy difference of nearly 2 terawatt; this value can
March. _
probably be ipterpreted as a result of the varying exten. In order to extend the three-dimensional averaged sion of snow-cover (18) and of the thickness of sea-ice.
temperature trends given by Starr and Oort (15) annual
The physical background of this cooling, which is
averages ofthe500jlOOO mhthickness above the northern
latitUdes are given for the 25-year period 1949-1973 restricted to arctic and subarctic latitudes, is up to now
(Fig. 4), derived from inontWy averaged daily maps of 'unknown. The author has had the opportunity to
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observe, during a flight in July 1964 across the centre of
the polar cold vortex (then above Baffinland), a quite
unusualstratospheric dust layer with a clearly visible
lower boundary at the tropopatlse and with definitely
reduced horizontal and slant visibility. High turbidity
values (fJ up to 0.30) have been measured at about this
time above the south pole (19). During the summers of
1970 and 1972 the author again observed in latitudes
78~85°N a (now gradually weaker) stratospheric haze
layer above a dusMree"troposphere; in summer 1973 only
faint residuals of this haze could still be seen. From this
very scanty evidence the isolated cooling of· the arctic
during the last decade (20: Fig. 3.8, p. 44) may perhaps
be interpreted as at least partly caused by the concentra
tion of volcanic dust in the arctic stratosphere, due to a
rather permanent' convergence of the circulation of the
lower stratosphere (21). Furthermore, in the arctic the
lack of isentropic mass exchange between troposphere
and stratosphere through the tropopause gap (which is a
regular feature in the jet stream region of middle and
subtropical latitudes) may lead to a prolongation of the
residence time of the dust particles in the lower polar
stratosphere, estimated to be about 3 years instead of
little more than one year in middle latitudes. '
M

The varying intensity of the polar cold vortices appears
to be responsible for the varying degree of meridionalizationofthe mid-latitude westerlies, i.e. the varying role of
the stationary eddies in the meridional transport processes. Two contrasting circulation types are well-known
in the belt of extratropical westerlies: high-jndex circulationwith eastward moving vortices, and low-index Circulation with large-scale quasi-stationary meridional
:f1owpatterns, here including Willett's (22) "high-index
type in low lattitudes". The latter type is characterized
by large:scale standing eddies, extending with "diagonal"
troughs ,near 200 lllbl1far into the tropics (23) and leading
to an increased frequency of extreme and unusual weather
situations (24). These circulation anomalies are only
imperfectly understood; further enipirical'investigations
and model computations are needed. It' should be
mentioned that in, antarctic and su'bantarctic latitudes
some evidence has been'found for marked cooling during
the last century, especially between 1840 and 1~80 (25).
During that time giartt table icebergs emerged from the
Filchner iee-shelf; in the southern Atlantic their residues
reached even lat. 34-35°8. Probably such events must be
interpreted as the: result of a (moderate) snrgeof the
'
;
antarctic'ice (25).'
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epochs in which the polar regions were glaciated. Noninstrumental daily records exist since about 1330; their
evaluation together with historical evidence from annual
data (freezing and thawing of lakes, phenological and
tree-ring data) gives a fairly reliable extension of our
knowledge back to about 1000 AD (cf. Table 1).

2.

TIME-SCALE OF CLIMATIC FLUCTUATIONS
The time-scale of climatic fluctuations extends from a
few years to 108 years. Manley (27) has proposed different scales extending from the short period covered by
instrumental observations (about 300 years) to the
longest scale of about 2.5.108 years separating geological

TABLE 1
Historical Climate Data from Central England (Lamb)
(a) Temperature (C) and Precipitation (Deviation from 100 yrs average)

Temperature

Period

Wi (12-2)

Precipitation

Su (7-8)

Year

Year

Su (7--8)

Other seasons

1150--1300
1600--1700
1900--1950

4.15
3.15
4.2

16.7
15.35
15.8

10.15
8.75
9.4

+3%
0
-3%

-15%
+2%
-3%

+6%
-9%
0

Atlanticum
(,.....,4000 BC)

5.2

17.8

11.0

+10%

(+15%)

+7%

Standard deviation

1.28

0.96

0.56

(b) Relative Frequency of Winds from Nand E (January)

1560--1609
1610--1679
1680--1719

54%
39%
48%

1560-1719

41 %

(158 months)

1720--1799
1800--1899
1900--1959

20%
16%
18%

1720--1959

18%

From this evidence short and longer periods of quite
abnormal character can be derived. One of the most
interesting features is the unusually stable warm epoch
in the early middle age, from about 900 until 1200AD (28).
During this epoch the Viking groups emigrated from
Norway to Iceland in their small, open boats, settled in
Greenland·(on the economic base of sheep grazing), and
investigated Labrador up to Newfoundland. These
historical events are only. understandable under much
more genial climatic conditions: no report is given of
drifting ice in the Denmark Strait, and in southern
Greenland the dead were buried in what is now permafrost. With this mild quiet climate contemporaneous
reports on occasional ice at Venice, Istanbul and even
the Nile are difficult to understand. From 1200 to 1550
several short periods with quite unusual anomalies
occurred, especially during the winter 1322/3, when
merchants crossed the completely frozen Baltic not only
from Rostock to Copenhagen but also from Riga to
Gotland and Stockholm: this unique event would not
have been possible in the very cold winters 1939-42 and
since. A series of quite rare and extreme weather phe-

(240 months)

nomena has been observed between 1428 and 1442
(29, 30). The onset of the so-called "Little Ice Age"
between 1560 and about 1640 was a period of very
frequent blocking anticyclones over Europe, with prevailing SE winds near Copenhagen and NE winds near
London (Table 1) and with a remarkable cooling and
wide-spread glacier advances. This period reached two
peaks: around 1690 and especiaIIy after 1780 (partly up
to 1850), when the arctic sea-ice used to block Icelandic
coasts during half a year or even longer (30, 31) (Fig. 5).
The extension of the arctic sea-ice has varied during the
last millenium by more than 20%; there is some evidence
that its thickness has also varied by some 20%, due to
the varying physical parameters (32, 33). On the other
side, a good correlation between large volcanic eruptions
and glacier advances in North America and Europe has
been found recently (34) (Fig. 6). According to Fairbridge (35), the coincidence of eustatic sea level variations'-; Rottnest transgression +80 cm (800 ~ 1000
AD), Paria regression -200 cm (1200~ 1500 AD)with global temperature variations seems to indicate
substantial changes of the mass budget of existing glaciers.
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Figure 5 Duration (in weeks) of Ice Blocking the Coasts of Iceland (Koch 1945).

Abundant archaeological, palaeobotanical and geological evidence is available during the last 104 years,
including subtropical and tropical sites; evidence
from ocean bottom cores and ice cores can be fairly
reliably dated and evaluated back to 105 years. Statis-

tical evaluation of palaeontological data (e.g. frequency
of foraminifera shells) yields trustworthy temperature
data (36). Similar evaluation of tree-rings (37) and
pollen profiles (38) also yields sufficiently reliable
information.
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Figure 6 Number of Maximum Glacier Advances, Northern Hemisphere, and Volcanic Dust Veil Index since 1500 AD.
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In remarkable contrast to:most earlier textbook ideas,
the initial transitiqn between glacial and interglacial
periods, each wit4 length' ofapproximately 104 years,
appears t6 happen within, a shoh time - of the order of
102 years only (39)., AssuJrling anannuitl.l;lccumulation
of 30 cm waterequivalen,t,the formation of a 1,600 m
thick ice-sheet wouIcl need Jrlore than, 5,000 years. The
disappearance ofthe North American ice dome occupied
about 8,000 years, from 14,500 to 6,500 BP (Berore
Present); :b.everthelessthe large-scale' climatic shift
(Fig. 7) occurred within a few centllries. During this
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Figure 7 Isotopic OIB-Variations in .a N .. Greenland Ice Core
since 130,000 years (D'ansgaard t972).

recession, a well-known sequence of quite opposite
climates was observed:, B0iling Interstadial (warm}--:
Older DryasPeriod (cold) ---: Aller0d lnterstadiill (warm)
- Younger Dryas Period (cold)"":- final warming. These
two full cycles (with an annual temperature amplitude up
t~ 6°C) spread over less than 2000 years (40).: The
Allef0d warm period coincided with the quite abrupt
environmental change after the last (Wtirm-Wisconsin)
glaciation at about 10,800 BP, occurring in a time-span
of 300 years (or less). A careful review of the accuracy of.

dating and of the temperature calibration of the isotopic
changes has been given by Dansgaard (41). The sudQ~~
outbreak of Younger Dryas caused regional surges devastating full-grown forests "wholesale" near Lake Michigan
and elsewhere, accompanied by a cooling of 6°C. 'The
duration of this sub-period - including the two transition periods at, the beginning and end - was not more
than. 600 years (40) . These events~reat leastJelt in· the
Mediterra'nea-ii;' this seems to indicate an' intensity of
quasi-hemispheric temperature changes on the order of
Q.05?C/yr, as compared to about O.OloCjyr during the
period 1900-60; because of the smoothing due to molecular diffusion (41) this is probably a minimum value.
Several other short-lived events o{thi~ magnitude have
been recently detected, around 38,000 BP, 70,000 ,BP,
and 90,000 BP. During the oldest 'event the clirilate.
changed withiulOO years or les,s ('''~lniostinstantane~
ously;') (42) in Greenland from' wafnier than today to
full glacial severity. This sudden evept ~a,s also been
, found (Fig~ 8) in a French cave (43) arid hi a series of
cores from the Gulf of Mexico (44). At about tIie same
time, abrupt cooling has been evidenced from peitt bogs
in Macedonia and in the Netherlands (45), and multiple
evidence exists for a sudden sea-level rise at the: North
American east coast and at Bermuda (46), possibly
caused by an antarctic: ice surge. Within the errors of
dating, these events are simultaneous.
Another ofthese sudden events (near 55,000 BP) initiated
the Wtirm I glaciation, with a duration of about 15,000
years; in the other four cases the cool periods appear to
.,hflve Iflsted less than 200Q-JOQO years. , Th.is.time~spanis
, cei-taillIy insufficient to form the large continental icesheets of the northern continents; nevertheless such
events ("abortive glaciations") are of highest interest for
the meteorologist. Before A. T. Wilson (47) published
his fascinating hypothesis regarding possible surges of
the antarctic ice-sheet, geologists and climatologists
considered the beginning and end of an ice age as quite a
slow process, lasting about 104 years (according to the
orbital variations), thus hardly detectable within a;human
life-span. iThisconc.ept nmst now be revised (39); increasing evidence fot the dramatic character of such qlimatic
events hasbeen presented during the last few years. Five
events of this sort during 100,000 years have been quoted
with suffioient evidence from several far distant 'sites,
irtdicating their: hemispheric (or better, global) character.
Two or three others are evidenced on one site only; the
time ibterval between these ev.ents appears to be irregular,
.
on the order of 10,000-20,000 years.'
Events of this kind may also be the background of the
wi9.espread mythical recollections of deluge. Disregarding
such dim recollections frdm the very dawn of our prehistoric past, meteorologists are confronted, as a matter
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offact, with dramatic, perhaps even catastrophic climatic
ev.ents ,and with the inherent problem of their r~.tional
geophysical illterpretation. In the larger time~scale, the
almost-intransitivity of our climate appears to be a weJIestablished fact (39, 48) and no longer a hypothesis.
The physical mechanism of such short-lived natural
events - which could be certainly disastrous from the
view point of human welfare - is hardly understood.
An· unorthodox and speculative . model, taking into
account only internal (geophysical) parameters, has

recently been proposed as a base for future discus~
sions (39). Obviously, the short time-scale of these events
(if it can be confirmed by more reliable methods of
timing) substantially reduces the role of the orbital
variations ("Milankovich effects;'), which has mesmerized
two generations of earth scientists. From the one':
dimensional Manabe-Wetherald radiation model (49) it
can be concluded that the albedo variations during pr()~
minent climatic variations are in equilibrium with the
Surface temperature (Table 2).

TABLE 2
Slllface Albedo (aB) and Equilibrium Temperature (T*) Deviations
(areas in 106 km2)
Oceans
Albedo

Continents

open
0.05

ice
0.70

14~

190
335

Model NH 0
Model SH 0
Model E 4
Model E 5
. Model Sf{ 3

N. Hemisphere
.S. Hemisphere
Earth (E) .

Average
albedo as

Deviation
T* (OK)

open
0.12

ice
0.75

snow
0.30

10
16
26

70
33
103

3
13
16

27
3
30

0.1294
0.1384
0.1339

142
188

13
18

70
33

3
13

27
3

0.1373
0.1434

-0.95
-0.60

317
307
165

30 }
40
41

108

49

6

33

13

3

0.1731
0.1860
0.2022

-4.6
-6.2
-7.6

{

Remarks

}

actual
(1901-50)
N. Hemis.
S. Hemis.

1890
1850

} Ice(seaage.
level -100
Wilson surge

m) .
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EXTREME CLIMATIC PATTERNS DURING
TlIE LAST tOS YEARS

Some progress has been made to map past climates
from an amount of more or less precise data (CLIMAPprogramme). Statistical techniques allow a numerical
interpretation of the frequency distribution of fossil
pollen or foraminifera in climatic terms. The first results
of these studies look quite promising - one of the great
problems is the reliability of dating, even of relative
dating, e.g. in radiocarbon years, because of the many
sources of error.
Some authors (mostly non-meteorologists) have tried
to find cycles in their data - tree-ring chronology, ice
cores, pollen profiles, etc. Up to now, no really convincing evidence for regularly recurrent cycles in the
time-scale between 10 and several 103 years has been
presented. It therefore seems inappropriate to use such
cycles as a base for datIng.
The present climatic pattern has little changed since
the beginning of instrumental observations - unfortunately our information on the time variations of the
extension of the arctic sea-ice before about 1910 (and of
the sub-antarctic ice even now) is quite scanty. Regarding
the arctic sea-ice with its strong feedback on climate, its
largest extension into the Atlantic probably occurred
around 1780. The minimum extension around 4,500 BPas evidenced by Siberian driftwood along the northern
shores of Greenland and Ellesmere-Land and the vegetation history of Siberia (50) - can be estimated to be
hardly greater than 4-5.106 km2; nowadays its size varies
from 7 (September) to 12 (March) .106 km2 • Itis certainly
an over-simplification to speak of an "open" arctic or a
"ice-covered" arctic; obviously several intermediate
quasi-stationary stages exist lasting several centuries. But
during the last 130,000 years there exists no evidence (from
bottom cores) (51) for an ice-free central part of the Arctic
Ocean, especially not during a glaciation. Because of the
strong temperature contrast during winter, we should
expect in this hypothetical case a much different distribution of ice around the flat arctic shores, which in fact
have been (and still are) rather dry.
During the post-glacial optimum (Atlanticum; hypsithermal: about 6,000-4,000 BP) most glaciers in the Alps
and in similar mid-latitude mountains had disappeared,
and the boreal forest extended at least 300 km farther to
the north (50). At many places in sub-arctic and temperate latitudes temperatures were 2-3°C higher than
today, in most cases together with higher rainfall
(Table 1). During the even longer period between about
8,500 and 3,500 BP large parts of the arid areas ofthe Old
World - from Rajasthan across the Middle East towards
the northern and southern fringes of the Sahara (including

L. Chad (52» - have been much more humid. In addi-

tion to fossil pollen evidence and high lake levels (including equatorial East Africa), archeological evidence should
be mentioned - e.g. the existence of a sewage system in
the centre of the Indus Culture, Mohenjo Daro, in an area
with now less than 200 mm/yr rainfall.
According to unpublished investigations (based on
statistical evaluations of pollen records) by R. Bryson,
the amount ofmonsoon rain in the Tharr desert (naturally
a semi-desert) increased during that period from about
200 mm (present value) to 600-800 mm, an amount
sufficient to nourish elephants, gazelles and cattle as
depicted in the old artifacts. At least two sudden deteriorations of climate happened between 1500 and about
200 BC; it is impossible here to enter into the somewhat
confusing and apparently still controversial details. One
of the most interesting facts is the Ptolemean Calender (53), valid most probably for Lower Egypt, indicating
the occurrence of rains and thunderstorms during summer, which are now extremely rare events. Unfortunately
only a few historians (54, 55) are at present interested in
the role of climatic changes for old civilizations (including
the great migrations in Europe and other continents); our
scarce knowledge could certainly be improved if the
available information on agricultural and economic
variations were collected and critically examined.
During the maximum of the last glaciation (about
18,000 BP) North America, Europe and parts of Western
Siberia were heavily covered by ice, as well as many
mountains in all other latitudes. The lowering of the
snow-line shows a general decrease of tropospheric temperatures by 5-6°C, while in the vicinity of the glaciers
temperature drops of 12-:-15°C are restricted to low levels,
indicating the frequent occurrence of strong inversions.
The strong cooling is also valid for western France,
northern Spain and southern Ireland around the Sea of
Biscay (56); there is now sufficient evidence for extension
of the arctic sea-ice here and in the central Atlantic to
lat. 43-44°N. A drop of the ocean surface temperature
by 5-6° in the Caribbean and other parts of the tropical
Atlantic seems to be certain (in spite of some difficulties in
interpreting the isotopic changes of the 0 18 /016 ratio,.
cf. 57). In contrast to the Atlantic sector, the Pacific
sector was much less affected - here the temperature
anomalies reach only 2-3°C in the tropics and about 5°C
in middle latitudes, with a relatively modest extension
of the mountain glaciation. It is now certain that during
this peak the subtropical and tropical belt was substantially more arid than now - the equatorial rain-forests
of Africa and South America were reduced to a few spots
with high orographic rainfall. The causes of this arid
phase have been found in the lowering of ocean surface
temperatures together with a reduction of the ocean

APPENDIX

surface (today, from 71 % to about 67-68%) together
with a eustatic sea-level drop of 85-100 m.
The moist "pluvial" period in the subtropical areas of
Mrica and Asia seems to coincide with the AIlemd/
Younger Dryas fluctuation around 11,000 BP - a
period of extremely strong variations of climate and
vegetation cover in a time-span of a few centuries only,
with rapid coolings up to 6°C and a marked advance of
glaciers in Scandinavia and in the Great Lake region,
here destroying "wholesale" full-grown forests. Most
lakes in northern and eastern Mrica (58, 59) reached
their highest level between 12,000 and 9,000 BP; the
maximum glaciation of Mexican volcanoes (60) apparently coincides with that period and not with the arid
phase of the glacial maximum. The glaciated area of the
northern continents was reduced by some 50% in Europe,
but much less in North America; the sea-level was still
near -40 m, with Bering Strait closed.
In several regions of South America (and Mrica)
evidence exists for a cooling up to 8-10°C or even more,
perhaps only during a relatively short period of the order
of a few millenia. This is true for the Itatiaya near Rio
de Janeiro, for Columbia, Costa Rica and the southern
coast of South Mrica; evidence for an extended glaciation
of the eastern Patagonian lowlands is still somewhat
controversial (61). It is at present inappropriate to enter
into the world-wide discussion of the details of this
period - it may be sufficient to state that several global
and rapid climatic fluctuations occurred between about
72,000 BP and 10,000 BP. In an earlier glaciation (before
120,000 BP) similar evidence has been presented for
Japan, the subtropical parts of China and the Nepal
Himalaya (here perhaps biased by differential tectonic
movements), together with a eustatic drop of sea-level
of 130-145 m, indicating a 50% increase of the ice volume
compared with the last (Wiirm or Wisconsin) ice age.
Between about 120,000 and 72,000 BP several prolonged periods with an interglacial climate occurred
(Eem resp. Sangamom), interrupted by a catastrophic
cooling near 90,000 BP. During these warm periods the
vegetation history shows unambiguous evidence for
substantially higher temperatures in large areas of the
U.S.S.R. as well as of North America (Table 3). This
indicates at least a recession of the arctic sea-ice from the
coasts of Siberia and from the Canadian A'rchipelago.
However, a completely ice-free Arctic Ocean should be
accompanied - if we extrapolate the actual correlation
(Fig. 9) between the latitude of the subtropical anticyclones and the tropospheric temperature difference
(300/700 mb) Equator-Pole (62) - by a remarkable
poleward shift of all climatic belts reaching even beyond
the equator. The evidence for no climatic change in
arctic bottom cores (51) during that time is apparently
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TABLE 3
Differences Eem/Sangamon Interglacial- Actual Climate
(Frenzel1967)

January

July

Denmark, N-Germany
Poland, Ukraine
Bjelorussia, central
U.S.S.R.
Western Siberia
Central Siberia

+1-2C
+2-4

+1-3 C
+2-3

+1-3 C
+1-3

Year Precipitation
+ 50mm

+5-10
+4
7

+2-5
+3
7

+4-7
+3
+6

+100
+1007
?

W. Alaska, Banks Is!.
Near Toronto

7
+3-4

+4-5
+2

+7
+2-4

7
+200-250

inconsistent with these observations, but the time-scale
of these bottom cores is quite uncertain.
The climate of the Eem/Sangamom was probably
somewhat warmer than that of the post-glacial optimum.
The evidence for its duration seems to be still somewhat
controversial; the duration of the warm periods covers
only 10% of the last several 105 years (63), and the end
of the present interglacial should be (64) "very near at
hand" (Le. in a few miIlenia, perhaps only centuries).
This hypothesis - which is certainly not beyond any
doubt - enforces the need to investigate, with the help
of physico-mathematical models (65, 66), the climatic
variations of this long period.
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Figure 9 Position of subtropical anticyclones ('Ps) versus meridional
temperature difference (ilT) in the 300/700 rob layer;
monthly values for northern and southern hemisphere
(Korff-Flohn 1968).

Further evidence of the climate of the past 106 years
has been collected and evaluated in a recent report (67)
of the V.S. GARP Committee.
It should be mentioned that according to recent investigations, the climate of Mars has also changed between
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the actual state of an ice age !lnd another ~ype of.climate
where, with much higher CO 2 pressure, a hyorological

cycle with (observed) fluvial erosion in-tropical latitudes
had been developed (68).

APPENDIX:
ENERGETICS OF GLOBAL CLIMATIC CI;IANGES

Since at present no mathematical model -allows a
sufficiently realistic simulation of global climatic change;
it would be advisable to estimate the energetics of characteristic features of climatic variation. The main object
would be a numerical compa~ison of :natural and manmade (anthropogenic) effects. Here we must distinguish

between effects which alter significantly _the _heat budget
of the total earth surface or of the troposphere, and those
which lead, to a redistribution of energy only. An example
is give:q by the conversion of humid forest into cropland,
during wh,i,ch_ tb,e flux of latent heat is partly replaced by
that of sensible heat.

TABLE 4
Estimates of Energetics of Large-Scale Climatic Chmiges (revised after 48)
Terawatt (1012W)

A,. E::.;(ernal Parameters

173000
123000
52000
+3'2
100.:...300
_50-100 per 106 km2

Solar constant . . . .
Input earth + atmosphere .
Net radiation, earth surface
Geothermal heat . . . . .
Volcanic dust, stratosphere; radiation deficit
Antarctic ice surges (inct. m~lting). . . .

Wlm2 (global)
340
241
102
0.063

B. Internal Parameters (with non-linear feedback)
45000
1200
350
300
_±92
)10
50 per cent 106 km2

Absorption in the atmosphere . . . . . . . . .
Production of available pot. energy . . . . . . .
Change· of cloudiness (1 %). . . . . . . . . . .
Change of evaporation equat. oceans (10.10 6 km2) •
Photosynthetic processes (after 69) . .
'
Change of snow cover (12%, after 18) .
Change of arctic sea-ice area .

1970

C. Anthropogenic Parameters

Increase of CO 2 . . . . . .
Energy production . . . . .
Savannahbush-fues, direct heat input.
Tropospheric dust, industry, cities . .
Tropospheric dust, vegetation destruction
Water consumption (evaporated) . . . .
Conversion of tropical rain-forest into cropland (change of heat budget)

Table 4 (enlarged and partly revised after Ref. 48)
presents a few tentative results of these estimates. The
difference between the effects of antarctic ice surges and
the variable extension of arctic sea-ice is based on the
melting heat, which must be included at the surging
ice from the antarctic ice-dome. The originally given (48)
very high estimate (2000 TW) fot the role of volcanic
dust-veils as derived frommeasuxements of depletion of
solar radiation after Krakatoa seems to be substantially
too high, because of the neglect offorward Mie scattering.
A general.cooling of the atmosphere by 1°C/year -as
typically observed in the first 1-2 years after a large
explosive eruption - up to the 100 mb level would yield
a loss of internal energy of 207 Ly/yr equivalent to
0.315 Watt/m2 or 161 terawatt for the whole earth; from
this viewpoint the estimate should be reduced by one

+1.5 TW =
3 mW/rn.2
+8 TW = 15
»
+3 TW =
6
»
+1.7 TW =
3
»
+5
10»
+140 TW = 270
»

88
2.4
0.67
0.59
0.18
0.22

2000
+2.4 TW
+40 TW
?
,+2.5 TW
6
+390TW
-17 TW per 106 km2

order of magnitude. Considering the impact of' hypo~
thetical natural dramatic events possibly tJ;iggering a 'new
glaci.ation, such as discussed in (39), it can be estimated
to reach the level of 1000 TW during a time-span of the
order of 100 years.
-The role of increased evaporation (derived from
Ref. 20: Table 7.6, page 178) demonstrates the enormous
role of the variations of the hydrologic cycle in climatic
eJ,1ergetics. It surpasses all other man-made effects; however, it leads, in substance, only to a redistribution of
energy. The same is true for some of the internal parameters (with non-linear feedback into other climatogenetic processes). As anexample, photosynthesis (69)
leads only to a time-dependent storage of energy, most
of which will be released by biological decay processes.
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A tentative conclusion can be formulated as follows: J9. Viebrock, H. and Flowers, E. 0.,1968. TeIIus 20, 400-411.
1) Natural climatogenetic processes producing global.. 20. SMIC-Report, 1971. Inadvertent Climate' Modification.
MIT-Press;
scale climatic changes are produced by an energy loss
.
or surplus of the order of 100-300 terawatt. This 21. Hesstvedt, E., 1964. Geofys. Publ. Vol: 25, No. 3.
looks reasonable when compared with the' mean 22. WiIIett, H. C. and Sanders, F., 1959. Descriptive Meteorology,
annual dissipation of kinetic energy between lat. lOOS
2nd edition, pp. 185-195. .
.
and 900 N (expected to be. equal to the mean produe.. 23. Flohn, H., 1971. Bonner Meteorologische Abhandlungen 15.
tion of available potential energy) of 2.0 W1m2 (70), . 24. Japan Meteorological Agency, 1974. Report on a Study of
equivalent to little more than 1000 TW.
Unusual Weather and Climatic Trend in the World and Outlook for the Future.
2) Man..made climatogenetic processes contribute much
less energy at present. The total amount can now be 25. Orheim, 0.,1972. Ph.D. Dissertation, Ohio State University.
estimated to about 16 TW (including the direct 26. Lamb, H. H., 1967. WMO·Techn. Note 87,:428-437.
release of fossil and nuclear energy of nearly 8 TW),
G., 1953. Quart. Journ. Roy. Meteor. Soc. 79,
at any rate less than 20 TW, since the savannah bush- 27. Mauley,
185-207.
fires are to some extent included in the biological
28. Lamb, H.H., 1965.' Palaeogeography, Palaeoclimatology,
decay processes.
.
Palaeoecology I, 13-37.
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mentenbeobachtungen (1670).
during the next 1-2 generations, we have to expect 30. Lamb, H. H., 1974. Endeavour 33, 40-47.
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Research 76, 1550-1575.
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169-182.
lead to tropospheric warming, while the natural
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APPENDIX 1.3
DIAGNOSTIC STUDIES OF PAST CLIMATES
by J. E. Kutzbach
University of Wisconsin, Madison, Wis., U.S.A.
1. INTRODUCTION
Climate varies at time scales ranging from 10 to
109 years, or, if seasonal and interannual variability is
included, 10-1 to 109 years. Since the instrumental records
of the past 102 years provide information covering only
10-7 of the earth's climatic history, it is necessary to use
the records of paleo-environmental "sensors" in order
to map the spatial and temporal patterns of all but the
most recent climatic fluctuations.
The present discussion will describe the potential usefulness of paleo-environmental sensors for the study of
the climate of the last 106 years, that is, the "recent"
portion of our present ice age climate with its superimposed glacial-interglacial and higher-frequency fluctuations. It can be argued from an empirical viewpoint that
a climate record of order 106 years is essential for
characterizing and understanding the present climate.
First, the residence time of various elements within
portions of the present climate system may be of order
1()4 years or longer. For example, the residence time of
H 20 in the continental ice sheets is estimated to be of
order 104 years. Climatic statistics should (ideally) be
based on a period of record that is long compared to the
residence times of active elements of the system. Second,
evidence obtained recently from the ocean floor indicates
that there have been about ten glacial-interglacial fluctuations, each of order 105 years duration, in the past
106 years; several of these major glacial-interglacial
fluctuations must be studied before there is any possibility
of reaching general conclusions with regard to the process(es) involved.
2. OBJECTIVES

Four inter-related objectives of a programme of
research on past climates can be listed:
(i) Identification of characteristic time and space scales,
magnitudes and patterns of natural climate fluctuations. At a minimum, this information would be of
practical importance for planning in a broad variety
of problem areas. The following serve as examples
of possible results: estimates of the spatial covariance
structure of climatic anomalies and the conditional

probabilities of various climatic sequences; estimates
of fluctuations in agricultural production and hydrological variables associated with regional and global
climate fluctuations; estimates of the pattern of
probable onset of the next glacial period, etc.
(ii) Identification and understanding ofphysical, biological
and chemicalprocesses involved in climatefluctuations.
The potential number of degrees of freedom of the
climate system is very large. Diagnostic studies of
actual climatefluctuations mayhelp to isolate the most
important processes and patterns. However, without complete global coverage of the characteristics
of the "internal" climate system (ocean-cryosphereatmosphere-land surface-biomass) and without complete records of possible "external" forcing (solar
variability, volcanic activity) it may be impossible to
come to firm conclusions as to ultimate causes.
(Hi) Development of a past climate data set for use in
connexion with a numerical experimentation programme. The simulation of past cl\mates may

provide a method for calibration and verification of
climate models using a data set significantly different
from the present climate. Since climate models will
be used to investigate the possible effects of future
changes of boundary conditions (thermal pollution,
increased atmospheric CO 2, etc.). some type of
calibration and verification based upon past boundary
conditions would be particularly important. (Objectives i and ii, above, are also important for a numerical experimentation programme.)
(iv) Increased understanding of the impact of climate
fluctuations on the biosphere - the flora and fauna of
the planet. For many practical purposes it will be
necessary to transform the output of climate models
(temperature, precipitation, etc.) into patterns of
vegetation, food production, water availability, etc.
The inverse transform, Le., estimation of standard
climatic variables from sensors ofpaleo-environments
(pollen, tree growth, fossil marine organisms, etc.),
is the basis for paleoclimate estimation procedures.
Thus, an increased understanding of the interface
between "climate" and "environment" should result
from the study of past climate.
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3. BASIC DATA SET FOR PAST CLIMATES
The requirements for a data set for the study of :past
climates must represent a balance among scientific
objectives, technological feasibility and the availability of
resources. In terms of the scientific objectives listed in
the previous section, these requirements should include:
(i)

Adequate and balanced spatial coverage. Ideally, the
observations should be sufficient to describe the longwave circulation. pat~ern and the cliJnFlte of midlatitudes, the q.omain and character of polar climates
and the domain and character of .subtropicl;ll and
tropical climates, including lllonsoon circulations.
Much of the evidence for the major glacial-interglacial fluctuations is preserved only in the sediments
on the ocean floorot in the polar ice sheets, while
the evidence for the higher-frequenoy fluctuations of
the past 10,000 years is found mainly on the continents.
(H) Adequate time control. The' accuracy of dating of
past climate events will depend upon the period of
study. Written records, tree-growth records and
annually layered ice-sheet and lake-sediment records
. can be dated to the exact year (and sometimes season)
or decade; radioactive isotopic dating of sediments
is generally of!.ly accurate to :i:: 5% of the actual age.
Thus, a' Carbon-14 date of 10,000 years before
present may represent an actual age of 10,000
± 500 years.
(iii) Adequate range of climatic variables. A multivariate
rather thart a univariate description of the climate is
needed. For example, patterns of such variables as
temperature,precipitation and wind are desirable.
Also, "boundary" conditions such as extent and
volume of continental ice sheets, sea-ice and snow
coVer extent, ocean surface temperatures and vegetation must be estimated. In addition, specification of
any changes in external forcing functions such as
solar variability and volcanic activity are required.

Table 1 contains a list of paleo-environmental sensors,
their potential geographic coverage, period of usefulness,
dating characteristics, and the climatic information they
reflect. The table .is ordered according to decreasing
time scale. Figures 1, '2 and 3 illustrate the potential usefulness of spatial networks of paleo-environmental records
(deep-sea sediments, bog sediments, ice-sheet margins and
tree-growth, respeCtively) for mapping characteristics of
past climates on different time scales. In the following
section, an attempt will be made .to slJmmarize some of
the scientific problems associated with various time scales
of c l i m a t e f l u c t u a t i o n . ' · :
4. DIAGNOSTIC STUDIES OF PAST CLIM!TES...SOME EXAMPLES FROM THE POINT OF VIEW
OF TIME· SCALE

Climate appears to vary 01;1 all time scales. As su~h;
it is rather arbitrary. to isolate particular scales of variability. Nevertheless, empirical evidence and an appreciation for the characteristics of paleo-environmental
sensors (Table' 1) can be used to suggesttwo major areas
of study: fluctuations of order 103 ' to 105 years during the
past 106 years; and, fluctuations of order 1 to 103 yeat,s
during the past 104 years.
"
4.1 Fluctuations of Order 103 to lOSYears during the
.
Past 106 Years

Reference has already been made in the, introduction
to the existence of about ten glacial-interglacial fluctuations, each of order 105 years duration (ranging from
70,000 years to 120,000 years, approxiJnately), in the
past 106 years (1) . The warmest stages ofthe interglacials
(comparable to' the warmth of present day conditions)
have beep. of order 104 years duration and t.\le trl;lnsitions
from glacial to interglacial have usually been more abrupt
than those from interglacial to glacial (2). It is important
to examine the past several glacial-interglacial fluctuations
with regard to such points. as the following: simil.ariti~s
(iv) Adequate calibration procedures. Almost all paleo- and differences of temporal and spatial patterns, and the
.envirolllilerttal "sensors" must be calibrated in terms possible role of external forcing variations (Le., solar
of standard climatic variables. The calibration variability, volcanic activity, earth-orbital variations).
procedure usually depends upon the validity of The lack of a "recent" radiation regime analogue of the
various assumptions, some of which cannot be present interglacial (as based on earth-orbital variations)
verified easily. Different paleo-environmental sensors has been cited as an example of temporal differences in
may "filter" the .climate signal in different ways; it external forcing at these time .scales (3) .. Very few conis therefore' necessary to evaluate the response. tinuous paleo-envirOlimental records spanning the past
characteristics of each. In view of the inherent 106 yea,rs have been analysed. The large sampling
.calibnition problems associated with each paleo- intervals (lOOO+years) and poor absolute dating (± 5%
environmental sensor, it is essential to verify paleo- of 100,000 years is ± 5000 years) may make detailed
climatic maps by using evidence from "independent" space-time analysis difficult.. Yet, this work will be
sensors (tree-growth records and annually layered required if the detailed study of the most recent glacialinterglacial fluctuation is to be placed in perspective.
lake sediment records, for example).
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Figure 1 Sea surface temperatures in the North Atlantic. (a) Summer temperatures today in DC. (b) August temperatures 18,000 years
ago in DC as calibrated by a faunal index reflecting variations in the composition of foraminiferal plankton in sediment taken
from about 100 deep-sea cores. (c) Anomaly map in DC. Location of deep-sea cores indicated by dots. Land-ice margins in (b)
are taken from (24), with sea-level assumed to be 100 meters lower than at the present. The sea-ice margins are identified from
sediment characteristics. Note that there has been substantial cooling in the northern waters, with little or no change in the
subtropics (5).

Largely through the efforts of the CLIMAP-IDOE
programme (4), a detailed spatial analysis of climatic
variables for certain periods within the most recent
glacial cycle is becoming available. For example, maps

of planktonic-estimated ocean-surface temperature for
18,000 years ago (the approximate time of the last glacial
maximum) have already been produced for all the
oceans (5) and maps for 120,000 years ago (the last
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interglacial) and 6000 years ago are planned. On the
basis of the spatial patterns of past ocean-surface temperature estimated from the network of ocean sediment cores,
it may be possible to estimate certain features of past
ocean circulation, ocean heat transport and associated
atmospheric circulation patterns. During the most recent
10 to 20,000 years, independent evidence from the
continents (ice sheet termini, ice sheet cores, lake levels,
lake and bog cores, etc. (6, 7, 8) is also available in large
quantities.
Depending upon the degree of time control and time
resolution achievable, it may be possible to infer details
of the temporal structure of the climatic fluctuations of
the most recent glacial-interglacial fluctuation. For this
period, it will be extremely important to integrate the
picture of the climate derived from ocean sediments with
data from continental vegetation (8), the Greenland and
Antarctic ice cores (9), ancient soils (10) and marine
shorelines (11).
4. 2 Fluctuations of Order 1 to 103 Years during the
Past 11)4 Years

4 0 r - -......

45

40r---....

Figure 2 The distribution of pine pollen at selected times during
the deglaciation of Eastern North America (25). Contours are lines of pollen frequency, expressed as a
percent of total pollen. Control points representing
radiocarbon dated cores are indicated by the open circles.
The approximate margins of the Laurentide ice-sheet are
indicated by the stippled pattern (26).

Several reasons may be given for detailed study of
climate fluctuations of order 1 to 103 years during the
present interglacial. First, fluctuations at these time
scales (particularly 1 to 102 years) are of obvious practical
importance and fall within the time frame of current
planning. Second, the accurate time control provided by
written records, tree-growth records and annually layered
ice-sheet and lake sediment records may make it possible
to study the short-term evolution of climate patterns. As
a result, it may be possible to infer physical processes
involved in recent climate fluctuations (12, 13, 14, 15, 16).
For example, the climatic sequels to dated volcanic
eruptions can be examined; or, the possibility of lag
effects between high and low latitudes, between oceans
and continents, or between the hemispheres may be
investigated.
There is empirical evidence that the present interglacial
state (Le., the last 10,000 years, approximately) can be
subdivided into several distinctly different climatic states.
These states differ from one another by less than glacialinterglacial differences, but have left imprints upon the
land, its vegetative cover and human cultures and, in that
sense, represent significant changes indeed. A global
survey of mountain glaciers (6) has identified three
periods of glacier expansion (each of about 1000 years
duration) and three periods of glacier contraction (each
of 100D-2000 years duration) in the past 8000 years.
There is concurrent evidence of significant changes in
vegetation in polar, middle and tropical latitudes, derived
primarily from pollen analysis of lake and bog deposits.
However, much work remains to be done to clarify the
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Figure 3 Selected maps for western North America showing large-scale anomalies in tree growth for 10-year intervals of time from 15001940. Positive departures of high growth (H) indicate moist and cool anomalies in climate while negative departures of low
growth (L) indicate dry and warm anomalies in climate. Shaded areas designate a mean anomaly exceeding 0.6 standard deviation which was calculated for the period common to all tree-growth chronologies, 1651-1920 (27).

times, patterns and processes of these changes. For
example, until about 6000 years ago the "boundary
conditions" of ocean surface temperatures and ice sheet
positions differed significantly from their present state
(the "post-glacial adjustment") so that ocean-ice sheetatmosphere feedback processes might be expected to have
differed between, say, 12,000 to 6000 years ago and
6000 years ago to the present.

The records of the past several thousand years are
probably most relevant to considerations of the natural
variability of our present climate. Within this period,
there are numerous examples of important century-tocentury and decade-to-decade differences that require
further study (12, 13, 14, 15, 16, 17, 18, 19). The
variance spectrum of climatic time series derived from
selected paleo-environmental records of the past thousand
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TABLE I
Characteristics ofpaleoclimatic data sources
(derived from (20»

Potential
Geographical
Coverage

Period Open
to Study
(yrs)

Variable
Measured

Continuity
of
Evidence

Isotopic composition of plank. tonic fossils;
benthic fossils;
mineralogic composition

Continuous

Global ocean

1,000,000

Soil type

Episodic

Lower and midlatitudes

1,000,000

Marine shorelines

Coastal features,
reef growth

Episodic

Stable coasts,
oceanic islands

Ocean sediments
(common deepsea cores,
2-5 cm/lOOO yr)

Ash and sand
accumulation
rates

Ocean sediments
. (common deepsea cores,
2-5 cm/lOOO yr)

Data Source

+

Minimum
Sampling
Interval
(yrs)

+

Usual
Dating
Accuracy
(yrs)

Climate Inference

±5%

Surface temp.,
globalice volume;
bottom temperature and bottom
water flux; bottom
water chemistry

200

±5%

Temperature,
precipitation,
drainage

400,000

-

±5%

Sea level, ice
volume

Continuous ' Global ocean
(outside red
clay areas)

200,000

500

+

±5%

Wind direction

Fossil plankton
composition

Continuous-

Global ocean
(outside red
clay areas)

200,000

500

+

±5%

Sea-surface temperature, surface
salinity,' sea ice
extent

Ocean sediments
(common deepsea cores,
2-5 cm/lOOO yr)

Isotopic composition of planktonic fossils;
benthic fossils;
mineralogic
composition

Continuous

Global ocean
(above CaC0 3
compensation
level)

200,000

500

+

±5%

Surface temperature, global ice
volume; bottom
temperature and
bottom water
flux; bottom
water chemistry

Layered ice cores

Oxygen isotope
concentration
(long cores)

Continuous

Antarctica
Greenland

100,000

Closed-basin
lakes

Lake level

Episodic

Lower and
inid·latitudes

Mountain
glaciers

Terminal
positions

Episodic

Ice sheets

Terminal
positions

EpisOdic

Ocean sediments
(cores, <2 cm/
1000 yr)

Ancient soils
:

+

1000

Variable

Variable

Temperature

50,000

1-100
(variable)

±5%

Evaporation,
runoff,
precipitation,
temperature

45S to 70N

50,000

-

±5%

Extent of mountain glaciers

Mid-to highlatitudes

25,000
(common)
1,000,000
(rare)

-

Variable

Area of ice
sheets

(Continued page 125)
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TABLE I (contd.)
Characteristics ofpaleoclimatic data sources
(derived from (20»
Minimum
Sampling
Interval
(yrs)

Usual
Dating
Accuracy
(yrs)

10,000 +
(common)
200,000
. (rare)

200

±5%

Temperature,
precipitation,
soil moisture

+

20

±5%

Surface temperature, global ice
volume; bottom
temperature and
bottom water
flux; bottom
water chemistry

Antarctica
Greenland

10,000 +

1-10

±I-lOO

Temperature,
accumulation

Continuous

Mid-latitude
continents

10,000

+

1-10

±I-1O

Temperature,
precipitation,
soil moisture

Ring width
anomaly, density,
isotopic
composition

Continuous

Mid- and highlatitudes
continents

1,000
(common)
8,000
(rare)

1

1

Temperature,
runoff,
precipitation,
soil moisture

Written records

Phenology,
weather logs,
sailing logs,
etc.

Episodic

Global

1,000

+

1

1

Varied

Archeological
records

Varied

Episodic

Global

10,000

+

Potellfial
Geographical
Coverage

Variable
Measured

Continuity
of
Evidence

Pollen type concentration, mineralogic comp.
(normal core)

Continuous

508 to 70N

Ocean sedimimts
Isotopic compo(rare cores,
sition of plank> 10 cm/l000 yr) tonic fossils;
benthic fossils;
mineralogic
composition

Continuous

Along continental margins

10,000

Layered ice
cores

Oxygen isotope
concentration,
thickness
(short cores)

Continuous

Layered lake
sediments

Pollen type
concentration
(annually layer:ed core)

Tree rings

Data Source

Bog or lake
sediments

years suggest a "red" climatic spectrum for periods
between 1 and 103 years; only at periods of 2 to 3 years
(the quasi-biennial oscillation) is there strong evidence
for quasi-cyclic behaviour. Rather, the general shape of
the spectrum suggests that the thermal inertia of the
oceans and the cryosphere (and perhaps biological and
chemical inertia as well) are dominant characteristics of
the climate system at these time scales (17, 18).
The instrumental records of the last hundred years, the
upper-air data of the past 20 years and, now, satellite

Period Open
to Study
(yrs)

-

Varied

Climate Inference

Varied

measurements of the planetary heat budget make possible
increasingly detailed studies of interdecadal, interannual
and seasonal variability (21, 22, 23). However, even for
these high frequency fluctuations, the longer climatic
records provided by paleo-environmental sensors may
be useful. For example, the character of the quasibiennial oscillation - which accounts for a significant
fraction of the interanllual variability - could be studied
over long intervals: and, the seasonal cycle could be
compared in different decades or centuries.
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APPENDIX 1.4
NOTE ON SOLAR VARIABILITY AND VOLCANIC ACTIVITY AS POTENTIAL
SOURCES OF CLIMATIC VARIABILITY
by J. M. Mitchell, Jr.
National Weather Service/NOAA, Silver Spring, Maryland, D.S.A.
1. 1 Preamble
The origins of all climatic variability, on all time scales
of variability, can be said to fall into two basic categories:
(i) origins which involve self-stimulating mechanisms
within the climate system itself, and (ii) origins which
involve variable forcing of the climate system through
mechanisms external to the system. (Some types of
climatic variability may conceivably involve resonances
between these categories, which for the purposes of this
note will be considered to belong in the latter category.)
Included in category (ii) are such phenomena as the
evolution of the earth-sun-moon system, movement of
the earth's crustal plates, secular changes of the earth's
orbital elements, lunar/solar tidal disturbances, potentially variable energy fluxes from the sun, and variable
gaseous and particulate ejecta from volcanic sources.
Many, if not all, of these phenomena may have played
significant roles in the relatively slow climatic changes
of the geological past (time scales of 104 to 109 years).
At least two of them, however, may also play significant
roles in climatic fluctuations and variability on shorter
time scales of more direct relevance to this report (10-1
to 104 years). These are solar variability and volcanic
activity.
It is the purpose of this note to stress some inadequacies
that exist in our fundamental understanding of the nature
and extent of environmental variability in these two
respects, as they may relate to the problem of climate
variability and climate predictability.
1.2 Solar variability and total solar irradiance
The sun is known to emit energy in various forms',
among them electro-magnetic energy, charged particle
streams, the solar wind, cosmic radiation, and Xradiation. The precise state of terrestrial climate may
depend, directly or indirectly, on several of these forms
of solar flux. There is no doubt, however, that it depends
above all on the electromagnetic energy flux intensity.
The integral of this over all wavelengths, as received at
normal incidence at the mean orbital distance of the
earth, is referred to as total solar irradiance.

Determinations of total solar irradiance. Based on
summarizations available of the determinations of total
irradiance by various investigators (1, 2, 3), the correct
value appears to be in the probable range 1360 ± 20
W m-2 • The individual determinations are as indicated
in Figure'l as a function of the date of determination and
of the type of observation platform. The tendency for
values to have been more or less consistently higher or
lower at certain times, relative to other times, may reflect
real variations over the years since 1930. It must be
noted, however, that such variations could easily be
explained by the fact that similar correction procedures
for atmospheric effects were applied by various investigators working in the same era, and that these procedures
were modified, as seemed appropriate, in later eras. For
this same reason, the probable error of the average of all
the determinations is likely not to be very much smaller
than the error of the individual determinations, of order
1% to 2%.
Possible "microvariations" of solar irradiance. The
data available on total solar irradiance are adequate to
answer the question of its variability only to the extent
that the data preclude systematic variations from month
to month, or from year to year, of magnitudes in exCess
of 3% to 5%. Although modern determinations of total
irradiance are more precise than this the short, widely
time-separated observations of the sun involved in most
such determinations render them very inefficient for the
statistical isolation of real variations of less than several
percent, on the time scales indicated.
On the other hand, theoretical considerations (4)
indicate that real (interannual) variations of total solar
irradiance as small as 0.1 % may suffice to account for
(interannual) variations of mean atmospheric temperature
of the order of O.I°C or more, such as those observed
in recent years (see AppendiX 1.1). It is therefore
clear that a programme to monitor the total solar
irradiance on a more or less continuous basis, to a
precision of order 0.1 %, is a high-priority requirement
for understanding of climatic variability. The appropriate platform for such a programme would be a highorbit satellite, and ideally a synodic-orbit satellite that
maintains itself at a fixed position from earth with respect
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to the sun. The appropriate sensor would presumably
be an absolute cavity radiometer (5), of a slightly greater
sensitivity than the kind of radiometers used on board the
1969 Mars Mariner probes (6) and which provided some
indication of real irradiance changes of order 0.1 % on
time scales of order 1 day to 2 weeks (7).
It cannot be overemphasized that climatically significant variations of total solar irradiance may occur on
time scales longer than that of the well-known ll-year
sunspot cycle, the form and extent of which may be very
difficult, if not impossible, to establish until a great deal
more is learned about solar behaviour in general. Based
on indirect evidence of various kinds, such as historical
variations of carbon-14 in tree wood,' auroral activity,
sightings of unusually large sunspots, and other such
phenomena, it has been suggested that solar activity may
systematically vary on time scales of 80 or 90 years, of
order 200 years, and possibly others of order 103 years.
To what extent such variations might be associated with
significant changes of total solar irradiance is highly
conjectural, but the matter deserves serious consideration
as a potential origin of longer-range climate changes.

The()ry of solar behaviour. The classical theory of
stellar structure and behaviour admits of little, if any,
opportunity for significant solar irradiance changes in
solar-type stars, on any time scale whatever short of the
evolutionary time scale (l09 years). It should be noted,
however, that classical theory has come under severe
strain in the last few years, following the stunning
discovery that the sun is apparently emitting only a small
fraction of the flux of neutrino particles that classical
theory predicts. One way out of this dilemma is to
suppose that the sun is not now in a steady-state condition but rather in the midst of a deep-seated disturbance
with a very significant impact on total solar irradiance,
that takes several million years to run its course (8).
Although there is no assurance that such disturbances
actually do occur in the sun, and that the neutrino
paradox can be resolved in this way, it is abundantly
clear that classical stellar theory requires a fundamental
re-examination. More realistic theories to follow may
open up the possibility of one or another form of irradiance variability not predicted by classical theory.
It should also be noted that no fully satisfactory theory
yet exists to account for such fundamental solar phe-
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nomena as the ll-year sunspot cycle, nor for most of the
highly complex solar features observed on the sun some
of which have a well established causal connexion with
changing conditions in the earth's magnetic field and the
state of the upper atmosphere.
Under the circumstances, it seems premature to rule
out solar variability, in one form or another, as a potential
source of climatic variability on various time scales.
Vigorous research into solar physics, on a broad front
both observational and theoretical, would undoubtedly
be in the best interest of those concerned with understanding climate variability and climate predictability.
1. 3 Volcanic activity

Since the eruption of Krakatoa in 1883, the attention
of many atmospheric scientists has been drawn to the
potential role of massive stratospheric injections of
volcanic dust in contributing to transient changes of
global climate. It is now generally agreed that the
amount of material injected into the lower and mid·
stratosphere by paroxysmal volcanic events, the length
of time that the material reaching those altitudes remains
airborne, the extent of spread of the material over the
earth by stratospheric winds, and the probable magnitude
of the interactions of such material with solar radiation,
are all in keeping with the hypothesis that significant
globale-scale climatic effects may follow from such
volcanic events.
Remaining to be established are (i) a reliable index of
variations of stratospheric loading by volcanic material
in both historical and modern times, (ii) the relative
importance of sub-micrometer sized tephra particles and
gaseous emissions (principally S02) which may lead to
the formation of sulfate particles in the stratosphere, and
(iii) a more quantitative understanding of the impacts of
such particles on the radiation balance of the climate
system.
History of volcanic activity and stratospheric loading by
volcanic dust. Recent studies of volcanic ash layers in
deep-sea sediments have been interpreted as evidence
that a global-scale increase of explosive volcanism
occurred during the past two million years, compared
with the typical level of volcanism in earlier periods of
Cenozoic time (9). This increase appears to have coincided with the arrival of Quaternary glaciation about
two million. years ago, but cause-effect relationships
remain ambiguous. An effort has been made to catalogue
all major explosive volcanic eruptions known to have
occurred since 1500 A.D., and to derive from this catalogue a chronology of stratospheric dust loading for the
past several centuries (10). Again, correlations have
been suggested between this chronology (referred to as
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the "dust veil index" by its author) and historical changes
of climate since 1500 A.D., but unfortunately climatic
data were used to help determine the dust veil index when
other means for determining it were inadequate, resulting
in an automatic correlation with climate. In more recent
years, especially since the Krakatoa event of 1883,
additional information about stratospheric dust loading
variations has been gleaned from studies of normalincidence solar radiation data and from variations in
twilight optical phenomena traceable to stratospheric
dust. Large uncertainties remain, however, as to the
completeness of the list of eruptions contributing to
stratospheric dust loading, as to the amount of material
injected into the stratosphere by each eruption, and as to
the residence time appropriate to each such injection. It
is not obvious how these uncertainties might be reduced
in the case of past eruptions, many of which were not
well observed at the time of their occurrence and the
circumstances surrounding which will always remain
obscure.
Climatic effects of volcanic eruptions. As first shown
theoretically by Humphreys (11) the net effect of the
introduction of sub-micrometer sized particles into the
stratosphere should be one of cooling in the lower atmosphere. The known optical effects of stratospheric dust
still tend to support Humphreys' deduction, and there is
some evidence that general atmospheric temperature
levels decline fairly systematically following major volcanic dust injections, by the order of O.l°C in the years
immediately following. It seems plausible that relatively
long thermal relaxation times of the upper layers of the
oceans may modify the atmospheric thermal response to
volcanic dust injections, as noted by Budyko (12) and
others. A very recent attempt to quantify the relationship
of global-average temperature to volcanic dust injections,
relying on empiricism to "tune" the relationship but
with allowance for the lag effects of the oceans, is that
of Oliver (13). A representative solution of Oliver's
analysis is shown in Figure 2, along with his assumptions
as to the quantity of volcanic dust injected into the
stratosphere by various eruptions since the Krakatoa
event of 1883. This lends support to the notion that a
significant part of the variations of average atmospheric
temperature since 1880 is attributable to volcanic events,
and that the relative warmth of the northern hemisphere
between about 1920 and 1945 might have resulted from
the almost total lack of major volcanic events in the three
decades following the Katmai event in 1912.
Predictability of volcanic eruptions. If it can be confirmed that major volcanic events have significant impacts
on the global climate system, it becomes a matter of
considerable interest to what extent the volcanic events
might be predicted in advance. Although there is some
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Figure 2 Variation of mean surface temperature of northern hemisphere since 1881, and estimate of hemispheric temperature changes
resulting from volcanic eruptions identified in bottom of the figure, after Oliver (13). Solid broken line is observed temperature
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for each eruption, in lower panel, indicates total assumed volcanic dust injection into northern hemisphere, in 10 6 tonnes.

tendency for volcanic events to cluster as a. function of
time, the degree of such clustering is not clear and cannot
be relied upon as a predictive tool. On the more conservative premise that eruptions recur at random
(poisson distributed) intervals of time, one can infer the
mean recurrence interval of eruptions of various_ magnitudes in the past two or three centuries, with the help of
data in (10). This allows one to assess the risk of a new
eruption, of any specified intensity, as a function of
"waiting time" after the present, as shown in Figure 3.
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random, i.e. a Poisson process. MT = 106 tonnes.
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APPENDIX 2.1
CLIMATIC PREDICTABILITY

by Edward N. Lorenz
Massachusetts Institute of Technology, Cambridge, Mass., D.S.A.
and National Center for Atmospheric Research, Boulder, Col., D.S.A.
Weather is often identified with the complete state of
the atmosphere at a particular instant. As such the
weather is continually changing. Weather prediction is
then identified with the process of determining how the
weather will change as time advances, and the problem
of weather predictability becomes that of ascertaining
whether such prediction is possible.
Climate may be identified with the set of statistics of
a-\l ensemble of many different states of the atmosphere.
Particularly when the real atmosphere is replaced by an
idealized mathematical system, the ensemble is often taken
to consist of all states during an infinite time span. In this
event the climate, by definition, does not change, and
climatic prediction and predictability become meaningless
concepts.
Our interest in what we call climatic change has arisen
because atmospheric statistics taken over a rather long
time span may differ considerably from those taken over
a subsequent span. Thus, for example, a region where
agriculture once flourished for years or centuries may
now be a desert. For our purposes we may therefore
define climate in terms of the ensemble of all states during
a long but finite time span. Climatic prediction then
becomes the process of determining how these statistics
will change as the beginning and end of the time span
advance, and climatic predictability is concerned with
whether such climatic prediction is possible.
The question arises as to the appropriate length for the
time span through which a given climate is supposed to
last. There appears to be no unique answer - climates
defined in terms ofwidely differing time spans all constitute
different aspects of the total problem. Typical conditions
over millenia or longer are important in the study of ice
ages; conditions over decades are important to agriculture.
Personally I find it difficult to think of oscillations which
complete a full cycle within a year or two as "climatic"
fluctuations. However, this does not detract from the
importance of such oscillations to mankind. Moreover,
these shorter-period fluctuations may be studied by the
same procedures applicable to longer-period variations,
and, if numerical models are used, they may offer more
suitable subjects for study because so much less computation is needed.

We shall refer to the climatic prediction (and predictability) which we have just introduced as climatic
prediction (and predictability) of the first kind, because
there is another kind of climatic prediction, with its
associated predictability, which is of very real concern to
us, and which incidentally possesses meaning even when
the ensemble defining the climate covers an infinite time
span. We may inquire, for example, what would be the
effect upon the climate of doubling the concentration of
CO 2 in the atmosphere - an event which could
conceivably result some years hence from human activity.
An answer would not constitute a prediction of the first
kind, unless accompanied by a prediction that the CO 2
concentration will indeed double. We shall refer to such
predictions, which are not directly concerned with the
chronological order in which atmospheric states occur,
as climatic predictions of the second kind.
We might note that if we really expected the concentration of CO 2 to double in the next century, our chief
concern might not be how statistics taken over very long
or perhaps infinite time spans would depend upon the
concentration. It would more likely be how the climate
of the next century would differ from the present climate.
The situation is complicated because we feel reasonably
certain that the climate will change in the course of a
century even without a change in CO2 , What we would
desire would be a prediction of the first kind, but,
lacking sufficient skill, we might have to settle for a
prediction of the second kind.
Before offering any conclusions and speculations
regarding climatic predictability, we shall review briefly
what is known about the predictability of weather. First
of all, most meteorological time series are expressible
as sums of periodic arid non-periodic c,omponents. The
periodic components include the normal diurnal and
annual variations and their overtones, and presumably
other weaker fluctuations, but, when all known periodicities are subtracted out, there remains a strong nonperiodic signal. It has been established (1) that, in view
of the impossibility of perfect measurements, the predictability of any non-periodic time series, or the nonperiodic component of any time series, decays to zero as
the range of prediction becomes infinite. This result is
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independent of the method of prediction being used. The
periodic component is, of course, highly predictable by
pure extrapolation.
An exception might appear to occur when the nonperiodic variation results solely from non-periodic
external forcing, and it is true that a hypothetical time
series generated by pre-specified non-periodic forcing may
be highly predictable. But in nature the forcing, being
non-periodic, would itself be unpredictable at sufficiently
long range, whereupon the signal would be unpredictable
also.
It should be stressed that non-periodicity, although an
excellent indicator of unpredictability, is not a cause; it is
a result. The immediate cause of the unpredictability of
the atmosphere is its instability with respect to small
perturbations. That is, in general two or more nearly
identical states, obeying the same atmospheric laws, will
eventually evolve into widely differing states as time
continues to advance. If observations are unable to
indicate which if any of the original states is the true one,
there will be no basis for saying which of the subsequent
states will actually follow.
The theory which assures us of the ultimate decay of
atmospheric predictability says nothing about the rate of
decay. Our first ideas concerning this rate came from
the numerical integration of very simple models (1, 2).
Fortunately, these models, although very crude, contained
fairly good representations of the physical process which
seems to be of greatest importance in causing unpredictability, namely advection. This transport of
atmospheric properties by the. motion of the atmosphere
itself, which appears in numerical models as a set of
quadratic terms, is the same process which enables the
motion of many fluid systems to be turbulent.
Comparisons were made of separate numerical solutions
with slightly differing initial conditions. These indicated
that small errors in representing the state of the atmosphere would tend to double in amplitude every four days
during the forecast interval. More recent studies (3, 4, 5)
made with large global circulation models (GCM's) agree
almost as well with the simple models as they do with one
another, generally favouring a doubling time between
two and four days. Of course, the growth rate of errors
slackens as the errors grow, and ultimately the errors
become no larger than those made by guesswork, i.e.,
by randomly selecting a realistic atmospheric state as a
prediction.
The feature of the advection process which is virtually
omitted in the simplest models and inadequately represented in the GCM's is the advection of and by scales
of motion too small for the models to resolve. These
small scales are transported and distorted by the larger
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scales, and simultaneously they distort the larger scales.
Perfect forecasting ofjust the larger scales would therefore
require perfect representation and forecasting of the
smaller scales. It a,ppears (6) that errors in the smaller
scales will grow within a fraction of a day to their limiting
amplitudes, and while these amplitudes are not large
per.se, they will assure us that after a day or so there will
be temperature errors of the order of one degree and
wind errors of the order of one meter per second in the
larger scales. These will then proceed to double every
three days, just as if they had been present initially. An
absolute limit of a few weeks for forecasting day-to-day
weather variations thus seems to be indicated.
We now come to the basic question regarding the first
kind of climatic predictability. Accepting the idea that
we cannot predict the day-to-day sequence of weather a
century or even a season ahead, we may still ask, "Can
we predict whether the next winter will on the whole be
colder than normal, or whether the next century will be
colder than this one?" Here we are concerned not with
how rapidly small errors will grow from their initial
amplitude, but how slowly large errors will approach
their limiting amplitude.
First of all, the theory which tells us that weather
cannot be predictable at infinite range, in view of its lack
of complete periodicity, also tells us that climate is not
predictable at infinite range. More precisely, most
climatic elements, and certainly climatic means, are not
predictable in the first sense at infinite range, since a nonperiodic series cannot be made periodic through averaging.
There need not, however, be any uniform limiting range
of predictability of climate. For example, annual means
could conceivably be predictable two years but not ten
years in advance, ten-year means might be predictable
twenty years but not a hundred years in advance, etc.,
to infinity, lack of periodicity notwithstanding.
Again, non-periodicity does not indicate the rate of
decay of climatic predictability. We can almost certainly
say, however, thatthe models which appear to give such
realistic results regarding the growth rate of small errors
need not give much useful information regarding the
approach of errors to their limiting values. Mter all,
the processes, notably advection, which render the
atmosphere unstable need not be the processes, if any,
which hold the errors below their ultimate amplitude for
extended periods.
Possible processes of the latter sort fall into two
categories. First there are those associated with portions
of the "system" which, for physical reasons, behave more
sluggishly than other portions of the system. The
"system" which governs climate is of course not confined
to the atmosphere, and at the very least must include
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large portions of the oceans and the solid earth. The
sea-surface temperature (SST) is perhaps the most
frequently cited feature (e.g., (7, 8» which both influences and is influenced by the weather, but should vary
more slowly than the weather. If the ensemble of weather
patterns which accompany one SST pattern differs more
than trivially from the ensemble associated with another
SST pattern, it should be possible to make predictions
of positive skill, particularly if the predictions are timeaveraged weather patterns, at any range at which the SST
pattern is itself predictable, simply by choosing the
appropriate ensemble average rather than the long-term
climatological average as a prediction. If the SST varies
slowly enough, it is predictable at moderate range by
pure persistence.
The difficulty in determining whether the sluggishness
of SST patterns really leads to extended-range predictability is due to the difficulty in determining how atmospheric ensembles associated with different SST patterns
really differ from one another. Presumably the variability
within an ensemble is much greater than the variability of
the ensemble averages. If small samples are chosen from
two ensembles, then, the difference between the sample
means may bear little resemblance to the difference
between the ensemble means. It is questionable whether
enough observations are presently available to process
truly large samples, while the computational effort
required to generate large samples from models is
probably prohibitive.
Another slowly varying feature which should be
considered part of the "system", even though it is presumably not influenced by the atmosphere-ocean-earth
system, is solar activity. If different ensembles of weather
patterns are associated with different intensities or spectra
of solar activity, there should be some atmospheric
predictability at any range at which solar activity is
predictable. Again, the difficulties in establishing the
differences between the ensembles of weather patterns
may be insurmountable at present.
When we consider the second kind of climatic predictability, we face similar difficulties. We may, for
example, use a GCM to try to determine how the ensemble
of weather patterns occurring under the present-day
concenttation of CO 2 would differ from the ensemble
associated with a concentration twice as large. Incidentally, we may also treat the SST problem numerically
as a problem in predictability of the second kind, by
omitting the influence of the atmosphere on the SST, and
seeking ensembles of atmospheric statles corresponding
to different prescribed SST patterns.· Again, the required
amount of computation may be prohibitive.

We note in passing that SST and solar activity are only
two of the numerous physical features which may vary
slowly enough to render the atmosphere predictable at
extended range. Large-scale glaciation, for example,
should render the climate highly predictable in at least
one frequently accepted sense. If we use very-long-term
means as a standard of comparison, we can almost surely
make an excellent forecast a century ahead simply by
predicting that we shall not have yet entered the next ice
age. Of course, there remains a bare possibility that such
a forecast will be wrong.
The other category of processes which could lead to
extended-range or climatic predictability is related to the
phenomena of transitivity, intransitivity, and almostintransitivity. If the dynamics of a system leads to a
unique stable set of infinitely-long-term statistics, Le., a
unique climate in the infinite sense, the system is called
transitive. If, instead, there are two or more physically
possible climates in the infinite sense, the system is called
intransitive. Which of these climates will actually prevail
forever in that case may be a matter of chance. It is not
known whether our atmosphere-ocean-earth system is
transitive or intransitive, but both transitive and intransitive physical as well as mathematical systems can be
found which bear more than a superficial resemblance to
the atmosphere and its surroundings. In particular, both
transitive and intransitive systems are encountered in the
familiar dishpan experiments (9).
Of particular interest is a special type of transitive
system where different sets of statistical properties may
persist for long periods, but not forever. We have called
such a system almost intransitive (10). Obviously, the
climate of such a system, defined in terms of ensembles
of suitable length, may be highly predictable in the first
sense.
As presently defined, a system might be considered
almost intransitive if the long-term fluctuations arise froin
some sluggishly varying physical quantity, such as SST.
We prefer not to regard the phenomenon as almostintransitivity in this case. We prefer to call a system
almost intransitive when the slow variations of some
statistic arise from some process which does not obviously
demand slow variations. An example would be the
dishpan experiments when very slow vacillation is
occurring (9).
It has been conjectured that the atmosphere-oceanearth system is almost intransitive on a rather long scale.
The two climates would be the glacial and interglacial
climates, while the transitions from one climate to
another would presumably occupy but a small fraction
of the total time. If we suppose momentarily that these
transitions are brought about only by some catastrophic
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processes, we can say that a numerical model which is
correct except for omitting the catastrophes would be
intransitive. Intransitive models may of course be much
less elaborate. Some of the simplest climatic models
(e.g., (11» are intransitive, and in fact possess two steadystate solutions resembling interglacial and glacial climates.

slowly varying features which might enhance the first kind
of predictability. We cannot so easily eliminate almostintransitivity. If we simplify the model to the point where
we can readily determine whether or not it is almost
intransitive, we have probably oversimplified it for other
purposes.

It is difficult to determine whether almost-intransitivity
really plays a significant role in the predictability of
climate. Very simple models will probably not yield the
answer; it is too easy to convert a simple transitive model
into a simple intransitive model by changing the value of
some empirical constant, whose appropriate value is in
doubt in any case. Large GCM's would probably give us
the answer, except that the required length ofthe numerical
integrations, probably many simulated years, would
presently be prohibitive. Meanwhile, there is much which
can be said about the possible importance of almostintransitivity.
First of all, whether or not almost-intransitivity is
present, slowly varying features such as SST patterns are
present, and these may lead to ostensibly similar responses.
Suppose that we are investigating the importance of SST
variations, either with data or with a model. A climatic
fluctuation due to almost-intransitivity might be interpreted as being due to SST effects, and a false positive
conclusion would be drawn. On another occasion a
fluctuation actually due to SST effects might be nullified
by a superposed fluctuation due to almost-intransitivity,
and a false negative conclusion would result.

What conclusions can we then draw as to the most
suitable models to use in studying climatic predicability?
The large GCM's appear to be physically the most
acceptable, but they suffer from slowness in execution.
In general they run no more than two orders of magnitude
faster than real time, on the computers for which they
have been designed. To extend an integration of such a
model from an interglacial to a glacial period would
appear hopeless at present.

This leads us to a perhaps unexpected general conclusion. The more readily predictable the climate is in the
first sense, the more difficult it is to predict it in the second
sense. Let us see how this situation arises.
Climatic predictability of the first kind would be
enhanced by almost-intransitivity, or by slowly varying
features such as SST patterns, which could lead to a
relatively high probability that the coming month or year
or century would depart from the normal one in a known
fashion. But to say that subsequent months or years or
centuries are predictable is to say that they are not
representative of the climate as determined from longer
ensembles. Consequently, a numerical integration of one
simulated month or year or century, as the case might be,
would be insufficient for the purpose of estimating longerterm statistics. To investigate predictability ofthe second
kind, then, our numerical integrations should ideally
extend beyond the range of predictability of the first kind.
There are some things which we can do to alleviate this
situation. In investigating the effects of doubling the CO2
concentration, for example, we can hold the SST pattern
fixed in our model (unless we believe that CO2 operates
through altering the SST), and we can eliminate other

At the other extreme, the very simple models where
even the effects of large-scale baroclinic eddies have been
parameterized seem very attractive. To run such models
for thousands of simulated years presents no problem.
Yet it can be very dangerous to place too much confidence
in models whose behaviour depends too strongly upon
the details of the parameterizations.
First of all, a parameterization which fits the data
rather well may become quite poor when extended beyond
the range of the data. For example, in some models the
zonally averaged albedo is expressed in terms of the
zonally averaged temperature. Of necessity all of our
standard meteorological observations have been made
during an interglacial period, and the interrelations found
between various quantities may not have prevailed during
glacial periods. The use of these models for ice-age
studies therefore requires caution.
A perhaps even more serious problem is illustrated by
the numerous attempts to parameterize the poleward
eddy-transports of angular momentum and sensible heat
in terms of the zonally averaged wind and temperature
fields. It is known from observations that up-gradient
transports of momentum are as common as down-gradient
transports, so that a simple Austausch coefficient cannot
be used, and some of the proposed schemes (e.g., (12»
readily overcome this difficulty. However, I find it rather
likely that the instantaneous momentum-transport pattern
is not determined by the instantaneous zonal-wind
pattern at all. When a new zonal-wind pattern becomes
established, small-scale eddies, such as those occurring in
the turbulent boundary layer, presumably reach a new
equilibrium state within a few hours or less, and parameterization seems reasonable. The large-scale eddies,
on the other hand, may require a day or two to reach
equilibrium, and, before this is accomplished, the zonalwind pattern will probably have changed to something
else. To a lesser extent, similar remarks also apply to the
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parameterization of sensible~heat transport. Perhaps
parameterizations in terms of present and past zonal-wind
and temperature patterns, which assume that the eddies
always seek but seldom find equilibrium, would be more
appropriate.
This suggests that we might look more closely at models
of intermediate size, which could perhaps be produced
by reducing the horizontal resolution in some of the
existing GCM's. A decrease in resolution by a factor of
two can speed up a model by possibly a ractor of ten.
We may note at this time that most of the .qualitative
verbal arguments attempting to explain climatic change
appear on the surface to contain nothing which cannot
be duplicated numerically by manipulating a few hundred
numbers.
On closer examination, however, we find that many
of these arguments assume a basic knowledge of the
behaviour of cyclones. To duplicate these arguments
numerically, then, our models must handle cyclones
properly. One effect of reducing the horizontal resolution in a GCM is to suppress baroclinic activity. In the
NCAR GCM, for example, baroclinic activity is unrealistically weak with a ten-degree resolution (13). We
must, therefore, if we decrease the resolution, make other
adjustments (parameterizations?) which tend to restore
the baroclinic activity. We might, for example, artificially
reduce the static stability, or introduce some unconventional horizontal-differencing scheme. At some point we
should use the high-resolution models to calibrate the
low-resolution models. I feel that such models offer
considerable promise, but they do not really overcome
the need for some sort of parameterization.
A final shortcoming of all the models so far considered,
but particularly the simpler models, is that they are too
deterministic. We have already noted that the simplest
models even possess stable steady-state solutions. One
might argue that the atmosphere-ocean-earth system is
for practical purposes deterministic, but· certainly the
portion which is observed, or which is represented
numerically in a computer, is not by itself deterministic.
I believe that the ultimate climatic models, and perhaps
the first ones which will successfully turn ice ages on and
off, will be stochastic, i.e., random numbers will appear
somewhere in the time derivatives. Random numbers in
the parameterization of angular-momentum and sensibleheat transports might even successfully· overcome the
objection that the transports are not uniquely determined
by the zonal-wind and temperature fields.

Such a procedure may _seem less than completely
satisfying. One might argue, for example, that in due
time any desired climate would be reproduced by random
numbers. One might even quote the often-heard statement to the effect that a monkey placed in front of a
typewriter would eventually reproduce a volume of
Shakespeare.
What is not generally added along with this statement
is that the probability that the volume will have already
appeared within the expected life time of a single monkey,
or even of the species, is something like 10-1 •000 ,000. If we
are truly careful in introducing our random numbers, we
can likewise assure ourselves that the probability of
producing an ice age, when one ought not to form, is some
infinetesimally small number.
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APPENDIX 2.2
THE DESIGN OF A STATISTICAL-DYNAMICAL CLIMATE MODEL
AND STATISTICAL CONSTRAINTS ON THE PREDICTABILITY OF CLIMATE
by C. E. Leith
National Center for Atmospheric Research, Boulder, Col., U.S.A.
atmosphere, characterized by relatively rapid fluctuations,
which is embedded in an external system, including say
This paper describes a personal view of the way to the the ocean, that provides relatively slowly changing
design of a climate model. As such it contains much external influences on the internal system. We may then
conjecture about future developments which will perhaps define the climate in terms of averages 'over an imagined
be proved false, but it seems useful to take some definite ensemble of internal states which is in equilibrium with
position as a starting point for discussion.
the slowly changing external influences. The internal
As the title indicates, this paper deals with two general ensemble consists of a myriad atmospheric states all under
topics. The first is a prescription for the design of a the influence of the same external conditions of sea
climate model that combines an internal statistical and surface temperature, ice cover, solar radiation, etc. Such
an external dynamical component. The theoretical basis a definition, familiar from classical statistical mechanics,
for making such a separation is a somewhat special provides theoretically well-defined ensemble averages free
definition of climate which is discussed at some length. from the statistical fluctuations of any individual
The external dynamical model is like traditional general realization. The ergodic presumption is that the ensemble
circulation models in using deterministic equations; the averages would be equal to individual time averages over
internal statistical model, however, is based on statistical- infinite time under constant external conditions. Yet we
hydrodynamical equations for the evolution of statistical may consider ensemble averages changing in response
to changing external conditions on a finite time scale and
moments.
The second topic is a discussion of the logical statistical be able to speak of climate change.
consequence of the well-known limited predictability of
The boundary' between the internal and the external
weather as it relates to the predictability of climate. The system is itself hard to define precisely. A dry land
problem is described in terms of a signal of possibly sl.uface with its rapidly changing temperature should
predictable climate change as compared to the noise certainly be considered as part of the internal system and
most of the ocean as part of the external system, but we
coming from unpredictable weather fluctuations.
are less certain about land moisture, or fluctuating snow
cover, or ocean surface layers. However, in any particular
2. DEFINITION OF CLIMATE
numerical model used specifically for short-range weather
Before discussing the design of a numerical model of prediction, a distinction is always made between the
climate, it is necessary to be as precise as possible in the internal system variables computed by the model and
definition of the word "climate". We generally think of the external system variables for which it is considered
climate as dealing with the average behaviour of the land- adequate that values be specified and not depend on the
ocean-atmosphere system over relatively long times and internal state. Although different models make somewhat
as not being concerned with the detailed daily fluctuations different choices, any such choice can also serve to define
that we call the weather. The main problem of definition internal and external systems so far as climate is concerned.
is in making precise the dividing line between weather
and climate. On the basis of recent results on the
3. THE CLIMATE ENSEMBLE
predictability of the weather, we might somewhat
We are defining the climate in terms of an ensemble of
arbitrarily set the dividing time scale at two weeks. One
should not, however, define the climate in terms of two- internal states so that all internal climatic properties are
week time averages because these would retain a large determined by the probability distribution of the climate
and unpredictable noise component from the weather ensemble. For a fixed external state, we assume that there
fluctuations. Instead we must try to make another is a single stationary ensemble toward which any other
division into what I shall call an internal system, say the ensemble tends with time. Without such an assumption
I. INTRODUCTION

138

THE PHYSICAL BASIS OF CLIMATE AND CLIMATE MODELLING

(which may, of course, be false) we cannot speak of the
climate associated with any given external state. We shall
need, in fact, the somewhat stronger assumption that for
any given history of external state changes, there is a
unique history of associated climate ensembles toward
which any other ensemble history tends with time. The
most obvious example of this more general situation is
given by the annual cycle of solar heating which leads by
our assumption to a unique annual climate cycle, other
external influences being unchanged. We expect that at
any point in time, the climate ensemble associated with
a given history will be similar but not identical to that
corresponding to the current external state treated as
stationary.
There are, of course, important feedback mechanisms
by which the internal system can influence the evolution
of the external state, and here we are forced to make a
crucial approximation if we are to separate the two
systems . We shall assUme that the time scale of internal
system behaviour is so much shorter than that of the
external system that we may use internal averages over
intermediate times for computing the feedback influences
and further that we may approximate such time averages
by ensemble averages. (The errors of so doing will be
discussed in a later section.) We shall assume therefore
that the external state history is depeDdent at most on
the statistical properties of the internal climate ensemble
and not on the detailed properties of an individual
realization.
The problem of designing a numerical model of climate
change becomes therefore two-fold. First, we must
devise a statistical model for the internal system that will
provide reliable information on at least the first and
second moments of the climate ensemble, and, second,
we must devise a dynamical model of those parts of the
exterior system, such as the ocean circulation and snow
and ice cover, that are influenced by the average behaviour
of the internal system as given by its statistical model.
It will be the coupling of these two submodels that will
provide a complete numerical model for studying climate
.
change.
4. THE INTERNAL SYSTEM
The most ambitious models of the internal system
constructed to date have been the atmospheric general
circulation models (GeM's). These have not been
statistical models as such but rather dynamical models
following individual realizations from which statistical
information has been extracted by time averaging. Such
models have been run for simulated times of the order
of a year at great expense in computer time and are
proving to be quite successful in their ability to reproduce

the observed first and second moment statistics of the
real atmosphere.
The object of a statistical model of the atmosphere is
to avoid the laborious computation of a rapidly changing
individual realization by computing directly the slowly
changing moment statistics characterizing the climate
ensemble. The usual approach to a statistical model is
through a moment expansion procedure based on the
underlying dynamics equations, and here one runs up
against the closure problem. The quadratic nonlinearity
arising in particular from the advection terms in the
dynamics equations leads to a dependence ofthe evolution
of the moments of a given order on the value of moments
of one higher order. We must close this otherwise infinite
hierarchy of moment equations by making a closure
approximation which relates a moment of some order to
others of lower order.
A simple approach to this problem has been to seek a
closure after the first moment, or to formulate mean
equations for the atmosphere by relating second moment
quantities such as eddy transports to first moment
quantities such as mean temperature gradients through
various combinations of ingenuity, physical intuition,
and empiricism. This appr~ach, sometimes called parameterization, has been seriously complicated by the
somewhat two-dimensional nature of the atmosphere
with its associated counter-gradient eddy transports, but
it has led already to a number of reasonable statistical
models while closure on the next higher level is still under
development.
The closure problem on a higher level has been dealt
with at some length for the far simpler but analogous
problem of devising a statistical model for solutions of
the Navier-Stokes equations, i.e., for turbulence models.
For the simplest possible case of homogeneous isotropic
turbulence, both two- and three~dimensional, there now
exist closures after the second moment equation in
sl'ectral representation that have been compared to direct
numerical simulations and found to be reasonably good.
Promising results have also been obtained for threedimensional inhomogeneous turbulence in a grid point
representation with equations for the evolution of local
second moments. But much remains to be done to
convert these simple results for turbulence into a reliable
closure scheme for a statistical model of the atmosphere.
The essential problem in devising a model for the
climate ensemble is not that we do not know what the
underlying probability evolution equations are but rather
that we must find the best approximate solutions to these
equations with the limited· computing power available
to us. A key question therefore is how few degrees of
freedom N are needed to describe the climate adequately.
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There are several reasons to believe that this may be of
orderN = 100 rather than the 100,000 found in some
full-fledged GCM's. For example, studies with empirical
orthogonal function expansions have been able to
account for most of the observed variance of the temperature and geopotential height fields with about 100 functions, and it is known that most of the horizontal eddy
transport is effected by the largest scales of motion. The
use of the smallest possible N is particularly important in
schemes that include equations for second moments of
which, in general, there are N(N+l)/2. Although the
second moment matrix for any particular ensemble could
be diagonalized (reducing the number of non-zero elements to N) by the use of an empirical orthogonal
function base, we cannot count on its remaining in
diagonal form when we are studying climate change.
The reason, incidentally, that the turbulence problem
has been so relatively tractable is that the assumptions of
homogeneity and isotropy have tremendously reduced
the number of equations involved.
5. THE EXTERNAL SYSTEM
Most aspects of the design of a dynamical model of the
external system are quite straightforward and have been
considered at length in the design of GCM's. The treatment of snow and ice, for example, involves relatively
simple budget equations. The greatest practical problem
would seem to be posed by the proper design of an ocean
circulation model. What is needed, of course, is a
dynamical model for the slowly evolving ocean circulation
that in many ways is analogous to an atmospheric model.
But the design of a model of the circulation for the ocean
is far more difficult than for the atmosphere owing to
the far greater range of important space and time scales.
Important transport is carried in narrow boundary
currents; the Rossby deformation scale is smaller so that
relatively more kinetic energy is found at the 100 km
scale than in the atmosphere; and there seems to be a
continuum of important time scales from weeks in the
surface layers to millenia in the abyss. Unfortunately,
there seems to be no way to avoid the necessity for an
ocean model as part of a climate model. It is known,
for example, that the poleward heat transport in the
oceans is as important to the global energy balance as is
that in the atmosphere and also that the ocean surface
temperature is a dominant external influence through
sensible and latent heat transfer in determining the
behaviour of the atmosphere.
Although other aspects of the physical interaction
between the internal and external systems require further
refinement, none of them seems to pose specifically
numerical problems as severe as those of an ocean model.
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The treatment of solar and terrestrial radiation transfer,
for example, is quite reliable already in clear air; aerosols
present more of a problem here, especially the most
common and erratic aerosol of all (cloud water droplets).
6. PRESENT AND FUTURE MODELS
The simplest climate models have involved only a few
degrees of freedom and have been used to describe the
globally averaged heat balance. Important as these have
been in establishing gross constraints, they are unsatisfying
in their lack of detail. The next level of complexity is
found in zonally symmetric models in which it is assumed
that climate statistics are homogeneous in the longitudinal
direction. Most present zonal models involve closure
after the :first moment or mean equations, and a natural
direction for future work is the extension of these to
include equations for the evolution of second moments
such as eddy kinetic energy and eddy poleward transport.
It may turn out, however, that the improvement arising
from such a higher-level closure will not be great enough
to be worth the extra computation, considering the
inherent limitations in zonal models.
It seems unlikely that a climate model will be truly
satisfactory unless it can describe the inhomogeneous
climate arising from continentality and non-zonal ocean
surface temperatures. Our goal then should be the
construction of a three-dimensional model that includes
a statistical version of an atmospheric GCM and a
dynamical model of the wind-driven and thermohaline
circulation of the oceans. As has been pointed out
already, the design of these two components faces major
difficulties, and one can only guess at how they might be
overcome.
7. STATISTICAL ATMOSPHERIC MODEL
The starting point for development of a statistical
atmospheric model should, of course, be any' present
dynamical GCM which is already known to be simulating
the atmosphere well. Such models have, in fact, a
statistical component in them at present in that various
eddy viscosity and diffusion prescriptions are used to
simulate the average influence of small unresolved scales
ofmotion on the larger scales that are explicitlycomputed.
In recent years, increases in available computing power
have permitted an increase in model resolution so that
the details of the eddy diffusion process have become
relatively unimportant. But the way to a statistical model
lies in the reversal of this process with the development
of coarse resolution models and a more careful treatment
of the statistical influence of unresolved scales. We know
that eddy diffusion terms by themselves are inadequate
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since they do not preserve the statistical properties of the
system as indicated by, for example, the deficiencies in
the energy spectrum for earlier coarse mesh models.
Here an interesting possibility is suggested by our
experience with turbulence models, namely, that in
addition to an eddy viscosity term there should also be
introduced a random eddy forcing term and that a
combination of viscous damping and random forcing
may simulate better the statistical influence of unresolved
scales of motion.
The task, in any case, will be to reduce a GCM to a
minimum number of degrees of freedom while preserving
its time-averaged statistics. If successful, we shall have
a model with enough resolved scales of motion to
characterize the mean fields and to provide enough
covariances for determining most of the eddy transports.
The unresolved scales will be assumed to have vanishing
means and be characterized at most by variance and
covariance spectra.
The final step will be to convert our low-order dynamical
model into a purely statistical one for computing means
and covariances of the resolved scales. This might be
accomplished with a second-level closure of moment
expansion .equations of the sort used in stochastic
dynamic forecasting models. Since the low-order
dynamical model can be computed relatively rapidly, we
must always consider the simple alternative of a Monte
Carlo approach by which statistics are obtained from a
combination of time and sample ensemble averaging.
Such in fact was the approach of the most ambitious
climate model run to date at the Geophysical Fluid
Dynamics Laboratory (GFDL) where time-averaged
statistics taken from single runs of a full atmospheric
model were used to drive a deterministic oceanic model
which in turn provided changing external influences on
the atmospheric model.
8. DYNAMICAL OCEANIC MODEL
The development of a reliable oceanic circulation
model seems to be more straightforward but could, in
fact, turn out to be far more difficult. Owing in large part
to the difficulty in acquiring adequate observations, the
state of knowledge of the oceanic circulation is primitive
compared to that for the atmosphere. What observations
do exist suggest that the problem of treating small
spatial scales statistically will be more severe. It is to be
hoped that the techniques worked out for the atmosphere
will be applicable here. An additional difficulty will arise
when we become interested in climate change over very
long time scales for then we will want to shift some of
the more rapidly fluctuating oceanic motions into the
internal system, and the boundary between the internal
and external systems will become harder to define.

It is evident that the computing power required for
oceanic models is at least as great as for atmospheric
models. There is, fortunately, a rapidly increasing
interest and involvement in oceanic circulation models
in a number of,oceanographic research centres, stimulated
in large part by observational programmes such as
MODE and NORPAX.

9. LINEAR SENSITIVITY THEORY
One of the first uses of any statistical model of the
internal system is for the determination of small changes
in internal statistical properties in response to small
changes in external parameters. For sufficiently small
changes about the present climate we would expect a
linear analysis to be appropriate, and in mathematical
terms the problem becomes one of determining a response
matrix whose elements are sensitivity coefficients~ For
larger changes, of course, second-order effects become
important and a linear analysis is inadequate, but many
questions of climate stability could be answered from a
knowledge of the linear response matrix.
A key question here is: how resistant are climate means
to being changed by incremental external forcing? In the
case of a Maxwell-Boltzmann equilibrium distribution
for a dynamical system with N degrees of freedom the
fluctuation dissipation theorem of statistical mechanics
provides the following answer: if a small forcing term Oh
is added to the dynamical evolution equation for a mode
u",Le., it" = Q" (UI>' . ,UN) + Oh, then the shift in the
mean /l" = <u,,> will be O/l" = 'r" Oh, where .'r" =
00

J R" (a) da and R"

(a) is the time (a) lagged correlation

o

coefficient for the mode u". The climate ensemble is not
a Maxwell-Boltzmann ensemble, but experience with
such non-equilibrium distributions in turbulence theory
suggests that the fluctuation dissipation theorem continues
to provide a fair approximation. Since for many meteorological variables we know that 'r" R::J 3 days, we can make
a rough estimate that the stabilizing influence of the nonlinear dynamics is such that an external influence perturbs
the climate mean of a meteorological variable by the
amount that it would change in about 3 days if it wel'e
not coupled to the rest of the system.
10. NOISE IN FINITE TIME AVERAGES
The advantage in using an ensemble average definition
of climate properties has been described already and is
that such properties are then slowly changing and free
from the day-to-day fluctuations ofindividual realizations.
But the real atmosphere is, of course, only one member
of the ensemble, and the usual operational definition of
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climate is based on finite time averages of this single
realization. From sampling theory considerations we
know that finite time averages of a random time series
have random fluctuations about the ensemble average
with a standard deviation given asymptotically by
aT = a (To/T)'!:. where T is the averaging time, To =

.rR (r) dr: is

an effective independence time, and a

_00

and R (r:) are the standard deviation and time r: lagged
correlation, respectively, for the time series.
Since To is about 6 days for many atmospheric variables,
we see, for example, that a 90-day seasonal time average
will have a fluctuation about the ensemble mean of about
1/4 of the daily fluctuation. Inasmuch as the detailed
daily fluctuations are known to be unpredictable in that
time range, so also must the related fluctuations in the
seasonal mean be unpredictable and may properly be
called noise in the communication engineering sense.
In contrast, the slowly changing ensemble mean we may
call a signal which we may hope to be able to predict
through the use of climate models. The practical value
of such predictions will depend in the usual way, of
course, on the ratio of signal to noise.
11. POTENTIAL PREDICTABll,ITY OF CLIMATE
FLUCTUATIONS
An alternate approach to the question of the potential
predictability of climate fluctuations is through an
examination offrequency spectra ofatmospheric variables.
Observations indicate that the time series of weather
fluctuations of meteorological variables such as temperature seems to be reasonably well modelled by a firstorder Markov process with time r: lagged correlation
R(r:) = exp(-vlr:i) characterized by a constant decay
rate v of order 0.3 day-I. The corresponding power
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spectrum as a function of frequency w is given by
2
pew) = A/(v2
) where A is a constant. As w -+ 0
for such a spectrum, we have pew) -+ A/v2 , a constant,
and at the low-frequency end the spectrum appears white.
There is thus some contribution to fluctuations at any
frequency, no matter how low, arising from the fluctuations of the weather.
We may pose then some key questions for climate
studies. What part, if any, of climate fluctuations are
potentially predictable and not just the unpredictable
statistical fluctuations of unpredictable weather? In a
power spectrum analysis, is there extra potentially
predictable power above the white low-frequency end of
the daily weather fluctuations? Is it possible, although
it seems highly unlikely, that some long-term compensation process might depress the real weather spectrum
.
below its white extension to w = O?

+(

Answers to such questions require detailed examination
oflagged correlations and ofpower spectra. A preliminary
study of Manley's 250-year record of monthly mean
temperatures in central England shows small lagged
correlations significantly above that of weather out to
about 6 months, small but probably significant lagged
correlations at 2 and 4 years, and a generally white spectrum with evidence of extra spectral power for periods of
a few decades and longer. The 6-month lagged correlation
may well be a reflection of North Atlantic sea-surface
temperature anomalies, and the 2-year period is the
quasi-biennial oscillation which has shown up in many
other records.
Although this preliminary study does not provide much
hope, for example, for a clearly useful forecast of seasonal
climate a year in advance, such studies should be continued with statistical tests being made not only of the
pessimistic null hypothesis that nothing is predictable
but also ofhypotheses that are framed more optimistically.

APPENDIX 2.3
CLIMATE MODELLING METHODOLOGY
by Stephen H. Schneider and Robert E. Dickinson
National Center for Atmospheric Research, Boulder, Col., U.S.A.
1. INTRODUCTION
The ultimate goal of the second GARP objective is
climate prediction, and this objective can only be achieved
if it is built on the foundation of a sound quantitative
theory of climate. Unfortunately, no satisfactory theory
now exists. The preliminary steps in the development of
such a theory are the identification and understanding of
the relative importance of various interacting physical
processes that determine the climate. In our search for
tools with which to improve our understanding and to
build up a theory of climate and climate change we are
immediately reminded that the earth-atmosphere system
cannot be reproduced satisfactorily in the physical
laboratory. Thus, we must augment empirical data with
mathematical studies, Le., climate models. This statement briefly summarizes our personal views of a methodology of climate modelling. It is condensed from a more
extensive review of the subject (Schneider and Dickinson
(1)).
2. CLASSIFICATION OF CLIMATE MODELS
Many models investigate a single mechanism or a
small number of simply coupled mechanisms, taking as
given (perhaps from observation but often by assumption)
all the other comppnents of climate. This type of model
is directed toward understanding the dependence of the
particular mechanism on the other parameters of the
problem. Models of this sort can be referred to as
"mechanistic models."
On the other hand, there are the "simulation" models
which include as internal variables as many interacting
physical processes as possible, with the primary objective
of "simulating" observed phenomena. However, these
models are often too complicated to allow their results
to be unambiguously interpreted, and usually require a
great deal of analysis and computer time in order to
provide much understanding of the individual mechanisms
and their dependence on each other.
While it must be recognized that one ultimate objective
of mathematical models of climate is to include jointly
all the coupled feedback processes in a realistic fashion,
it is unlikely that this can be done successfully without

the understanding derived from simpler models of
individual processes.
The distinction between mechanistic and simulation
models is not sufficiently sharply defined and alone does
not do justice to the rich variety of modelling approaches
that have been and will be used. Therefore, we feel that
a classification system based essentially on the number
of geometric degrees of freedom contained in the model
will be more useful, and so summarize a hierarchy of
models according to this scheme in the next section.
3. HIERARCHY OF CLIMATE MODELS
The simplest models of climate are essentially onedimensional with dependence on other dimensions being
simply parameterized or neglected. Thus we have, for
example, one type of model intended to derive the vertical
structure of temperature that assumes horizontal global
averaging for the radiative and convective heat transfer
processes. Other types of models parameterize the vertical
dependences, and determine variation with horizontal
coordinates, sometimes only latitude or longitude.
The models with only horizontal degrees of freedom
fall into two distinct classes depending on whether they
have been developed to describe statistics of surface
thermal balance ("energy balance models") or of atmospheric dynamics ("barotropic statistical-dynamic
models"). The energy balance models are extended by
allowing for separate surface and atmospheric degrees of
freedom, and the dynamic models by allowing two
atmospheric layers ("two-layer baroclinic model"). At
this stage the distinction between the two classes of
models derives from the external specification of surface
conditions in the case of statistical-dynamic models, and
from the simple parameterization of dynamic processes
in the energy balance models. At the more advanced
stage of model development, where sophisticated treatments of atmosphere-surface energy budget coupling and
of the statistics of atmospheric dynamics are both
included, the two classes merge. Inclusion of detailed
vertical structure then incorporates the processes described
by vertical models. Thus a classification of climate
models according to geometric degrees of freedom, can
be visualized as a pyramid, with many kinds of simple
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models that merge together as increasing complexity
dictates inclusion of more internal degrees of freedom.
The simplest models are largely "mechanistic" in their
objectives, whereas the more sophisticated models are
more intended for "simulation."
A. Horizontally averaged, one-dimensional vertical
coordinate models

This type of climate model determines the various
radiative fluxes as a function of the vertical coordinate
and in some cases also gives the mean vertical temperature
profile implied by the balance between net radiative flux
and other vertical energy transfer processes. Such a
model is most meaningfully employed in conjunction
with horizontal averaging over the globe, although other
cases can also be instructive. Globally averaged models
which include the vertical distribution of atmospheric
absorbers and scatters can be used to study the relative
magnitude of atmospheric radiative heating rates and the
role they play in determining the vertical structure of
temperature. Besides radiative fluxes, other processes
such as vertical convection, cloudiness, albedo, interaction between clouds and radiation, and water vapour
distribution are parameterized one-dimensionally in these
models. The climatic impact of changes in CO 2 or
aerosol distribution has been studied (e.g., Manabe and
Wetherald (2), Rasool and Schneider (3)). Included are
parameterized feedbacks between radiation, temperature
water vapour and lapse rate. Many of the basic physical
processes in the one-dimensional models are also parameterized in more elaborate models with equivalent
(or lesser) vertical resolution. Hence the simple onedimensional models, by testing the sensitivity of the
radiative fluxes to perturbations in model parameters,
serve the dual role of developing parameterizations for
more elaborate models and of providing first insights into
the effects on climate of specific external changes, such
as the addition of pollutants. It is not possible in onedimensional vertical models to include adequately the
contributions to global mean energy fluxes that arise
from coupling horizontal variation of thermalfluxes with
horizontal variation of other parameters such as temperature, cloudiness and ice-snow cover.
B. Horizontally varying energy balance models

"Energy balance models", in our classification system
refers to those models which emphasize the calculation of
surface temperature in terms of a balance between
incoming solar and outgoing infrared radiation.
Upward and downward infrared radiative fluxes
between surface and atmosphere, derived in. terms of

2.3

143

surface temperature and given parameters, improve the
calculation of surface temperature over that obtained in
absence of an atmosphere. Such models may be generalized to allow for horizontal variations; after parameterization of the horizontal redistribution of energy by
atmospheric and oceanic transport. One such approach
is that of Stone (4), who simply describes horizontal and
vertical variation in terms of global mean latitudinal and
vertical temperature gradients and energy fluxes and thus
has derived a climate model that is essentially zerodimensional, though allowing simply for coupling of
three-dimensional dynamic processes with the mean
thermal field.
(i) Function of latitude only. Latitudinally varying
energy balance models have been useful for simply
examining the coupling between latitudinal variation of
temperature and albedo. Variable albedo has been
introduced by parameterization of snow and ice cover in
terms of zonal mean temperatures. The poleward
transport of energy by oceans and atmosphere is parameterized in terms of surface temperatures. Energy
balance models are sometimes referred to as "semiempirical" models (e.g., SMIC (5)) since the temperature
dependence of albedo and horizontal energy transport,
as well as infrared fluxes, have been generally derived
from empirical relationships.
Budyko (6) thus simply related horizontal energy fluxes
to the difference between zonal mean and planetary mean
temperatures, whereas Sellers (7) has attempted to relate
the fluxes to horizontal thermal mixing by large-scale
eddies and to a mean meridional wind. The extreme
sensitivity of these models to changes in incoming
radiation resulting from the positive temperature-albedo
feedback has encouraged further study and generalization.
Integration of time-dependent versions (Schneider and
Gal-Chen (8)) shows them to be quite stable to perturbations in internal (Le., initial) conditions.
Obviously needed areas of improvement include parameterization of albedo-temperature coupling, horizontal
energy transport, and cloudiness distribution.
(ii) Latitudinal and longitudinal dependence. The
longitudinal variations of climate from continental to
oceanic regimes are in many places nearly as pronounced
as variations with latitude. A reasonable dynamic treatment of longitudinally varying atmospheric structure and
transport is, however, more difficult than treatment of
latitudinal variations. This difficulty is avoided if
longitudinal variation of atmospheric parameters such
as temperature, humidity, and cloudiness are specified
(Saltzman (9)).
Another approach to modelling longitudinal climatic
variation arising from land-sea contrast is that of Sellers
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(10), who extended his previously mentioned zonal model
by distinguishing separately between a land and an ocean
temperature at each latitude but still calculated motions
in terms of surface temperatures.
A third energy balance modelling approach (Adem (11))
assumes that latitudinal and longitudinal atmospheric and
oceanic thermal transports may be parameterized largely
in terms of horizontal "Austausch" coefficients, but with
allowance for transport by observed mean winds and by
wind-driven ocean currents.
Adem's models have been developed largely for
attempts at forecasting climate variations on a time scale
of up to several months, so surface albedos are prescribed
rather than calculated. It would appear that the predictive
capability of these models would depend largely on their
sensitivity to initial and predicted anomalies in sea
surface temperature. Namias (12) has discussed the
observational basis for relationships between anomalies
of sea surface temperatures and the longitudinal distribution of atmospheric pressure. He argues that sea surface
temperature appears to change primarily through
advection by wind-driven currents.
The crucial assumption common to all these energy
balance models is that the effects of fluid motions in
transporting energy can be parameterized in terms of
temperature or temperature gradients. The real value of
these models will be proportional to the extent that this
assumption proves to be justified.
C. Zonally symmetric dynamic models of the atmosphere
The objective of this class of models is to derive the
zonal structure of the atmosphere from an observationally
prescribed distribution of thermal and momentum
sources. The various models ofthis type are distinguished
by which of these sources are given and which are parameterized in terms of the internal (zonal mean) variables
of the system. The prototype for these models is the
study by Eliassen (13), who assumed all source terms to
be prescribed. These sources drive a meridional circulation which redistributes heat and momentum in such a
fashion that the zonal wind, pressure and temperature
fields evolve while maintaining hydrostatic and geostrophic balance.
External momentum and thermal sources can be
prescribed independently, however, if there are also
internal sources, depending on the variables of the model.
One such approach is to attempt to parameterize the zonal
mean eddy fluxes of heat and momentum in terms of the
zonal structure. Smagorinsky (14) has related eddy
momentum flux to heat flux, assuming a two-layer model
and a "simple baroclinic disturbance." He then derived

a differential equation for the eddy heat flux required by
the observed distribution of thermal sources and the
assumption of no net zonal temperature tendency. A
vanishing of zonal acceleration was achieved by balancing
coriolis torque with momentum convergence in the upper
layer and with surface friction in the bottom layer.
Another approach recognizes that part of the net
thermal source, especially that involving infrared radiative
emission, must be sensitive to zonal mean temperature,
whereas part of the net zonal mean momentum source
should be "friction-like", that is, sensitive to the zonal
mean winds. This approach has been used by Dickinson
(15) to discuss the relative roles of zonal mean eddy
momentum transport and heating by the tropical rainbelt
in determining zonal winds, temperatures, and meridional
circulation from the tropics to midlatitudes.
In view of the great importance of heating from zonal
mean rainfall, especially in the tropical rainbelt, for
zonally symmetric dynamics, one obvious further
constraint to relax is the external prescription of latent
heat release. For example, Pike (16) in an elaborate
primitive equation model for zonally symmetric dynamics
in the tropics has parameterized the release of latent heat
in terms of a hydrological cycle depending on mean
meridional circulation, temperature, surface zonal wind,
and sea surface temperature. A separate dynamic zonal
ocean model responds to zonal wind stress and calculates
the sea surface temperature so the feedback between
atmosphere and ocean is investigated.
Other recent zonally symmetric dynamic models (e.g.,
Saltzman and Vernekar (17), Kurihara (18), WiinNielsen (19)) have included certain aspects of the surface
energy budget (but excluded a cryosphere calculation)
and have attempted with varying degrees of elaboration
to improve the parameterization of eddy heat and
momentum fluxes. This question of the appropriate
procedures for parameterizing eddy fluxes is crucial to
the development of a self-consistent zonally symmetric
model.
Early studies have argued heuristically that since
baroclinic waves are driven by the meridional temperature
gradient their eddy transports are most simply parameterized as proportional to this gradient, Le.,

v'T' -- -KH(if
-

(1)

-,-,
K JT
u v =- MJy

(2)

Jy

where "eddy coefficients KT and KM are derived from
observations". More recently various authors (e.g.,
Green (20), Saltzman and Vernekar (17), Stone (4)) have
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attempted to derive eddy flux parameterizations from
"mechanistic" models of baroclinic waves. Although the
detailed arguments differ, the form of the parameterization of eddy heat transport suggested by these authors
is rather similar, as reviewed by Schneider and Dickinson (1).

adequate description of the relationship between eddy
heat and momentum fluxes and the zonal mean state; and
the dependence of ocean temperatures on the surface heat
budget and the zonal mean atmospheric state. The most
ambitious model along these lines to date is being
developed by MacCracken (26).

D. Atmospheric dynamic models emphasizing longitudinal
variation

F. Three-dimensional circulation models of the atmosphere

Longitudinal variation of mean atmospheric pressure
patterns is strongly correlated with the variations of mean
rainfall, cloudiness, cyclogenesis and other such weather
elements.
Quantitative modelling of the longitudinal variation of
quasi-stationary patterns requires both an adequate
atmospheric dynamic model and parameterization of the
orographic and thermal forcing. Charney and Eliassen
(21) first attempted a quantitative model assuming the
simplest possible dynamics of a constant zonal flow and
barotropic disturbances depending only on longitude.
Orography was parameterized in terms of a vertical
motion produced by the zonal flow forced up and down
over bottom boundary slopes. With the addition of
Ekman friction at the bottom boundary they derived a
mean January 500 mb height profile in remarkable
agreement with the observed longitudinal variation.
The longitudinal atmospheric variations due to forcing
by variations of sensible and latent heating, however, are
generally of the same magnitude, as first discussed
quantitatively by Smagorinsky (22) in terms of a twolayer baroclinic model. More recently Manabe and
Terpstra (23) have discussed various theoretical studies
on this subject in the light of the results from their
numerical experiments.
The idea that perturbations in the atmospheric pressure
pattern at one location can propagate great distances in
latitude and longitude through the mechanism ofplanetary
(Rossby) waves has provided a conceptual basis for
statistical procedures now used for "long-range forecasting" in the D.S. (e.g., Namias (24), O'Conner (25)).
E. Zonally symmetric models of the earth-atmosphere
system
It is ultimately desirable to couple atmospheric models
that include detailed description of zonal dynamics as a
function of latitude and altitude to detailed models of the
zonal surface energy balance. Necessary parameterizations include: The relationship of the vertical structure
of cloudiness, humidity, and latent heat release to the
mean motion and temperature fields; the dependence of
the model cryosphere on the model hydrological cycle;

Modelling the three-dimensional mean atmospheric
circulation involves simulating the atmospheric general
circulation over a long time period with an atmospheric
general circulation model or "GCM". The model is a
time-dependent set of "primitive equations" which
describe the detailed evolution of the dynamical and
thermodynamical state ofthe atmosphere. The resolution
of the GCM is typically a. few degrees of latitude and
longitude horizontally, and a km or so vertically. Processes occurring on scales larger than these are explicitly
treated, while the phenomena occurring on smaller scales
(e.g., cumulus convection, latent heating, turbulent
transport, cloud formation) must be parameterized.
Hydrological cycle components, radiative transfer,
boundary layer processes, dynamical processes and the
land surface temperatures are all computed simultaneously, as described in the review by Smagorinsky (27).
Atmospheric GCM's are currently able to simulate very
well many of the observed large-scale features of the
atmosphere, but most are still not properly "driven" by
the balance between incoming solar energy and outgoing
infrared radiation. More correctly, most respond
primarily to the infinite thermal capacity (Le., fixed
temperature) sea surface temperature boundary condition.
G. Three-dimensional circulation models of the earthatmosphere system
It is essential for any attempts to predict long-period
climatic change that sea surface temperatures be calculated from model-generated heat balance requirements
rather than prescribed, and likewise clouds be properly
calculated rather than based on climatological distribution. Otherwise, an internally self-consistent global mean
balance between incoming solar and outgoing thermal
radiation cannot be achieved. Sea surface temperatures
would be derived most realistically in terms of a "general
circulation" ocean model driven by net thermal and
momentum inputs at the interface. Much simpler ocean
temperature prediction models, for example a spatiallydependent departure from global averages based on
observed departures, may suffice for modelling global
mean climatic variations over shorter periods of time,
but their validity can only be established by reference to
more realistic approaches. At a minimum, it has been
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suggested that treatment of the upper or "mixed" layer
of the ocean must be included (Kraus (28)). Cloudiness
and snow-ice cover must also be parameterized in terms
of model variables in order for long-term climate change
to be investigated, since a prescription of present ocean
temperatures builds into an atmospheric GCM much of
our present climate, as does a prescription ofthe observed
distribution of albedo.
Manabe and Bryan (29) have made first attempts at
jointly modelling the atmosphere, ocean, and cryosphere.
More recently, Wetherald and Manabe (30) have used
the same geometry to study the effect of seasonal changes
over an annual cyCle, demonstrating the high importance
of seasonal simulations.
Their results indicated important effects that depend on
the interaction between jointly calculated atmosphere and
ocean; for example, a drastic reduction of rainfall over
the tropical ocean, resulting from equatorial upwelling
which altered the ratio ofland/sea precipitation. Furthermore, even after computations for 100 years of simulated
time the oceanic temperatures in the coupled model were
still changing, suggesting that deep oceanic circulations
could cause climatic fluctuations on this time scale.

4. THE FUTURE OF CLIMATE MODELS
Solid progress toward an understanding of the dominant
factors in climatic change will require steady development
of an almost continuous spectrum or hierarchy of models
of increasing physical and mathematical complexity.
These models range, as we have shown, from simple
(figuratively, "back of the envelope") calculations of the
effects of isolated processes on average conditions over
the whole globe, to space- and time-dependent computer
simulations of a highly interactive system containing all
known important processes.
Throughout the successive stages of model development, purely descriptive and diagnostic studies will play
a key role: first, in suggesting simplifications and empirical
parameterizations in the models and, second, in providing
vital verification and "calibration" checks. There must
thus be a continual interplay between (1) the observed
statistics of the real atmosphere on many time scales,
(2) the derived statistics of GCMs and (3) results of
"statistical-dynamical" models of climate and other
models of lesser complexity.
The use of very simple models is primarily that of
making tentative estimates of the sensitivity of long-term
conditions of the atmospherejlandjoceanjcryosphere
system to changes in various known thermodynamic and
transport processes, with a view to identifying those of
greatest importance. This step is clearly essential to the

design of mOre complicated interactive models. The
latter, in turn, are equally essential to the design and
interpretation of the behaviour of still more realistic
modelS.
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APPENDIX 2.4
THE USE OF COMPREHENSIVE GENERAL CIRCULATION MODELLING FOR STUDIES OF
THE CLIMATE AND CLIMATE VARIATION
by S. Manabe
Geophysical Fluid Dynamics Laboratory/NOAA, Princeton, N.J., U.S.A.
1. INTRODUCTION
At the beginning, it may be useful to define a comprehensive model of the climate in contrast to statisticaldynamical models. As I understand it, a comprehensive
model of the climate is a model in which the effects of
large-scale disturbances in the atmosphere are explicitly
computed. On the other hand, statistical"dynamical
models of the climate parameterize the effect of eddies.
Stated in this way, the distinction between the two kinds of
models seems to. be clear. In practice, however,it is
rather obscure. For example, consider the so-called
"truncated spectral model" proposed by Lorenz (1).
One can retain any number of wave components according
to the requirements for the model experiment and the
availability of computer time. Such models can illl the
gap between comprehensive models and the statisticaldynamical models. I believe that it is desirable to construct many models with varying degrees of parameterization (or wave truncation), so that the optimal approach
in the combined use of these models with various degrees
of freedom can be found. Although the subject of this
position paper is comprehensive models of climate, I do
not intend to advocate their use above other models with
fewer degrees of freedom. Rather, I believe that it is
essential to get preliminary ideas from the relatively simple
models before carrying out the time-consuming, numerical
experiments which are proposed in this position paper.
At the same time, I would like to emphasize that, by
adopting the various techniques of economizing the
amounts of computer time, one can study comprehensive
climate models on presently available computers.
2. PRESENT STATUS OF CLIMATE
SIMULATION
Before discussing how one can use the comprehensive
general circulation models for the study of climatic
variation it may be useful to review briefly the ability of
some of the latest models to simulate the climate.

2.1 The atmospheric model
Global circulation models of the atmosphere have been
developed at many institutions, i.e., Met. Office (2) and (3),

GISS (4), NCAR (5), UCLA (6), RAND (7), and GFDL
(8). In this subsection, I shall briefly describe, as an
example, the structure and the performance of the
atmospheric model which has been developed at GFDL (9).

Figure 1 Schematic diagram indicating the model structure (8).

Figure I presents a box diagram which shows the basic
components of the atmospheric model and the interaction
among these components. According to this figure, the
model consists of five major components, Le., the
equations of motion, thermodynamical equations, radiative transfer, and the prognostic equation of water vapour.
The computational domain covers the entire earth's
surface. The finite-difference form of the equations of
motion is that developed by Kurihara and Holloway (10)
and modified by Holloway and Manabe (11). The
horizontal grid size is approximately 250 km, and eleven
vertical finite-difference levels are chosen in order that the
thermal and the dynamical structure of both the stratosphere and the troposphere can be represented satisfactorily. The dynamical effects of mountains are incorporated by adopting the so-called a-coordinate system
proposed by Phillips (12). For the computation of the
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flux of solar radiation, the seasonal variation of insolation
is given at the top ofthe model atmosphere. The temperature at the ground is determined such that it satisfies a
condition of heat balance at the land surface. Over the
sea, the seasonal variation of sea-surface temperatures is
given as a lower boundary condition. The prognostic
equations for the hydrologic cycle are highly simplified.
It is assumed that condensation takes place whenever the
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relative humidity exceeds 100%. The macroscopic effects
of moist convection are represented in an idealized manner
bya so-called moist convective adjustment (13). The
snow cover and soil moisture are predicted by the equation
of the budget of snow and water at a land surface.
To demonstrate the ability of the model to simulate the
climate, the global distributions of the rate of precipitation

RA TE of PRECIPITATION (DEC.,JAN.,FEB.)
COMPUTED

OBSERVED

•
D

.1 to .5 cm/day

~

.5 to 1.5 cm/day

!llm >1.5 cm/day
Figure 2

Global distribution of the mean rate of precipitation for December, January and February in cm day-l (9). Upper, simulated
by the model; lower, observed (Moller).
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produced by the model are compared with those of the
observed precipitation. Figures 2 and 3 present the comparison for the periods December through February and
June through August, respectively.. According to these
figures, the model excellently reproduces the seasonal
movement of the tropical rainbelt. In Australia, the
Sahara,and Central Asia of the model, the rate of
precipitation is small throughout the year, in agreement

with the features of the observed distribution. The
seasonal variation of the rate of precipitation over
Eurasia and NOl'th America is well simulated except that
the rate ofprecipitation over Texas and southeast China
is grossly underestimated during the summer season.
A convenient way of getting a general impression of the
skill of a climate simulation is to construct a climatic atlas

RATE of PRECIPITATION (JUN.,JUL.,AUG.)
COMPUTED

OBSERVED

•

<.1 cm/day

o

.1 la .5 cm/day

~ .5

10 1.5 cm/day

la > 1.5 cm/doy
Figure 3 Same as Figure 2 except for June, July and August.
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of the model according to K5ppen's classification system
and compare it with the corresponding atlas of the actual
climate (14). Figure 4 presents such a comparison. This
figure clearly indicates that the model is capable of
simulating most of the large-scale features of climate with
the exceptions of climate over southeast China and the
southern part of the United States.
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2.2 The joint ocean-atmosphere model
As is known, the interaction between the ocean and the
atmosphere is one of the most important processes
controlling climate. For example, the atmosphere exerts
wind stress upon the ocean surface and drives the ocean
currents. As another example, the ocean has a large heat
capacity and strongly controls the long-term variations
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Figure 4 (a)

Global distribution of Koppen climate types based on model simulated data (9).
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Figure 4 Cb)

Global distribution of Koppen climate types based on observed data (14).
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of atmospheric temperature. Furthermore, the poleward
heat transport by ocean currents reduces the meridional
temperature gradient and accordingly the baroclinicity of
the atmosphere.
The atmospheric model, which is described in the
preceding sub-section, assumes the observed distribution
of sea-surface temperature as a lower boundary condition
and does not take into consideration the interaction
between the ocean and atmosphere. For the study of the
climatic variation discussed in the following sections, it is,
however, essential to have a joint ocean-atmosphere
model in view of the strong control of the ocean upon the
long-term change of climate.
Attempts have been made to construct a global model
of the joint ocean-atmosphere system at various institutions, such as the Naval Postgraduate School (15),
UCLA, NCAR, and GFDL (16, 17). As an example of
such a model, we shall briefly describe the structure and
the performance of the preliminary version of the joint
model of climate developed at GFDL.
Figure 5 shows a box diagram which identifies the major
components of the joint model and indicates the interactions among these components. The basic structure
of the atmospheric part of the model is very similar to the
model described in the preceding subsection. The oceanic
part of the model is similar to the model of Bryan and
Cox (18) except that the field of salinity is calculated
explicitly. One of the important features of the ocean
model is a simplified method of calculating the growth
and the movement of pack ice in polar latitudes. The grid
size of approximately 500 km is used for the horizontal
finite-differencing for both the atmospheric and oceanic
models. For the vertical finite-differencing, nine and
eleven levels are chosen for the atmospheric and the
oceanic models, respectively.
As is usually done, the equilibrium climate is computed
as an asymptotic state which emerges from the long-term

integration of the joint model. One of the difficulties
involved in this approach is that the thermal relaxation
time of the model is so long that it requires an enormous
amount of computer time to approach the equilibrium
state through the straightforward integration of the joint
model. In order to overcome this difficulty, we (19) have
developed an economical method of time integration
which is described below.
According to the results from a numerical time integration of an atmospheric model, the thermal relaxation time
of the atmosphere is less than one year. On the other hand,
an estimate of the ratio of heating to heat capacity of the
ocean indicates that the thermal relaxation time for the
ocean is of the order of centuries. In order to optimize
the computation required for reaching the state of
quasi-equilibrium, the coupling between the atmospheric
and the oceanic part of the model is adjusted such that
the evolution of the former during one atmospheric year
is coupled with that of the latter during 300 oceanic years.
For example, the atmosphere on the 0.5 and first atmospheric years interacts with the ocean on the 150th and
300th oceanic years of the time integration, respectively.
The temperature of the surface mixed layer, which is
computed by the oceanic part of the model, is used as a
lower boundary condition for the atmospheric model.
On the other hand, the rates ofsupply of heat, momentum,
and water to the ocean surface, which are computed in the
atmospheric model, serve as the upper boundary condition
for the ocean model.
Despite the long integration of 300 years, the temperature in the lower half of the model ocean continues to
change very slowly toward the end of the integration.
However, the temperature in the upper layer of the ocean
has hardly any systematic trends and fluctuates around
the average value. As Figure 6 indicates, the net flux of
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Figure 5 Diagram of the coupling of the major components of the
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Figure 6 Time variation of the global mean net radiation at the
top of the atmosphere in units ofly min-1 (17).
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radiation approaches a zero value and is practically
negligible at the end of the integration. These results
suggest that the model climate, which emerged from this
economical integration, is very close to the state of
quasi-equilibrium.
Table 1 shows the computer time required for the
integration of the atmospheric and oceanic parts of the
model separately. According to this table, the numerical
time integration of the oceanic part of the model is about
300 times faster than that of the atmospheric part of the
model, partly because of the difference in the finitedifference time interval for the numerical time integration.
Therefore, the computer time required for the integration
of the oceanic model over the period of 300 years is the
same order of magnitude as for the integration of the
atmospheric model over the period of one year. This is
one of the reasons why the proposed method is very
economical.
TABLE 1

M ac/zine time required for the one-year integration of the atmospheric
and the oceanic parts of a global joint ocean-atmosphere model.
The TI-ASC computer time is an estimate and not an actual value.
No. of
vertical apfl'0::' machine time (hr/yr)
finitedifference g?fl~jze. IBM 360-91 TI-ASC
levels
Atmospheric model

Oceanic model

9

250
500

1280
160

12

250
500

4
1/2

160
20
1/2
1/16

The economical method of time integration, such as
that described above, is indispensable for obtaining a
climatic equilibrium from a long-term integration of a
comprehensive model of the climate, i.e., one that
consumes enormous amounts of computer time. It is
recommended that a more economical method than the
one described here be developed. It is also desirable to
evaluate the validity of such a method by use of a simpler
model of climate.
Obviously, it is not possible here to discuss all the
details of the results obtained from the integration
described above. Instead, one key variable of the model
is chosen for this presentation. In Figure 7, the horizontal
distribution of sea-surface temperature of the joint model
is compared with the observed annual mean distribution.
Tbis figure clearly indicates that the model is capable of
qualitatively simulating some of the gross features of
sea-surface temperature. However, tbe computed distribution is, in general, more zonal than the observed.
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Since the computational resolution of the horizontal
finite-differencing of this model is poor, it is necessary to
use a very large subgrid-scale viscosity in order to obtain
results free of modes induced by the computer scheme.
This may be partly * responsible for many of the failures
of the model to reproduce the observed features quantitatively. As discussed by Manabe et al. (20) and Miyakoda
et al. (21), the atmospheric part of the model also suffers
greatly from the coarseness of the computational resolution. Further reduction in the grid size is required for
better simulation.
The joint model described above assumes an annual
mean distribution of insolation. A natural extension of
tbis study is to simulate the seasonal variation of climate.
In the author's opinion, this is the best way to validate
the climate model, because the season is the most drastic
change of climate which one can observe. In order to
obtain the seasonal equilibrium ofthe model, it is necessary
to adapt the economical method described earlier to the
seasonal computation. At GFDL, we are attempting to do
this at the present time.
3. POSSIBLE CAUSES OF CLIMATIC CHANGES
Many speculative theories have been proposed to
explain why past climatic changes of various time scales
have occurred. Reviewing these theories, one can classify
the suggested causes of climatic change into two categories
- the external and the internal causes. The external ones
include tbe changes in boundary conditions and the basic
physical structure of the joint ocean-atmosphere system.
On the other hand, the internal causes are related to
non-linear interactions among the various physical
processes. Although the distinction between these two
kinds of causes often becomes obscure, we shall list some
examples for each category.
(a) External causes - changes in:

orbital parameters of the earth;
intensity in solar irradiance;
rate of rotation of the earth;
orographic features, such as land-sea distribution;
atmospheric composition (mixing ratio of carbon
dioxide, ozone, etc.);
o aerosol loading in the atmosphere (due to volcanic
eruption or man's activity);
• heat output due to man's activity.

•
•
•
•
•

* Further

improvement of the parameterization of the effects of
subgrid-scale eddies may be required for a satisfactory simulation
in view of the predominance of meso-scale, almost geostrophic
eddies in the ocean (see the main text of this Conference).
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Figure 7 The annual mean ocean surface temperature in degrees C (18). Top; computed disttibution. Bottom; observed distribution based
upon Navy Hydrographic Office data.
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(b) Internalcauses

• various positive and negative feedback mechanisms
which prevail in the atmosphere and in the ocean;
• interaction among the atmosphere, ocean, and
cryosphere.
In the following, I would like to discuss how one can
use a comprehensive model of climate for evaluating the
relative importance of the various possible causes of the
climatic changes listed above. To evaluate the climatic
effects of various changes listed as due to external causes,
one can carry out a so-called "sensitivity study". Performing a set of numerical experiments with a comprehensive model of climate, one can inquire how the
equilibrium climate, which emerged from the long-term
integration of the model, is affected by these external
causes. This subject is discussed in the following section.
To study the climatic changes caused by the internal
causes, one can carry out a long-term integration of a
climate model with and without a certain feedback
mechanism, and try to identify the basic mechanisms
responsible for the natural climatic variability having
various time scales. This subject is discussed in the latter
part of Section 5.
4. EXAMPLE OF A SENSITIVITY STUDY
As an example, results are presented from a recent
study whicp. was carried out by using a three-dimensional
model of the atmosphere (22). Although the model
contains many simplifications and assumptions, this
example is chosen for discussion because it brings but
many problems which are encountered in a sensitivity
study.
According to Machta (23), the concentration of carbon
dioxide in the atmosphere may increase by as much as
20% during the last half of this century as a result of
fossil fuel combustion. The objective of this study is to
get a preliminary idea of the response of the climate to
such an increase.
The basic structure of the atmospheric model used for
this study is very similar to the model described in Section
2. 1, except that the model has a limited computational
domain and a swamp-like ocean without any heat
capacity. These exceptional features of the model are
described below.
Figure 8 shows the idealized distribution of ocean and
land adopted for this model. Cyclic continuity from one
meridional boundary to another is assumed. At the
equatorial boundary, a symmetry condition is imposed.
Because of these idealizations, the computer time required for the time integration of this model is approximately one-sixth of that required for a global model with

LAND
60°

-0

Figure 8 Diagram illustrating the distribution of continent and
ocean (22).

comparable finite-difference resolution. The oceanic
surface is treated as if it were a swamp. In other words,
it resembles the actual ocean in that it is a wet surface with
an unlimited supply of water, but differs from the ocean
because its temperature is not affected by the heat transport by ocean currents. The temperatures of both oceanic
and continental surfaces are computed from the equation
of heat balance with the assumption that these surfaces
have zero heat capacity. By replacing the ocean with a
swamp having instantaneous thermal response, it becomes
unnecessary to carry out the long-term integration of the
ocean discussed in Section 2.2. In order to incorporate
into the model a so-called "ice-temperature feedback"
mechanism, the depth of snow cover is predicted by an
equation of snow budget, and the extent of sea ice is
determined according t<;> the temperature of the swamp
surface. The albedos ofsnow cover and sea ice are assumed
to be significantly larger thari those of bare soil or open
sea. For the economy of computer time, a grid sizeJor
the horizontal finite difference is chosen to be 500 km
instead of 250 km.
The approach adopted for this study is to compare:the
climate, which emerges from the long-term integration cif
the model with standard concentration of carb,on dioxide,
with the climate of the model having twice the normal
concentration of carbon dioxide. The differences between
the two model climates are regarded as representing the
climatic effects of doubling the ccii1centration of carbon
dioxide. In order to obtain a meaningful result from this
approach, it is necessary to satisfy the following requirements:
(a) The long-term integration of the model yields a stable
.
equilibrium· climate.'
(b) The effects of the doubling of carbon dioxide content

are not large enough to force the model climate out
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of the stable equilibrium into a markedly different
state.
(c) The period of the time integration is so long that the
difference between the final model climate and the
state of perfect equilibrium is much less than the
climatic effect of doubling the concentration of
carbon dioxide.
(t!) To obtainthe climate equilibriumfor each integration,
it is necessary to perform the time averaging of the
state of the model atmosphere over sufficiently long
periods. The period of averaging must be long
enough so that the amplitude of the natural variability
ofthe time-mean state is much less than the climatic
effect of the CO2 doubling.
The actual· procedure of time integration is described
briefly.
For each concentration of carbon dioxide, two longterm integrations of the model are carried out over a
period of 800 days, starting .from two quite different
initial conditions. Figure 9 shows how the mean temperature (mass-weighted) of the model changes with time from
the two initial values. Although the initial values for the
two runs are considerably different from one another, the·
final values are practically indistinguishable near the end
of the integrations. The difference between the two mean
temperatures averaged over the last 100 days of each
integration is about O.loC, which is much less than the
temperature change caused by the doubling of carbon

dioxide discussed below. The final equilibrium climate is
obtained by averaging two lOO-day mean states computed
from the final parts. of the two integrations. Figure 9
suggests that the final equilibrium thus computed essentially satisfies requirements a, c, and d listed in the
preceding paragraph. Further analysis of the results
clearly indicates that requirement b is also satisfied.
Having described the model structure and the method
of numerical time integration, we can proceed to a brief
description of the results. Figure 10 shows the difference
in zonal mean temperature between the 2 X CO2 and the
standard case. Owing to the increase in the greenhouse
effect resulting from the increase in the concentration of
carbon dioxide, there is a general warming in the model
troposphere. On the other hand, a great deal of cooling
occurs * in the model stratosphere. This is caused by the
increase in the emission from the stratosphere to space.
Qualitatively similar results were obtained by Manabe and
Wetherald (24) in their study of the radiative, convective
equilibrium of the atmosphere. According to Figure 4b,
the tropospheric warming is most pronounced in the
lower troposphere at high latitudes. This large warming
is associated with the decrease in the area of snow (or ice)
cover, which has a much larger albedo than a soil surface.
The increase in the downward terrestrial radiation due to

* This is one of the reasons why one has to take into consideration
the vertical distribution of temperature in the discussion of the
sensitivity of climate to the change in C02 concentration.
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TABLE 2
Increase in the equilibrium temperature of the earth's surface resulting
from the doubling ofthe concentration ofcarbon dioxide. R-W model:
radiative-convective equilibrium model which incorporates the modified
version of radiation scheme developed by Rodgers and Walshaw (25,
26) .. M-W model: radiative-convective equilibrium model of Manabe
and Wetherald (22) .. G-C model: the general circulation model
described in this study. The figure for the G-C model represents the
average value over the entire computational domain. Units are in oK.
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the increase in the amount of carbon dioxide contributes
to the decrease in the area of snow cover and accordingly
to the increase in the amount of solar radiation absorbed
by the earth's surface. As mentioned above, the warming
in high latitudes is confined within a relatively shallow
layer next to the earth's surface because the vertical
mixing by turbulence is suppressed in the stable layer of
the troposphere in the polar regions. Therefore, most of
the thermal energy goes into raising the temperature of
this shallow surface layer rather than being spread
throughout the entire troposphere. In short, the effects
of suppression of vertical mixing together with those of
snowmelt are responsible for the great warming in the
polar region. * In the model tropics, the warming spreads
throughout the entire troposphere, and thus its magnitude
is relatively small when compared with the magnitude of
warming in the polar region.
Table 2 is presented to indicate the sensitivity of the
mean-surface temperature to the changes in CO2 concentrations. This table shows the difference in meansurface temperature as a function of CO2 concentration
for both the general circulation model and the onedimensional, radiative-convective equilibrium model constructed by Manabe and Wetherald (24). (Note that the
scheme for computing radiative transfer which is incorporated into the general circulation model is identical
to that adopted by the radiative-convective model of
Manabe and Wetherald (24)). Also shown, for the sake
of comparison, are the corresponding values obtained
'" Note also that the surface albedo of snow cover in the cold polar
region is assumed to be larger than that in warmer regions. The
large polar warming is partly due to the poleward recession of the
region of high snow albedo (see (22) for further details).

using the modified version of the Rodgers-Walshaw
radiation model (25) which is constructed by Stone and
Manabe (26) and is, in our opinion, a superior model.
According to this table, the magnitude of the surface
temperature difference is considerably greater for the
general circulation model than for the corresponding
radiative-convective model by itself. This suggests that
the former is more sensitive to changes in CO2 concentration than the latter. This difference in sensitivity is due,
in part, to the snow-cover feedback mechanism present
in the general circulation model but not accounted for in
the radiative-convective equilibrium model.
Finally, it is of interest to note that doubling of the CO2
concentration not only affects the temperature of the
model atmosphere but also increases the areal mean rate
of evaporation, and accordingly that of precipitation,
by approximately 7%.
One of the important characteristics of the model is
that it used a fixed distribution of cloudiness rather than
one determined by the time integration. As discussed by
Manabe and Wetherald (24) and Schneider (27), a model
climate can be extremely sensitive to the height as well as
the amount of clouds, particularly to the amount of low
cloudiness. Therefore, it is possible that the sensitivity
of the climate produced by the model with fixed distributionof cloudiness is quite different from that produced by
the model in which cloudiness is a prognostic variable.
Unfortunately, a scheme for predicting cloudiness with
sufficient accuracy is not available at the present time.
The development of a satisfactory scheme for cloud
prediction is one of the most difficult but urgent projects
required for climate modelling.
As pointed out already, the sensitivity study described
above does not take into consideration the effects of heat
transport by ocean currents. In order to do this, it is
necessary to carry out similar studies by means of a joint
ocean-atmosphere model similar to the model described
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in Section 2.2. One of the difficulties of such a study
results from the very long thermal relaxation time of the
ocean. If one performs a straightforward integration of
the Joint model, it will take an exceedingly long time
before one can reach a satisfactory equilibrium state.
Therefore, an economical method of time integration,
such as that described in Section 2.2, may be useful.
In view of the various idealizations of the model
described so far, it is not advisable to take too seriously
the quantitative aspect of the results. Nevertheless, this
study identifies some of the processes which are important
for the evaluation of the climatic effects resulting from the
change in concentration of carbon dioxide.
The sensitivity study yields the magnitude of the
possible change· of the climate due to external causes.
However, it does not necessarily indicate the time required for the realization of such a change. In principle,
it should be possible to get this information from the
long-term integration of a joint ocean-atmosphere model.
For example, starting from the equilibrium climate for
the standard concentration of carbon dioxide, one can
perform a straightforward time integration of the joint
model with twice the normal concentration of carbon
dioxide.. From this integration, it may be possible to
determine the time required for the systematic changes
of the model climate, which are due to the doubling of the
CO 2 concentration, to become significant compared with
the amplitude of the natural variability of climate.
It should be emphasized that a sensitivity study should
not be confused with a study of a climate prediction,
which is discussed in Section 5. Any climatic change due
to an external cause is superimposed upon the natural
variation of climate. Therefore, the actual climate does
not necessarily change in the direction suggested by a
sensitivity study. Nevertheless, a sensitivity study should
yield an excellent idea about the relative importance of
various external causes.
So far, we have investigated the perturbation of the
model climate around its stable equilibrium, which occurs
in response to the relatively small external forcing.
Obviously, it is also very useful to inquire: (a) how large
an external forcing is required in order to expel the model
climate out of its stable equilibrium; or (b), how the model
climate changes thereafter. Such study may be called a
sensitivity study of the second kind.

Examining the procedures of the numerical time
integration described earlier, one can see that a sensitivity
study consumes a great deal of computer time even if one
uses an atmosphere model without an ocean. Therefore,
it is desirable to obtain preliminary results from a model
with fewer degrees offreedom, such as a truncated spectral
model mentioned in the Introduction.

There are other examples of sensitivity studies which
are carried out by use of three-dimensional models.
For example, Washington (38) attempted to evaluate the
climatic effects of thermal pollution resulting from the
industrial activities on the eastern coast of North America
by using the general circulation model developed at
NCAR. It is highly desirable to perform many more
sensitivity studies designed for identifying the climatic
effect of man's activities.
5. CLIMATE PREDICTION
5. 1 Extended range forecasting

The studies of Namias (29), Bjerknes (36) and others
indicate that the anomalies in the sea-surface temperature
have profound effects upon the statistical behaviour of the
atmosphere. Therefore, if one can deterministically
predict the future change of the oceanic state by use of a
joint ocean-atmosphere model, it may then be possible
to predict the future statistical state of the atmosphere
respondingto the variable forcing from the ocean surface.
The statistical state of the atmosphere in turn affects the
state of the oceans.
One of the basic assumptions, which is implicit in the
expectation described above, is that the period for
deterministic prediction of the oceanic state is much
longer than that for the atmosphere. Studies by Lorenz
(31), Leith (32) and Miyakoda et al. (21) seem to indicate
that the period of atmospheric predictability is approximately a few weeks. On the other hand, it may be
reasonable to expect that one can predict a future change
of the oceanic state much longer in advance than a few
weeks in view of the large heat capacity of the ocean
and the long time constant involved in the change of the
large-scale anomalies of temperature distribution in the
oceans. To obtain a better understanding of this
subject, it is very desirable to carry out theoretical
studies of the predictability of the oceanic state which
are similar to the studies on atmospheric predictability
by Lorenz and Leith. Since tbis subject is covered by
the position paper on predictability, it will not be
discussed further here.
There are other factors which can significantly affect
the long-term statistical behaviour of the atmosphere.
For example, Namias (33) suggested that an anomalous
rate of precipitation in one season can modify the precipitation in the following season by influencing the
amount of water stored in the ground, or an anomalous
distribution of snow cover can alter the seasonal variation
of climate because of the large albedo of snow cover.
Using satellite data, Kukla and K.ukla (34) have shown
that there is a significantinterannual variation of the area
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of snow cover in the polar region of the northern hemisphere. They have suggested a link between unusually
extensive snow cover and anomalous behaviour of the
atmosphere. Because of the large negative latent heat
stored in the snow cover, it may be possible to predict
a future change in snow cover for a much longer time than
the period of the predictability for atmospheric disturbances. Therefore, it is very important for the success of
the extended-range forecast to develop an accurate
scheme for predicting snow cover and to incorporate it
into a joint ocean-atmosphere model.
Before attempting to carry out extended range forecasts
by use of a joint model with the prognostic system of snow
cover and sea ice, it is desirable to study the feasibility
of such an attempt by performing the following research.
5. 1. 1 Evaluation of the climatic effects of the anomalies
of sea-surface temperature and snow cover
We should carry out numerical experiments designed
to identify the responses of the atmosphere to anomalous
sea-surface temperature (snow cover or soil moisture).
Preliminary studies of this kind have been done by
Rowntree (35), Spar (36, 37), Gates (38) and others.
Because of the lack of a statistical evaluation of the
results, the conclusions from some of these studies are
not totally convincing to me. It may be desirable to
compute the signal-to-noise ratio proposed by Leith (39)
for properly evaluating these results.
5. 1.2 Validation of a joint ocean-atmosphere model
For the prediction study, it is necessary to make sure
that a joint model not only simulates the observed climate
equilibrium but also has realistic transient behaviour.
Therefore, the validation of a prediction model (particularly the oceanic part of the model) requires much more
care than that of a model for a sensitivity study.
Before validating ajoint model as a whole, it is desirable
to evaluate the atmospheric and oceanic models separately.
In Section 2, an attempt to verify the atmospheric model
against the seasonal variation of the actual climate is
described very briefly. Mintz et al. (6) and the NCAR
group are making similar comparisons using the results
obtained from their general circulation models.
Simulations of the seasonal changes of the oceanic state
have been attempted by Cox (40,41) and Takano et al. (42).
These studies represent an excellent beginning for validating the oceanic model. Nevertheless, the present generation fails to simulate quantitatively many of the important
features of the ocean, such as the depth of thermocline,
the thickness of mixed layers, the concentration of isotherms in the Gulf Stream region, and the extent and
thickness of sea ice.
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Obviously, further improvements of the atmospheric
and oceanic parts of the model are required before one
can get a satisfactory verification of a joint model. Since
improvements in atmospheric models have been discussed
extensively in many GARP documents, they are not
repeated here. However, I would like especially to
emphasize the improvement of:
• the prognostic system of cloudiness;
• the prognostic system of snow cover.
According to the guideline for this conference, the subject
of ocean models will be discussed in a separate position
paper. Therefore, I am not going to present an extensive
list of the outstanding problems. However, I believe that
special emphasis should be placed upon the improvements
of:
• parameterization of the effect of vertical mixing in
the surface layer of the ocean;
• parameterization of the effects of horizontal mixing
due to subgrid scale,almost-geostrophic eddies;
• prognostic system for sea ice.
The observational programmes of NORPAX, MODE
and AIDJEX should yield very useful information for
these projects.
5. 1.3 Numerical prediction of the oceanic state by an
ocean model
It is desirable to carry out the numerical prediction of
the oceanic state by means of an ocean model· for which
the time variation of the upper boundary conditions is
prescribed. Huang (43, 44) has made such an attempt by
prescribing the temperature and wind at anemometer
level. It is recommended to carry out an observational
programme which will yield a data set describing the
transient variation of ocean and its upper boundary
condition in order to verify the oceanic prediction
described above.
5.2 Natural variability of the climate

As discussed in Section 3, climatic variation may be
caused by internal causes, i.e., by the non-linear interactions among various physical processes which take
place in the atmosphere, ocean and cryosphere. To find
out how each physical process influences the course of a
climatic change, it is desirable to perform a long-term
integration of the climate model with and without the
processes of our concern. * Using the fastest available
computer, we may be able to carry out a straightforward

*

As recommended in the preceding section, one can also perform
a long-term integration to find out how much time elapses before
externalIy-caused climatic changes become significant.
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integration of a joint model with relatively low computational resolution (grid size ~ 500 km) up to fifty years.
When it is confirmed that the joint model is sufficiently
realistic, it may be worthwhile to carry out such an
integration for a study of the natural variability of climate.
For periods longer than fifty years, it is not advisable
to perform a straightforward integration because of the
enormous computer time involved. Therefore, one should
try to use a simpler model. Nevertheless, it is worthwhile
to perform such a study with a joint ocean-atmosphere
model. One of the possible approaches is to use a procedure similar to the economical method of time integration
which is used for reaching the climate equilibrium (see
Section 2). For example, 1000 years of oceanic integration
may be synchronized with a shorter period, say fifty years
of atmospheric integration. One of the basic assumptions
which is implicit in the use of this economical method is
that the atmosphere adjusts itself to the transitive equilibrium corresponding to a given distribution of seasurface temperature. As the model ocean evolves with
time, the model atmosphere follows the oceans, adjusting
quickly to the slow-varying sea-surface temperature.
Accordingly, it is expected that in this way we can get
essentially the same evolution of the oceanic state and the
corresponding climate of the atmosphere as in the case of
straightforward integration of the joint model. It is
desirable to test the validity ofthis economical method by
applying it to a simpler model.
Finally, it should be emphasized that the long-term
integration of a climate model is meaningful only after
sufficient validation of such a model. The joint model
should be able to reproduce not only the seasonal variation of the atmospheric and the oceanic state, but also the
three-dimensional distribution of oxygen, salinity, and
other chemical constituents throughout the depth of the
ocean. In this regard, the GEOSECS experi.ment, which
is being carried out at the present time, should yield
valuable information which will be useful for the verification of the oceanic part of the model.
6.RECO~NDATIONS

The following recommendations are made with respect
to comprehensive models of climate. However, it is
desirable first to use models with fewer degrees offreedom.
(a) It is recommended that joint ocean-atmosphete
models be improved. Special emphasis should be placed
on the development or improvement of:
(1) prognostic system of cloud cover;

(2) prognostic system of snow cover;
(3) parameterization of moist convection in the atmosphere;

(4) parameterization of vertical mixing in the upper layer
of the ocean;
(5) parameterization of horizontal mixing due to the
mesoscale, quasi-geostrophic eddies in the oceans;
(6) prognostic system of sea ice.
(b) It is recommended that joint ocean-atmosphere
.models be verified against:
(1) seasonal variation of the atmospheric and oceanic
state;
(2) three-dimensional distributions of temperature, salinity, oxygen, and other trace substances in the
deeper as well as the upper layer of the ocean.
To carry out these recommendations, it is desirable to
compile a data set describing the seasonal variation of the
oceanic and atmospheric state by utilizing all available
data.

(c) It is recommended that sensitivity studies be
performed designed to evaluate the magnitude of possible
climatic changes due to various external causes, such as:
(I) change in the concentration of CO2 due to fossil fuel
combustion;
(2) change in the load of aerosol in the atmosphere;

(3) thermal pollution due to industrial activities;
(4) other changes in external parameters, such as orbital
parameters of the earth.
To complete these sensitivity studies in limited computer time, it is desirable to develop a method for getting
the equilibrium climate of the model with a minimum
amount of computation.
(d) It is recommended that we
(1) study the mechanism which controls the natural

variation ofclimate over a period less than fifty years
by performing the time integration of a joint model
with and without certain non-linear coupling;

(2) determine the time required for the realization of
significant climatic changes due to an external cause
by performing a time integration of a joint model;
(3) devise economical methods for the long-term ( < 50
years) integration of a comprehensive climate model.
(e) To evaluate the possibility of seasonal and interannual forecasting of the climate, it is recommended that
we
(1) determine the effects of the anomalies of sea-surface
temperature (snow cover or soil moisture) upon the
statistical state of the atmosphere based upon the
results from numerical experiments with an atmospheric model, as well as results from analyses of
actual data;
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(2) determine the effects of the anomalies of wind stress
and precipitation upon the state of the ocean based
upon the results from numerical experiments with
an ocean model;
(3) perform a numerical prediction of the oceanic state
by an ocean model which is given observed upper
boundary conditions;
(4) perform a numerical prediction of snow cover by use
of an atmospheric model with given distribution
(seasonal varying) of sea-surface temperatures;
(5) perform a seasonal and interannual prediction of the
climate by means of a joint ocean-atmosphere model;
(6) initiate an observational programme which will yield
a data set describing the transient variation of the
upper layer of an ocean and its upper boundary
condition (this is necessary to carry out the numerical
prediction recommended in (e) (3) above).
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APPENDIX 2.5
A CRITICAL APPRAISAL OF SIMPLE CLIMATIC MODELS
by Julian Adem
Instituto de Geofisica, Universidad Nacional Aut6noma de Mexico
Mexico 20, D. F.
1. INTRODUCTION
It is a difficult task for me to write an objective critical
appraisal of existing simple climatic models, and to
include my own work. Therefore, I must admit from the
very beginning that, although I will try to be as objective
as possible, this study obviously reflects my own personal
viewpoints.

First, I would like to define what I consider as a simple
model. It is evident that all present models, no matter
how complex they seem to us today, are indeed extremely
simple compared with the complexity of nature. Our
definition is, therefore, arbitrary.
In the category of simple models, I will include a family
of models that has appeared in recent years, that requires
relatively littIecomputing time, and is, therefore, easy to
apply. However, this does not mean that these models
yield worse results than the more sophisticated ones.
The basic philosophy behind them is to understand
first what is believed to be a first approximation to a
complex problem, and then proceed to include more
factors and more realistic heating functions that will
possibly, but not necessarily, improve the results.
In 1956, when I returned to Mexico from a two-year
stay at the International Meteorological Institute in
Stockholm, I started to develop a theory which would
possibly explain the zonally averaged observed atmospheric temperature. I began by writing the complete set
of equations of a geophysical fluid dynamic system
including as many factors as possible. After several
months of hard work, I was convinced that the thermodynamic energy equation was the basic one, to be used
in a first approximation theory of climate (1). I still
believe that this is true, and this has been corroborated
by an increasing number of models based on this equation
that have appeared in recent years, developed by distinguished colleagues. These include the models ofSaltzman
(2), Budyko (3) and Sellers (4).
To close the problem, I introduced an Austausch
coefficient in computing the transport of sensible heat by
transient eddies in. the troposphere (1). The logic of this
approach has been confirmed also by the increasing

number of authors who have used it, e.g., Williams and
Davies (5), Saltzman (2), Sellers (4), MacCracken (6) and
Wiin-Nielsen (7).
This paper is confined mainly to models using this
approach.
2. DESCRIPTION OF THE AUTHOR's MODEL
The model developed by the author is described in
detail in several papers (1), (8), (9), (10), (11), (12) and
(13). Therefore, only a briefdescription will be given here.
The conservation ofthermal energy (first law ofthermodynamics) is applied to the upper layer of the oceans
(down to about 100 or 50 m), the upper layer of the
continents (negligible depth), and a vertically integrated
one-layer atmosphere (up to about 10 km), which includes
a cloud layer.
For the purpose of this paper, it is convenient to write
the basic equations of the model in the form:
ST!

+ AD! + TU! =

ET

STz + AD z + TUz = E s

+ Gz + Gs

(1)

G z - Ga

(2)

-

where ST! is the' rate of the storage of heat in the troposphere, AD! the rate of the horizontal heat transport
by mean horizontal winds, TU! the rate of horizontal
turbulent transport of heat in the troposphere, STz the
rate ofthe storage of heat in the oceans, AD z the rate of
the horizontal heat transport by ocean currents and TUz
the rate of the horizontal turbulent transport in the
oceans. On the right side of the equations, ET is the rate
at which energy is added by radiation, Gz is the rate at
which heat is added by vertical turbulent transport from
the surface, Gs is the rate at which heat is added by
condensation of water vapour in the clouds and Ga is the
rate at which heat is lost by evaporation at the surface.
Over the continents, (2) reduces to:

o =Es -

Gz - Ga

In the earlier version of the model, it had been assumed
that AD z and TUz were equal to zero.
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Besides this assumption, other equations are used that
express the terms that appear in (1) and (2) as linear
functions of the mean tropospheric temperature Tm and
its first and second derivatives, and of the surface
temperature (TB)' such that, from (2) TB becomes a linear
function of T m , which substituted in (1) together with the
linear expressions for all the terms, yields a single elliptic
differential equation to compute Tm- Substituting the
computed value of T m , in the equations for TB and for
the heating components, one obtains the solution to the
simultaneous system of equations.
First we compute the normal cIimatological values.
In this case, with the parameterization used for the
different terms in (1) and (2), we need to prescribe, over
the whole region of integration, normal values of G2 , Gs,
the cloud cover 8, the horizontal component of the mean
wind (u and D) and Ga over the oceans only. Using the
best estimates of these six scalar fields, the model allows
the internal computation of T m , TB' ST!> ST2 , AD!> TU!>
ET and EBover the whole region of integration and of Ga
over the continents.
When computing the cases in which there exist
departures from the computed normal values, the model
computes internally the 14 variables T m, TB, STl , ST2 ,
ADl , TU!> ET, EB, G2 , Ga, Gs, 8, U and D. Therefore, for
Ga (over oceans), G2 , Gs, 8, U and D, only the departures
from the normals are generated internally within the
model.
An attempt to include the horizontal transport of
thermal energy in the oceans by mean horizontal currents
(AD 2) and by horizontal transient eddies (TU2) has been
made. Also the incorporation of vertical transport of
heat at the bottom of the ocean layer has been considered
in a crude way, in the most recent version of the model
(12), (13).
This type of model seems to be adequate for computing
fluctuations for T m and TB and the associated heating
components from the normal values; therefore it can be
used to study climatic changes.
Figures 1 and 2 show a schematic representation of how
the variables and parameters interact in the oceanic and
continental areas, respectively. The direction of the
arrows indicates the direction of the interactions.
Variables computed internally in the model interact with
the temperature fields in both directions. External parameters are related to the variables with interaction only
in the direction of the variables. The dash lines indicate
interactions which may be included in future experiments
but that have not been included in those reported up
till now.
Recent numerical experiments show that the effect of
these interactions and feed-back mechanisms is very

important in determining the changes in the temperature
field, the heating functions and associated circulations,
due to possible changes of factors that affect climate and
weather (22), (23).
As mentioned in the introduction, the essential
characteristics of the model are the use of the thermodynamic energy equation as the basic equation and the
introduction of an Austausch coefficient for the transient
eddy transport of heat corresponding to eddies of the size
of cyclones and anticyclones of the middle latitudes.
The model computes equilibrium temperatures in the
atmosphere-ocean-continent system corresponding to the
balance of heating and transport components of the
system and attempts to take into account interactions and
feed-backs at the interfaces.
It is of interest to mention the different development
stages. The first model appeared in 1962, as a zonally or
averaged one in which the only heat generated in the
model was radiation (1). In 1963, an equation for the
underlying surface was introduced. This opened the
possibility of computing simultaneously the atmospheric
temperature and the surface temperature in a joint
atmosphere-ocean-continent model (8).
In 1964, the model was applied to the northern
hemisphere with a realistic distribution of oceans and
continents, and applied to monthly weather prediction
and ocean temperature prediction (9), (15).
In 1965, the model was generalized to include the
possibility of generating internally, besides radiation,
anomalies of evaporation at the surface, sensible heat
given offto the atmosphere by vertical turbulent transport,
heat of condensation and cloudiness. Furthermore, the
boundary of snow and ice cover was allowed to vary, by
relating it to a certain surface isotherm (11).
In 1970, the transport of heat by mean wind and ocean
currents was introduced in the model (12),. (13).
Adding (1) and (2), we obtain the equation for the
whole atmosphere-surface of the earth system:
STl

+ ST2 + ADl + AD2 + TUl + TU2 =
= ET + E B+ Gs - Ga

(3)

From the conservation of water vapour in the
atmosphere (16):
Gs - Gs = - L (El + E 2 + Ea)
where L is the latent heat of vaporization, El is the local
rate of change of water vapour; E 2 and Ea are the flux
divergence of water vapor due to the mean wind and
transient eddies, respectively. Therefore, (3) can alternatively be written:
STl

+ ST + ADl + AD + T'!l + TU
= ET + E B- L (El + E 2 + Ea)
2

2

2

=
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APPENDIX

3. SELLERS' MODEL (1969)

In his model, Sellers (4) uses the thermodynamic energy
equation in the form of equation (4), with the following
conditions:
(a)
(b)

(c)
(d)

(e)

(f)

(g)
(h)

Annual averages are considered.
STl =STa =0.
ADa =0.
Zonally averaged equations and variables are used,
and (4) is applied to the latitude belts.
Sellers parameterizes the terms that appear in (4)
in such a way that they are expressed as functions
of a single unknown: the sea level temperature
difference between successive latitude belts. Therefore, it is assumed that average atmospheric
temperatures and ocean temperatures are proportional to their sea level values.
The planetary albedo is given as a function of the
surface temperature; and variations in the albedo
are associated mainly with variations in surface
snow cover.
The effect of variations in cloud cover on the albedo
was ignored.
Sellers uses the Austausch approach to evaluate the
turbulent transport of heat in the ocean and in the
atmosphere,as well as the turbulent transport of
latent heat in the atmosphere.

The exchange coefficients are chosen so that the solution
agrees with the observed actual conditions. Realistic
values of exchange coefficients are obtained except in
lower latitudes, where they are unrealistically large.
With these conditions and using adequate parameterizations of the heating components, equation (4)
yields a unique equilibrium solution for the surface
temperature.

4. BUDYKO's MODEL (1969)
Budyko's model (3) is essentially the same as Sellers'.
He also uses a simplified integrated form of the thermodynamic energy equation for the whole earth-atmosphere
system. Like Sellers, he also uses annually and zonally
averaged variables and equations.
The equation that he uses is the following:
Q (1 - IX) - I

=A

(5)

where Q is the solar radiation at the outer boundary of
the atmosphere, IX is the albedo, I the outgoing radiation
and A the gain or loss of heat as a result ofthe atmospheric
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and· hydrospheric circulation, including heat redistribution of phase water transformations.
Comparing (5) with (3), it follows that, in (5), STl =
STa = 0; and Q(l - IX) - I = ET + E s and A =
AD1+ADa + TU1 + TUa + G3 - G5 •
To evaluate I and A, Budyko uses the empirical
formulae
I = a

+ BTs -

(al

+ B1Ts)e

(6)

A =P(Ts

-

Tp )

(7)

where T s is the temperature at the earth's surface; e,
cloudiness in fractional units; T p planetary mean
temperature; a, B, ah Bl and P are empirical constants.
It is of interest to point out that Budyko does not use
the Austausch approach to evaluate the transports by
transient eddies, but instead he includes such transport
in the empirical formula (7).
Budyko also varies the southern boundary of the
existing ice cover coupled with the surface temperature.
The equations that Budyko uses are algebraic and yield
a unique equilibrium solution for the surface temperature.
5. SALTZMAN's MODEL (1968)
Saltzman (2) also uses a vertically integrated thermodynamic energy equation applied to the atmosphere.
But he attempts to deduce the Austausch coefficient K
from the perturbation solution of a Iinearized form of
the transient eddy system of equations, using the integral
energy constraints to express K as a dependent variable,
to be computed along the mean atmospheric temperature.
This adds an additional degree of freedom to the system.
With this approach, Saltzman gets
deo
K -B
1 dlf!

where eo is the axially symmetric potential temperature,
Bl is given by a complex function of several parameters,
and If! is the latitude: Therefore, instead of specifying K,
he specifies other parameters, where he needs to make
crude approximations. The value obtained for K agrees
with the values used by this author, corresponding to the
best fit of computed and observed temperature profiles.
The Saltzman model is zonally averaged. He uses
monthly or seasonal averages centered near the solstices,
and prescribes the surface conditions. He obtains global
solutions, for winter and summer equilibrium conditions,
for the thermal structure, the heat balance components,
the transient eddy variances of temperature and meridional wind speed, and the covariance representing the
meridional eddy heat transport.
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Using Saltzman's formula for the Austausch coefficient,
Clapp computed empirically the values of BI and K (14).
Furthermore, he also computed values of Austausch
coefficients as functions oflatitude, longitude and season.

6. OTHER TIME AVERAGED MODELS

In 1973, Sellers (17) extended his model to include
seasonal coupling and interaction between continents and
oceans. However, he used an idealized land-water
distribution which is unrealistic. Furthermore, the
variables are still zonally averaged. He used a time step
of one month. The results with this new version of the
model and with assumed changes in the solar constant,
are similar to those obtained previously (4).
Another recent attempt to improve previous results
was made by Saltzman and Vernekar (18), who have
extended an earlier work (2). They use the full set of
thermo-hydrodynamic equations, averaged in time,
longitude and height, governing the north-south variations
of the climatic variables, which are combined with parameterizations for the vertical fluxes ofheat and momentum
at the surface and closure formulae suggested by baroclinic and barotropic wave theory for the horizontal
transient eddy transports. The complete system is
integrated for surface and radiative conditions of the
northern hemisphere in winter and summer. Modelling
approximations are used to represent the vertical variations of the variables. The steady-state solution yields
the distributions of mean temperature, wind, humidity,
precipitation, evaporation, heat balance, transient eddy
statistics and the energy integrals.
Williams and Davies (5) have also developed a time
averaged model of the general circulation. They also use
an Austausch coefficient. Their model is also zonally
averaged and has no interaction with the underlying
surface. Their experiments attempt to explain observed
mean features of the atmospheric circulation.
Derome and WHn-Nielsen (19) also use a time-averaged
model to investigate the maintenance of the axisymmetric
component of the flow in the atmosphere. They use a
quasi-geostrophic formulation of the meteorological
equations, and show that the meridional variations in the
time-averaged axisymmetric variables can be expressed as
the sum of three contributions, one being due to the eddy
heat transport, another to the eddy momentum transport,
and a third to the convective-radiative equilibrium
temperature which enters the problem through the
specification of a Newtonian form of diabetic heating.
The contribution by the large scale eddies is evaluated
through the use of observed values for the eddy heat and
momentum transports.

7. NUMERICAL EXPERIMENTS

The author's model has been used mainly for monthly
weather prediction, as well as for monthly ocean temperature prediction. Results of such predictions have been
published and show an encouraging skill (20), (21), (12)
and (13).
Applications dealing with studies ofclimatic fluctuations
and the effect of the ocean on w.eather and climate have
been made recently (22) and (23).
Shaw and Donn (24) have adapted Adem's model to
study arctic paleoclimatology. They applied the model
to test the ice-free Arctic Ocean hypothesis of Ewing and
Donn. Three stages in the hypothesis were examined:
(1) The ice-free Arctic Ocean without continental
glaciation other than Greenland;
(2) An ice-free Arctic Ocean surrounded by glaciated
continents; and
(3) An ice-covered Arctic Ocean surrounded by glaciated
continents.
They iterate the model with time steps of one month.
The model employed calculated temperatures for a
given month as input dat.a for the following month.
Mter applying the model to 72 consecutive months, it
was found that the results became stable after the second
year.
For example, starting the computation for the open
Arctic, an arbitrary valUe of O°C was used for surface
temperature. A trend of increasing monthly values
indicated the tendency of the model to seek equilibrium
at higher temperatures. The predicted ice-free arctic
surface temperatures ranged from a winter low of 2.8°
to a summer high of 9.3° and indicated that an ice-free
condition is stable. In two other independent studies,
Budyko (25) and Rakipova (26) obtained nearly the same
results.
The general conclusions obtained by Shaw and Donn
are the following:
With an ice cover over the Arctic Ocean, as at present,
computed temperatures for the polar sea and the northern
hemisphere correspond closely with present observations.
Over a broad range of the critical parameters, removal of
the ice cover yields temperatures that remain well above
freezing throughout the year. However, in the case of
an ice-free Arctic Ocean surrounded by glaciated continents, the computed arctic temperatures are depressed,
causing refreezing of the arctic surface.
In another study, Shaw and Donn (27) used Adem's
model to make a quantitative determination of changes
in the surface temperature caused by variations in insolation calculated by Milankovitch. They find that under
extreme conditions, mean coolings of 3.1° and 2.7°C,
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respectively, at latitudes 25° and 65°N are obtained for
Milankovitch radiation cycles. At the sensitive latitude
65°N, a mean cooling below the present temperature for
each of the times of radiation minimum is only lAoC.
They conclude that this result indicates that the Milankovitch effect is rather small to have triggered glacial
climates. Applying their models, Budyko (3) and
Sellers (4) also reached the same conclusion.
Using their models, Budyko and Sellers showed that
a decrease of I % in radiation corresponds to a decrease
of 1.5°C in surface temperature.
Due to the increase of the associated ice cover, Sellers
(4) concluded that a decrease in solar constant by 2-5%
would be sufficient to initiate another ice age.
Similar results were obtained by Budyko (3), who finds
that comparatively small changes of radiation :- only by
1.0-1.5% - are sufficient for the development of ice
cover on the land and oceans that reach south to
temperate latitudes in the northern hemisphere. When
radiation decreases by 1.6%, the ice cover reaches the
mean latitude of about 50°; after that it starts shifting
towards lower latitudes up to the equator as a result of
self-development. At the same time, the. planetary
temperature drops sharply and reaches a value of several
degI;ees below zero.
Sellers (4) and Budyko (3) also conclude that man's
increasing industrial activities may eventually lead to the
elimination of the ice caps. Budyko (3) shows that with
the present rate of growth of using energy, the heat
produced by man in less than two hundred years will be
comparable with the energy coming from the sun. Since
glaciations are greatly influenced by the changes in
energy budget which are a small part of solar radiation
income, then it is probable that in the comparatively near
future the possibility of glaciation expansion will be
excluded and there will appear the reverse one of polar
ice melting on the land and oceans with all the changes in
the earth's climate that are associated with it.
The above results are very interesting, but as pointed
out by the authors, are just the results of simplified
models.
The fact that there is general agreement in some of the
results may be due to the similarity of the models and,
therefore, is not necessarily a confirmation of the correctness of the answers.
8. GENERAL REMARKS AND CONCLUSIONS
As pointed out in the introduction, all the models can
be regarded as simplified. However, there are some
factors that could be considered as essential, and that
should therefore appear in all non over-simplified models.

2. 5
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The first task is, therefore, to identify such factors.
However, even ifwe know which are the essential elements,
very often it is not possible to include all of them in an
initial version of a model,and we have to postpone their
inclusion until an improved version of the model can be
developed.
Since one of the purposes of this conference is to
discuss this type of general question, I would like to
express some pertinent viewpoints.
All models contain time and space averaged variables
and equations. Therefore, the choice of such averaging
processes is essential. The use of time averages of a year
and space averages around latitudinal circles in an
integrated atmosphere-surface of the earth model appears
to be an oversimplification. To show this, I have carried
out several numerical experiments with the thermodynamic model, using a realistic distribution of continents
and oceans. Computations of the normal conditions, as
well as of the fluctuations of temperature due to changes
in the solar constant, surface albedo, cloudiness,
absorption of short-wave radiation by the atmosphere
and storage of heat in the oceans have been carried out
(9), (15), (22), (23). Although the results depend on the
validity of a model, they can be used to determine the
importance of several factors.
The computations show that the results depend, in an
important way, on the realistic distribution of continents
and oceans; therefore, any theory of the climate that
ignores such a distribution is very restricted in its scope.
The above remark implies that zonally averaged models
are oversimplified. However, such models are still useful
as preliminary guides to build up those which include a
realistic distribution of continents and oceans.
The difference in the results for January and July shows
that it is essential to introduce time averages of the order
of months or seasons, instead of a year. The long-term
variations of weather and climate depend on the conditions of the underlying surface. Therefore, in a physical
model for climatic studies and for long-range prediction,
the meteorological variables must be computed simultaneously with the variables and parameters that describe
the conditions at the surface, such as the ocean temperature, and the albedo of the surface of the earth.
The effect of the exchange of energy at the underlying
surface is important. Therefore, the use of a single layer
for the atmosphere-surface of the earth system seems to be
an oversimplification.
The energy stored in the oceans has normally large
regional anomalies, which appear as large anomalies in
the temperature of the surface of the oceans and affect
the present and future conditions of the temperature al1d
circulation of the atmosphere, as well as the heating
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functions. Therefore, the ocean temperature is an
essential variable for long-range prediction and for
studies of climatic fluctuations.
Since upwelling is a mechanism that brings to the surface important anomalies of temperature, it has effects on
weather and climate which, up till now, are not well
understood. Research in this direction therefore seems
to be essential for a complete understanding of the effect
of the ocean on weather and climate.
In a climatic model, it is essential to generate internally
the cloud cover (or the departures from its normal values).
As pointed out above, the evolution of the surface
albedo in the model has to be predicted together with the
temperature and other variables. The most important
anomalies of surface albedo are due to the anomalies in
snOw and ice. Clapp (28) has developed a method for
coupling the snow cover with variables computed in a
model.
The parameterization of the advection of thermal
energy by the transient eddies is one of the fundamental
problems to be solved in a time-averaged model. Improvements in this parameterization could possibly be
obtained along the lines suggested by Saltzman (2) and
Clapp (14).
It is evident that any climatic model must be capable
of reproducing the actual conditions.
A natural extension of these time-averaged models is
to extend them to the whole globe, using a realistic
distribution of continents and oceans.
In this list of remarks and conclusions, an attempt has
been made to point out some of the essential elements that
cannot be neglected in a theory of climate, in order to
arrive eventually at a definition of what could be considered the simplest possible realistic model.
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APPENDIX 2.6
DYNAMICS OF DESERTS AND DROUGHT IN THE SAHEL
by J. Charney
Massachusetts Institute of Technology, Cambridge, Mass., D.S.A.
(Summary of Symons Lecture delivered on 20/3/74 to the Royal Meteorological Society, together with newer material)
1. INTRODUCTION
Most of the world's deserts occur in the subtropics and
are associated with descending branches of the tropical
Hadley circulation. Others, such as the Central Asiatic
and Gobi, are far from water sources and/or lie in the
rain shadow of large mountain ranges. There is, however, a non-geographical causal mechanism which has
not to my knowledge been considered. This is the selfinduction effect through albedo enchancement which
exists when a desert has formed or is forming: lack of
rainfall results in lack of vegetation; dry, sandy or rocky
soil has a much higher albedo than soil covered by
vegetation, hence desert regions reflect more solar radiation to space than their surroundings, all else being
equal; desert surfaces are hotter than surrounding
regions and the air above them less cloudy, hence deserts
emit more terrestrial radiation to space. The net result
is that the desert is a radiative sink of heat relative to
its surroundings. This is shown vividly in Figure 1 (1)

taken from Nimbus III satellite data in which the Sahara
and Arabian deserts are seen to be absolute radiative
sinks of heat during July, a time when almost all the rest
of the summer hemisphere below the Arctic is a source.
In order to maintain thermal equilibrium, the air must
descend and compress adiabatically. Since sinking air is
drying air, the desert enhances its own dryness. It feeds
back upon itself.
A bio-geophysical feedback mechanism of this kind
could lead to instabilities or metastabilities in border
regions ~ to advances or retreats of the borders themselves ~ which might conceivably beset off by anthropogenic influences. The mechanism appears to be particularly applicable to the Sahara - Arabian - Indo-Pakistani complex of deserts which, in summer, are not
greatly affected by global advective effects, and especially
pertinent to conditions in the Sahel, the southern margin
of the Sahara. In the sequel I shall present some recent
numerical modelling results relating to this region.

Figure 1 Net radiation at the top of the atmosphere (cal/cm2 /min) measured from Nimbus Ill, 16-31 July 1969 (1).
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2. THE MODEL CALCULATIONS
First, to estimate the self-inductive effect of the desert
relative to that of the Hadley circulation, I have constructed the following simple mathematical model of the
flow over the Sahara. The flow is assumed to be zonally
symmetric and bounded to the south by a fixed ITCZ at
which the temperature is specified. In winter, at the
northern boundary with the Mediterranean Sea, the
temperature is also assumed to be established by moist
convection over the sea or by zonal advection. In summer, moist convection and zonal advection are reduced,
and a more appropriate boundary condition· would be
continuity of pressure, temperature and normal velocity
in the presence of a discontinuity in the radiative properties of the desert mid sea surfaCes.. For simpliCity, the
sea could be considered to extend northward to infinity.
(We simplify matters by employing a Cartesian coordinate system with x directed eastward, y northward,
z upward, and assume that the Coriolis f is constant.)
However, we find that the relevant radius of horizontal
boundary influence lies between 500 and 1500 km, and
since we shall be concerned primarily with effects near
the southern boundary insumm.er and the northern
boundary in winter, it will be permissible to fix the
temperature at the northern boundary in the sUmmer as
well. This temperature is made the same as at the
southern boundary in order to determine the self-induced
flow relative to the Hadley circulation which is associated
with horizontal temperature gradients. This can be
done because we approximate the dynamical system as
linear.
Our only non-adiabatic heating mechanism is radiation. Although radiative equilibrium alone gives superadiabatic lapse-rates at low levels and a temperature
discontinuity at the.ground, the combination of descending motion with radiation stabilizes the lapse-rate, except
perhaps very near the ground in SUmmer. We do not
take into account the diurnal variation of temperature
and the associated daytime convection, except as a
justification for using a relatively large eddy viscosity
coefficient up to a fixed convective height, which we take
to be 5 km in both summer and winter. This is not a
very realistic procedure, but a realistic treatment of
diurnal convection would complicate the analysis beyond
our present intention of demonstrating a simple radiativefrictional process which. we believe to operate in the
desert.
If there were no motion, the temperature over the
desert would be in radiative equilibrium, but this would
entail impermissible pressure. and temperature discontinuities at the lateral boundaries. Meridional pressure
and temperature gradients produce geostrophicallybalanced zonal velocities with vertical shear. These

produce zonal frictional forces which must be balanced
by Coriolis forces associated with a meridional circulation. This circulation will then modify the temperature
field and cause it to depart from radiative equilibrium.
The degree of departure will depend on the strength of
the frictional forces and therefore on the eddy viscosity.
In linear approximation the ;zonal equation of motion is

-ljiv

== nit) =

(jJvuz)z ,

(1)

where n is the stress and the bars denote horizontally
averaged mean values. There wilT be a frictional boundary
layer, above which. the zonal flow is geostrophic:
fj5u = -Pm .

(2)

Eliminating pressure from (2) with the aid of the hydrostatic equation,

o=

~pz-pg

(3)

gives the approximate thermal-wind equation
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(4)
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Integration of (1) and use of the continuity equation,
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then gives
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Since n(X)(co) = 0, we see that the surface zonal
stress n(x) (0) must vanish. Hence, by partial integration of (1),
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and, by continuity,
_

-lfIy = pw =

-

gjJv Tyy

f2

T

(7)

We see that a non-vanishing temperature gradient at
the top of the frictional boundary layer implies a finite
boundary layer transport, and a non-vanishing second
derivative implies boundary layer pumping or suction.
The linearized first law of thermodynamics may be
written

where Fis the net flux of terrestrial radiation. We assume
that the atmosphere is transparent to solar radiation (an
assumption which is easily modified but produces no
qualitative changes).
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Radiative heat transfer is treated under the following
assumptions: .
(a) Grey-body absorption: coefficient of absorption
k = constant.
(b) Parallel beam approximation: k --+ 1.66 k.
(c) The absorbing constituent is water vapour whose
density Pw·· decreasesexponentially with depth:
Pw = Pwo e-Z/ h .If 7: is the optical depth, dT: =
= k Pwo e-Z/ h di and 7: = 7:00 (1 - e-Z/ h ); .where 7:00 =
= hkpwo'
Let U be the upward flux of terrestrial radiation, G the
downward flux and B the black-body flux aT 4 • Then
F = U - G, and the equations of radiative transfer
become
UT =B- U
GT

= G - B,

(9)

from which we derive
FT - F -c: 2(B - c U)
FT + F = 2 (B - G)

(10)

and
FTT

-

F

= 2 B T = 8a f3 TT ,

(11)

where the non-differentiated Ton the right-ha~d side.
has been replaced by T.
A second equation relating F and T is obtained by
eliminating w between (7) and (8):
_ NZ
cp pvh 1 z Tyy = (7: 00 - 7:) FT .
(12)
The two equations (11) and (12) may be solved by
relaxation. The boundary conditions :fix T, and therefore,
by (11), F, as function of 7: or z at the southern and
northern boundaries, Y = Yl and Yz, respectively.
If S is the downward flux of solar radiation and A the
albedo of the ground, then F = (1 - A) S at z = O.
At the top of theatmosphere(z =00, 7: = 7( 00 ) , we
assume it residual viscosity V = voo , and since 7: - 7: 00 =
= 7:00 e-z/l', whereas 15 Po e-Z/ h withH > h, equation
(12) states that lim Tyy = O. Since T is equal at the
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equations (11) and (12) become
Fl;l; -

7:~ F =

(T[oo)Y Tl;,

(14)

v'Tl]l] = (1 - c;) Fl; ,

(15)

where F and T are now non-dimensional quantities.
The length It is the Rossby radius of deformation,
DNIf correspollding to the distance D = V V o tll
through which diffusion acts in the radiative time
tll

= CpT(oo) . Po h /4 (1 - A) S 7:

00

•

The frictional coefficient Vo is taken
5 X 105 cmz sec-I, and v' is set equal to

v' =

to

be

~ { 1 + tan h [10 (~l -~] } :0 + 0.1 , .

a function which starts at 1.1, decreases slowly until
~ = ~l> and then drops off rapidly to 0.1. We take
~l = 0.8 to make the drop-off occur at about 5 km.
Since the atmosphere is assumed to be transparent to
solar radiation, we do not distinguish between the net
albedo and the surface albedo. A is estimated from
satellite measurements to be 0.35. S is taken to be
4.84 X 105 ergs cm-z sec-1 in summer and 2.90 X 105
ergscm- Z sec-1 in winter. Taking h = 3.5 km, 7: 00 = 2,
N = 10-z sec-I, 1 = 2Q sin 25° in summer and 2Q sin 21 °
in winter, we obtain the following table for tll , D and It:
III

D

A

Summer

3.24 X 105 sec

4.00 km

640 km

Winter

5.41 X105 sec

5.20 km

970

Season

km

r-.J

z-+oo

two boundaries, the boundary condition on T becomes
T(y, cx;» = T(Yl> 00) = T(yz, 00). The upper boundary
condition on F is then obtained from the second of
equations (10) by setting G = O.
It is convenient to non-dimensionalize F by (1 -'- A ) S
and T by T(00)/47:00 •
If we define

pv = Povov' , ~ = 7:/7:ro
,1,z _

-

·

1 - e-z1k,·

T( 00) Po Voh NZ
_ It
4(1-A)S7: oo /z' Y - .11,

Cp

(13)

TheITCZ over Africa is at about 18° in summer and
10° in winter. If we talce the mean latitude of the north
coast to be 32°, the desert belt may be defined to extend
from 18° to 32° in summer and from 10° to 32° in winter,
with its centre ·at 25° In-summer and 21° 111 winter.
This seems to be a very crude specification, since a
vegetative cover remains between 10° and 18° in winter,
but it is mitigated by the fact that we shall be interested
only in northern border conditions in winter. Given
the crudity of the model, the width of the belt is well
enough approximated by 2 It in both summer and winter,
so that the non-dimensional distance 11 = Y/ A. goes
from 0 to 2 in both seasons.
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3. RESULTS OF MODEL CALCULATIONS
The results of the integrations are shown in Figures 2
and 3 for summer and Figures 4 and 5 for winter.
Figures 2 and 4 show the temperature field as the deviation of T(y, z) from the boundary temperature T(z).
This quantity represents the temperature perturbation of
the Hadley circulation due to the high-albedo, selfinductive mechanism. The left and right sides show the
fields for 0 L Y L A. computed for A = .14 and A = .35
respectively. Since the flow is symmetric (/ = constant,
T (0, z) = T (2A., z)), the fields for A. L Y L 2A. need not

55 cb to 4 mm/sec at 60 cb in summer and from 5 mm/sec
at 65 cb to 7 mm/sec at 70 cb in winter. In summer, the
high albedo sinking motion is more than twice as great
as that of the mean Hadley circulation at the same
latitudes (2), and we conclude tentatively that the selfinductive affect of the desert is strong.
0..--------,--,-----,--,.,,---,.---------, 0

20

20

40

40

60

60

-a.
u

-c;.
20

20

80

80

---- -,
,,,------ ... _-2'

40
.J:>

o

\'-0.5~

60

.J:>

o

~~/

I

_

100

o

Co

-~

f-----o"---i-

f-----O'

40

2'

y-

60

---

4'

A

-y

0

100

T-l' (OK) WINTER
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Figure 2 Deviation of desert temperature T (y, z) from the zonallyaveraged mean value T (z) in summer for albedos of 14%
and 35%.

The temperature perturbations accord with observations best in summer. In the other cases the air is too
cold aloft and the observed temperature excess near the
ground is not well simulated. There are several reasons
for this. In general, there will be a temperature excess
O~-----~-~-~-----~O

be shown. Figures 3 and 5 show the mass streamfunction fields and the maximum descending velocities
at 60 cb and 70 cb, respectively, again for A = .14
and A = .35. These fields also represent the self-inductive
perturbation of the mean Hadley circulation.
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Figure 5 Same as Figure 3 for winter.

The value of .14 for the albedo is intended to represent
an average for a vegetatively covered continent. The
increase of albedo from .14 to .35 is seen to increase
the maximum sinking motion from about 2 mm/sec at

where the radiative equilibrium temperature -is higher
than the boundary temperature and a defect when it is
lower. This is so near the ground only in summer. The
omission of the diurnal convective cycle is very likely
responsible for the excessively cold Iow-level temperatures in winter. Although the calculated lapse-rates are
stable because of the descending air, this does not
exclude diurnal convection, which because of the nonlinearity results in a net upward flow of heat. This effect
could be calculated in a more sophisticated model by the
methods of Ball (3), Tennekes (4) and others.
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Aloft, the radiative equilibrium temperature tends to
be a good deal lower than the boundary temperature,
and we have only the frictionally controlled sinking
motion to prevent its falling to its equilibrium value.
Of course, by increasing the viscosity the defect could
be made as small as one wished, but this would be ad
hoc. In reality, there is high-level zonal advection of
colder air from the west, and this effect has been excluded
from our model by the postulate of zonal symmetry.
This is particularly so in the north and in winter. Nevertheless, the strong sinking motion at low levels which
is due to radiative cooling may possibly explain the
paradoxical winter discontinuity in precipitation between
the Mediterranean and the Libyan and Egyptian deserts,
which exists despite the fact that winter storms invade
these deserts. The radiative time constant can be estimated
from the time-dependent form of (8) and (11). For a
strongly absorbing atmosphere, radiation becomes diffusive with a time constant given by

pe rh
ll

~,

4 (I-A) S roo-r

which is small near the ground where r is small. Thus
radiative cooling may be capable of effecting the flow at
advective time scales and of producing the sinking motion
that prevents the air from attaining saturation.
4. DROUGHT IN THE SAHEL

At lower levels and in summer, advective effects are
much smaller, and the Sahara may be one region where,
because of its enormous size, it is possible to regard the
desert-monsoon circulation as nearly self-contained.
Acting on this hypothesis, I have conjectured that the
present drought in the Sahel may have been, at least in
part, caused by over-grazing, with the increase in albedo
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producing sinking motion and a displacement of the
ITCZ to the south. There is evidence that animal grazing
can produce large changes in albedo.
5. GENERAL CmCULATION MODEL
SIMULATIONS
To test this hypothesis I suggested to Drs. Halem and
Jastrow at NASA's Goddard Institute for Space Studies
that a simulation experiment be conducted with their
general circulation model - a modified version of the
Arakawa-Mintz model containing clouds, precipitation
and evaporation (5) - in which they would change the
albedo in the region of the Sahel and observe the results.
Although the experiment is not yet complete, the early
results kindly conveyed to me by Drs. Wm. Quirk and
P. Stone, who performed the experiment, appear to
confirm my hypothesis. A long control integration had
already been made with a surface albedo of 14% over
the entire Sahara. The albedo north of 18° was then
increased to 35% and a six-week run from the last week
in June to the second week in August was made. The
total precipitation over the Sahara north of 18° is shown
in Figure 6. From the first week on a 40% drop in
precipitation occurs north of 18° and persists with small
fluctuations in weekly averages for the entire six-week
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Figure 6 Precipitation in mm/day north of 18°N over Africa for
albedos of 14% and 35%.
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Figure 7 Average precipitation as a function of latitude for
albedos of 14% and 35%.
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period. There was a corresponding decrease of about
40% in the convective cloud cover. Figure 7 shows the
latitudinal distribution of precipitation over North
Africa averaged for July for both the control run and
the increased albedo run. The rain zone is seen to be
shifted some 4° to 6° south. This is also' shown on the
mean July surface pressure and' wind charts by a shift
in the ITCZ (monsoon trough). A second experiment
was performed by increasing the albedo only at 18°.
Since the grid interval is 4° of latitude, this is equivalent
to increasing the albedo for a 4° strip centered at 18°.
The modified run was for a period of two weeks only,
but in both weeks there was a large decrease of cloud
and precipitation at 18° and a large increase at 10°.

region during pluvial and drought periods. Observations
from satellites and high flying aircraft will be important.
Also, additional hydrological information will be needed
for refining the hydrological aspects of the general
circulation models. The fact that fenced-off regions
remain· green suggests that the changed albedo is mananimal induced and not a natural instability. Given the
desperate situation in the Sahel and in other regions
stricken by drought, and given the intrinsic scientific
interest of bio-geophysical feedback mechanisms for
climate, research in this area would seem to merit high
priority.

6. CONCLUSIONS

(1) Raschke, E. et aI., 1973. The Radiation Balance of the Earth.Atmosphere System from Nimbus 3 Radiation Measurements.
NASA Technical Note D-7249.

The results are certainly not conclusive ~ obviously
more experimentation must be done and with differ~nt
models - but they are very suggestive. Droughts in the
Sahel are recurrent with a mean period of about 30 years.
One can speculate about bio-meteoro10gical feed-back
.cycles, but one needs more numerical experimentation
and, above all, more data on physical changes in the
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APPENDIX 3.1
MODELLING OF ATMOSPHERIC RADIATION FOR CLIMATIC STUDIES
by C. D. Rodgers, Oxford University, U.K.
1. INTRODUCTION

2. CALCULATION OF RADIATION IN GCM's

Climate modelling is a particular case of the more
general subject of numerical modelling of the atmosphere.
There is no fundamental difference from short-term
forecasting modelling - the basic equations are the
same - but there is a shift of emphasis. A different set
of atmospheric properties is being studied. Following the
SMIC report (1) as a general purpose review on climatic
modelling, we see that there are many kinds of climate
model of varying degrees of sophistication, ranging from
the simplest global average model to the full fourdimensional General Circulation Model (GCM). This
paper will concentrate mainly on the radiation aspects of
General Circulation Models.

The major parameters which determine the distribution
of atmospheric radiation are as follows, in approximate
order of importance:
1. Cloud distribution.
2. Temperature profile.
3. Water vapour profile.
4. Ozone profile.
5. Dust and haze.
6. Spectral properties of the lower boundary.
7. CO 2 concentration.
8. Height or pressure at lower boundary.
9. Other trace gases and absorbers.

The radiation section of the report of the JOC Study
Conference on Parameterization ·(2) is a very useful
starting point. There the available methods for calculating
radiation were reviewed and classified in terms of accuracy
and computational speed. The emphasis was on shortterm numerical modelling, but as far as radiation is
concerned, there appears to be little difference between
the requirements of short-term models and climatic
models.
Some of the topics recommended for further study in
that report have been the subject of investigation, and
some are still outstanding. Professor Kondratyev's book,
Radiation Processes in the Atmosphere (3) is probably the
best available survey of the present state of knowledge
of radiative transfer in the atmosphere. It has in fact
formed the basis for this paper.
As far as the GCM is concerned, the radiation section
is a relatively separable part of the model. It is to be
provided with a set of numbers which determine the
atmospheric state, and it returns with the rate of change
of temperature due to radiative transfer, or with some
equivalent quantity. It is for this study conference to
examine what may go into this black box, to make
suggestions about what should, to try to put some bounds
on both the accuracy with which the model must specify
the atmospheric state, and the accuracy of the resulting
radiative heating or cooling rates, and to identify the
remaining .problem areas.

These constitute the input to the radiation section of
a GCM. They may all be interactive in the sense that
they may be determined by the behaviour of the model.
The accuracy of the radiation calculation is determined
in part by the radiation model used, and in part by the
accuracy of the input parameters. It must be one of our
aims to verify any radiation model with reference to a
better one, and where possible to verify it against observations. The question of accuracy of the input parameters
when they are a result of a numerical model rather than
observations is a somewhat philosophical one, but there
are some problems. Errors may arise from the rather
coarse vertical spacing used to specify the profiles, or
from inaccuracies in the parameterization of other
processes. For example, the main source of error in any
radiation model is probably due to the parameterization
of the cloud distribution. With such a complex interlocking system as a GCM, it is important to know how
sensitive anyone section is to its input parameters.
Errors may also arise from an incomplete knowledge
of the physical processes involved. In principle our
knowledge of radiative transfer should be better than of
many other processes, as the physical mechanisms are
well known. However, there are still some uncertainties,
such as the anomalies in solar heating in the troposphere
that have been reported by several authors (4, 5, 6).
The main problem for radiative transfer is a computational one, to produce approximate methods that are
accurate but efficient. Climate models are ofa wide range
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of complexity, and require a range of techniques.
Different GCM's need a different trade-off between
accuracy and computational speed to match the approximations that have been made in other parts of the model.
The classification scheme originally suggested in the
report of the GARP Study Conference (7) still holds
good, and a version of it is given in Table 1.
TABLE I
Methods of computing radiative transfer in order of increasing
accuracy and decreasing computational speed.

which drives the atmosphere, whilst terrestrial radiation
is its ultimate sink. In both cases the equation of radiative
transfer must be solved to determine just where the
energy is injected or extracted from the earth-atmosphere
system. The equations are the same for both types of
radiation, but it is convenient to separate them for
several reasons. For example, the geometry is different,
the spectral regions are almost distinct, and the dominant
processes differ.
3 . 1 Solar radiation

Solar Radiation
Scattering
Climatology

Empirical
relations
based on
observations
or calculations

I

Absorption

Climatology

Terrestrial
Radiation

Notes

Climatology

Non-interactive

Newtonian
cooling

Interactive
with
temperature

Empirical
relationships
based on
observations

Various empirical Interactive
relationships
with
temperature

Integrated
absorption
for each gas
separately

Emissivity, as in
radiation charts.
Scaling approximation

Mean photon As terrestrial
path approxi- radiation
mation

Many frequency
intervals
Curtis Godson
approximation
Band models

Frequency
Line by line
integration of integration
doubling
method, etc.

Line by line
integration

May be fully
interactive

Very slow

All these types of radiation models have been used in
GCM's, with the exception of line-by-line integration.
The most popular approach amongst the more complex
GCM's (e.g., NCAR, GFDL, GISS, UCLA) seems to be
methods based on the emissivity approximation. A few
people have experimented with multi-interval methods
using band models (e.g., (8)).
3. RADIATIVE TRANSFER IN THE
ATMOSPHERE
We have two types of radiation, solar and terrestrial,
with which to deal. Solar radiation is the source of energy

Solar radiation is absorbed and scattered by the
atmosphere, the oceans and land surfaces. The main
absorbers are (i) the surface; (ii) cloud; (iii) aerosol and
dust; (iv) ozone in the stratosphere and (v) molecular
bands of H 2 0 and CO 2 , The main scatterers are (i) cloud;
(ii) aerosol; (iii) the surface; and (iv) Rayleigh scattering.

3.1.1

Theoretical basis

In a pure absorbing atmosphere we may write the
intensity of radiation at height z and frequency v as

I(v, z) = I(v, co) T(v, z, 0)
where I (v, co) is the incident solar intensity and T (v, Z, 0)
is the transmission of the atmosphere from height z to
the sun at frequency v and solar angle O. This transmission
is the product of the transmissions of all the individual
absorbers.
. For pure scattering, the theory is much less simple, and
it is unlikely that full scattering calculations could be
included in GCM's. Instead it is necessary to parameterize the transmission and reflection of clouds in
terms of their defining parameters, drop size distribution,
number density, etc.
In the case of an atmosphere that both scatters and
absorbs, problems arise when the absorption is due to
molecular vibration bands. The calculations for this case
are so time-consuming that only individual spectral lines
have been studied, although some progress is being made
with various approximate methods such as the photon
path distribution (9, 10) or by expressing band models
as sums of exponential terms (11).

3.1.2 Physical data
Even when the theoretical basis has been adequately
formulated, we may find ourselves limited by the accuracy
of the available physical data on the spectral properties
of the absorbers and scatterers.
The solar constant is probably one of the best known
quantities in the system. Thekaekara and Drummond (12)
have proposed a standard value of 1.353 ± .018 kW m- 2
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after an extensive review of the available measurements.
These are annual variations amounting to ± 0.045 kW
m- 2 due to the ellipticity of the earth's orbit, and the phase
of this variation with respect to the year changes over
geological time. The effect of larger variations of the
solar constant may, of course, be of climatological
interest.
The surface albedo is reasonably well known (e.g.,
Kondratyev (4)), but it varies considerably from place to
place and from time to time, as ice and snow melt or as
vegetation grows. The logistical problems of modelling
albedo are enormous, especially if its wavelength variation
has to be taken into account.
The spectral properties of cloud are a major problem.
The absorption and scattering by individual water
droplets are easily calculated, but when they gather to
form clouds, in the presence of absorbing gases, the result
is complex. Many observations have been made of
clouds, and it is possible to assign values of transmission
and reflection to the cloud as a whole, based on type,
height, optical thickness, etc. But these values are not
very accurate. The effect of inaccuracies here on the
behaviour of GCM's needs to be assessed.
Dust and aerosol is another problem. There are
indications that solar absorption by them is as great as
that by the molecular bands (4, 5, 6), but the details are
far from well known. The nature and concentration of
aerosol will clearly vary considerably with time and place.
It may eventually be necessary to parameterize aerosols
when the mechanisms are better understood.
Absorption by molecules is well understood. The
ultraviolet and visible bands of ozone have been accurately
measured, and as they are continuum absorptions, they
are easy to model. The vibration rotation bands of CO 2
and H 2 0 have all been studied both in the laboratory and
theoretically. Empirical fits to the integrated absorption
are available (13), as ,are detailed listings of line positions
and intensities from which band models may be
constructed (14).

3 . 2 Terrestrial radiation
Thermal radiation is emitted and re-absorbed by the
atmosphere, by clouds, and by the surface. The difference
between emission and re-absorption is the term required
by the GCM as radiative cooling. Radiation is both
absorbed and scattered, though the scattering is much
less important than it is for solar radiation. The main
absorbers are clouds, aerosol, vibration-rotation bands
of H 2 0, CO 2 and 03' and the surface. There is a small
amount of scattering by clouds, aerosol and the surface.
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3.2.1 Theoretical basis
In the absence of scattering, the downward flux of
radiation Ft (z) across a horizontal surface may be
written
Ft (z)

-J

co

co

dw cos 9 fdV f dz' { B (v, z')
v

~~ (z, z' , e, v) }

z

where w is solid angle, e is zenith angle, v is frequency,
B is the Planck function and T(z, z' v) is the transmission
of the atmosphere between heights z and z'. The transmission involves contributions from all absorbers, and
may be written
z'

,e,

T(z, z', e, v) = exp (-

l:

absorptlon

fk (v) p (z") sec e dZ")
z

where k (v) is the absorption coefficient and p is the
density of the absorber. The absorption coefficient may
depend on local temperature and pressure, and may
involve many thousands of spectral lines in molecular
vibration-rotation bands.
Approximations that may be used to perform this
calculation with reasonable speed have been reviewed
extensively elsewhere' (e.g., (3, 15)).

3.2.2 Physical data
It is common to regard clouds as black in the thermal
infrared (0-2000 cm-l). This is a fairly good approxima-

tion for thick clouds, but there may be an albedo of
5-10% (Yamamoto et al., (16)). However, in the case of
thin clouds it is necessary to consider radiative transfer
within the cloud, as indicated in 3.1.1 and 3.1.2 above.
As with solar radiation it may be necessary to use
observationally based empirical relations~ips, which are,
as yet, still rather inaccurate.
Laboratory measurements and theoretical spectra are
available for all the relevant molecular vibration-rotation
bands. A certain amount of work still remains to be done
to ensure that these two data sources are compatible,
especially with respect to line shapes. The continuum
absorption in the 8-12J! window now seems to be described adequately in terms of water vapour dimer
(H20)2 absorption (17, 18).
Surface emissivity has been measured for a wide range
of materials (3), but as in the case of surface albedo in
the solar spectral region, the logistical problems involved
in treating it properly are enormous.
4. CONCLUSIONS
A range of radiative transfer models is available for
whatever speed and accuracy a climatic model may
require. There are still some theoretical problems with
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respect to the treatment of scattering in the presence of
band absorption, andas a result it is difficult to produce
efficient parameterizations of cloud reflection, absorption
and transmission.
There is a contribution to the absorption of solar
radiation by aerosol which is as yet not completely
understood, and thus caimot yet be parameterized.
A certain amount of work is still needed to relate in
detail theoretical molecular spectra and· band models to
atmospheric absorption so that parameteriiations may be
as accurate as possible.
However, the main source of error at the present time
is probably the difficulty of accurate parameterization of
cloud heights and amounts, which results in errors in
calculated radiative heating and cooling.
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APPENDIX 3.2
A PROPOSED RADIATION PARAMETERIZATION SCHEME FOR CLIMATE MODELS
by V. E. Suomi
University of Wisconsin, Madison, Wisconsin, U.S.A.
THE APPROACH
On a time scale of a day to a week the radiation field
has a very small direct effect on the atmospheric field of
motion. The reverse is definitely not true. In fact the
state of the atmosphere and especiallr its vertical motion,
controls the radiation field through the action of clouds
which are excellent reflectors of solar radiation and almost
ideal absorbers of terrestrial radiation. Stated another
way, the behaviour of the atmosphere controls the
radiation on a relatively short time scale, but radiation
controls the behaviour of the atmosphere by and large on
a significantly longer time scale. Herein lies the basis of a
proposed parameterization scheme. It is not necessary to
account for the radiation field in each time step accurately
provided, however, that averaged over a few days, the
mean values of the three dimensional radiation field do not
show significant systematic errors.
An empirical parameterization scheme using this
approach was developed by Cox (1967). He used temperature (T), pressure (P) and specific humidity (q) values
obtained from a large nlimber of radiometersonde
ascensions as well as the upward and downward radiation
currents measured by the radiometersonde, to develop
a series of look-up tables which give values of the vertical
net radiation divergence from grid point values of
p, Tand q.
Errors as large as 30% occurred in calculations on some
individual days but when these were averaged over a few
days, estimated values were equal to those obtained by the
time averaged radiometersonde observations. It should
be mentioned that Cox's results were point measurements.
The objective is to obtain area values representative ofthe
grid mesh elements of a general circulation model (GCM).
There is good reason to believe, therefore, that such an
approach might succeed provided that a much more
representative data sample be used, including the vertical
motion field parameters; also, some elementary radiation
physics should be included to simplify the look-up tables.
Therefore, a programme to collect suitable observations
of the radiation and thermodynamic and motion fields as
functions ofx,y, Z, Tis recommended. This data base for
characteristic types of extended cloud field can form the
basis of a whole hierarchy of radiation parameterization

schemes ranging from simple empirical ones to those
involving more elaborate radiation transfer ca.lculations.
The key is to provide a data set where radiation and other
atmospheric parameters are measured together.
The parameterization scheme could employ a modification of a method of calculation suggested in Section 5.2.3
of the report (radiation processes). Thermal radiation
calculation method 3, "Frequency integrated absorption
as a function of scaled absorber amount for each gas
separately," is indicated as having a typical accuracy
of 10% for heating rates. Rodgers (1967) has shown that
the accuracy of this calculation can be improved significantly if these absorptions are separated into two groups
for each gas - those for upward radiation and those for
downward radiation. The approach is similar to that
using two separate radiation charts, one for upward and
the other for downward radiation. This approach might
well provide the needed accuracy for the several-day mean
radiative fluxes. In order that the parameterizati6n
scheme ~an be "tuned" so as to avoid systematic errors,
an adequate data base is needed.
The benefits of a successful parameterization scheme
which properly accounts for the modification of the solar
and terrestrial radiation by clouds and the intervening
atmosphere would be very large indeed. Not only might
one properly account for heating and cooling of the
atmosphere by direct radiation processes but, far more
important for the successful modelling of climate, one
might properly account for the radiation budget at the
earth's surface. The proper treatment of the heat exchange
at the earth's surface and especially at the ocean surface,
including the extent of sea ice, may indeed hold the key
to successful climate modelling.
Cirrus clouds are a special case. Time lapse movies of
clouds using images taken from geostationary satellites
show spreading of cirrus veils over enormous distances
and covering extended areas. There is accumulating
evidence that the presence of thin veils of cirrus just below
the tropopause is much more extensive than once thought,
based on summaries of ground based observations.
Indeed in most radiometer soundings in the tropics and
mid-latitudes there is evidence of radiational warming
below the tropopause due possibly to the remnants of thin
but wide-spread cirrus clouds. How can the cirrus exist so
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long? Darkow (1963) investigated the heat budget of ice
crystals typical of cirrus clouds. He used radiometersonde
measurements to describe the radiation field and showed
the surprising result that the radiation tended to heat the
ice crystals (and thus the air by conduction and convection) rather than evaporate the ice crystals. At the low
tropopause temperatures the vapour pressure gradient
that can be developed, even when the crystal is significantly warmer than ambient air temperature, is so small
that it could take days to evaporate the cloud ice crystals.
Thus it is likely that radiative effects can play an important
role in the lifetime of cirrus clouds. They probably will
have to be treated separately. (Incidently Cox's empirical
parameterization scheme had large systematic errors from
the effects of these high level cirrus clouds.)
THE REQUIRED OBSERVATIONS

To summarize, the radiation parameterization scheme
we are proposing is based upon the observed relationship
between the large scale temperature, moisture, and
motion field and the cloud field which controls the radiation field, and the assumption that these variables can be
related with bulk properties measured on the GCM grid
scale. There is considerable qualitative evidence that this
is so but in order to develop the scheme we need quantitative information on these possible relationships. Elsewhere in this report (Appendix 4), Arakawa shows how
this might be done for tropical or Hadley cell cloud
systems. It might be extended to other weather and
cloud systems as shown schematically in Figure 1 (Appen-

dix 4). In our view this effort is important enough and
will probably be large enough to warrant a cloud radiation
sUbprogramme designation.
The proposed observation programme would be
similar to that used during GATE (see GATE, 1973)
where the radiation behaviour of classes of cloud systems
was investigated and tabulated. No attempt was made to
measure directly the gross radiation characteristics of the
A or B scales, for example. Instead, the total radiation
budget of these areas will be assembled from a summary of
the characteristic radiation behaviour of identifiable cloud
systems as revealed by satellite visible and IR images.
A subprogramme to extend this approach to the major
cloud fields of the earth is highly desirable. The GATE
radiation programme's objective was limited to determining the radiation characteristics of cloud clusters but a
similar approach on other cloud systems typical of higher
latitudes is needed.
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APPENDIX 4
MODELLING CLOUDS AND CLOUD PROCESSES FOR USE IN CLIMATE MODELS
by Akio Arakawa
University of California, Los Angeles, U.S.A.
1. INTRODUCTION

My task is to define the most relevant problems and
to suggest approaches to the problem of the" computation
of the time-dependent large-scale distribution of clouds, in
terms of the basic dynamical quantities,for the purpose of
cloud prediction as an important climatic variable and for
treating radiation processes in the atmosphere properly."
The importance of clouds in climate modelling cannot
be overemphasized. Clouds, and their associated physical processes, influence the climate in the following
ways:
(1) By coupling dynamical and hydrological processes
in the atmosphere through the heat of condensation
and evaporation and redistributions of sensible and
latent heat and momentum;
(2) By coupling radiative and dynamical-hydrological
processes in the atmosphere through the reflection,
. absorption, and emission of radiation;
(3) By coupling hydrological processes in theatmosphere and in the ground through precipitation; and
(4) By influencing the couplings between the atmosphere
and the ground through modifications of the radiation and the turbulent transfers at the surface.
Although these cloud-dominated processes have long
been known to be important in determining climate,
clouds have been very poorly formulated in climate
models. In particular, the coupling between the radiative
processes and the dynamical-hydrological processes
through time-dependent cloudiness has been either
completely neglected or modelled only in a very crude
way, even in the most comprehensive general circulation
models.
The difficulty in modelling clouds is partly due to our
inadequate understanding of the formation and dissipation processes for the individual clouds. The air in a
cloud is almost always highly turbulent and the cloud is
the product of complicated interactions of moist con
vective turbulence with larger scale circulations, radiation, and the microphysical cloud processes. In addition,
almost all individual clouds are sub-grid scale for· the
ordinary grid size of general circulation models. The
cumuliform clouds are horizontally sub-grid scale, while
M

the thin stratiform clouds are vertically sub-grid scale.
Even the thicker stratiform clouds, associated with the
vortices and fronts in middle and high latitudes, frequently appear with a band structure whose width is
only marginally resolvable by the ordinary grid sizes.
Therefore, practically all types of clouds need to be
parameterized in terms of the dynamical-hydrological
quantities of the resolvable scale.
Modelling clouds for use in climate models raises
another problem. Naturally, all realistic parameterizations of clouds will be non-linear, because there are no
negative clouds. Symbolically, if we let C be the cloud
effects parameterized in terms of the large-scale dynamical-hydrological quantities L, then a parameterization
scheme will define an operator P such that

C = P(L);

(1.1 )

but because the operator P is non-linear,

C =!= P (L),

(1.2)

where the overbar denotes an average in time and/or
space.
Thus the average cloud effects C depend not only on
the averaged large-scale dynamical quantities, L, but also
on more detailed statistics of L. What is required then
for climate models is the following stepwise parameterization:
Step I: Determination of the operator P such that
C=P(L);

Step II: Relating C = P (L) to those statistics of L
which are predictable by the overall climate
models.
Step I is sufficient to meet the first GARP objective, but
Step II is additionally required to meet the second
GARP objective.
Although the necessity of Step II should not be overlooked, it will not significantly increase the difficulties of
constructing statistical-dynamical models of climate,
provided that the operator P turns out to be reasonably
simple. Some recommendations about the overall structure of climate models, from this cloud modelling point
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of view, will be made toward the end of this paper. But
because Step I still presents major physical difficulties,
it will be the main subject of this paper.
2. OBSERVED SUBTROPICAL AND TROPICAL
CLOUD REGIMES OVER THE OCEANS
Observations of large-scale cloud systems over the
subtropical and tropical oceans show marked regional
differences in cloud regime, which are summarized in
this section.
2. 1 Subtropical marine stratiform clouds
Time-averaged cloud brightness pictures, such as
those prepared by Miller and Feddes [1], show vast
cloud-covered areas in the eastern regions of the subtropical anticyclones over the North Pacific, South
Pacific, and South Atlantic Oceans. As pointed out by
Bugaev [2], these cloud-covered areas are one of the
most prominent climatological features.
These regions are characterized by a general subsidence
of the air and by relatively cold ocean surface temperatures. Clouds in these .regions are dominantly low
stratiform type with warm dry air above. A sharp
inversion at the cloud top defines the upper boundary
of a well-mixed moist layer. The inversion gradually
becomes higher and weaker as it extends from the continental coast to the tropics and becomes the tradewind
inversion [3 and 4]. Figure 1 shows this transition
schematically.
These clouds may be dense enough to form a horizontally continous layer of stratus or stratocumulus
clouds, especially near the coast. However, in the vast
areas extending westward and equatorward from the
coast, the clouds are typically organized into mesoscale
cellular convection [2].

EO

CLOUD
CLUSTERS

OPEN CELLS
CLOUD BANDS

CLOSED
CELLS

STRATUS
STRATOCUMULUS

Figure 1 Schematic cross-section summarizing the observations
described in Section 2. From right to left, the sea surface
temperature increases and subsidence decreases. The
stippled area is the planetary boundary layer, the top of
which is shown by the continuous and discontinuous
double-stroked lines. The dashed lines above the cumulus
clouds show an inversion layer which is principally the
tradewind inversion.

Occurrence of such mesoscale convection is not limited
to these regions. As reported by Kreuger and Fritz [5],
Hubert [6], Agee et al. [7], Bugaev [2], and Agee and
Dowell [8], the meteorological satellites have revealed a
surprisingly frequent occurrence of mesoscale cellular
convection over large areas of the oceans. According to
Hubert [6], two types of cellular organization occur, the
"closed cell" and the "open cell". Closed cells are
characterized by approximately polygonal areas of stratiform clouds surrounded by thin walls of clear air. Open
cells are characterized by approximately polygonal clear
areas surrounded by cumuliform cloud walls. Figure 2
shows a schematic vertical cross-section of open and
closed cells. The typical size range of the cells is 20 to
100 km, so that individual cells are too large to be seen
from the earth's surface.
The cloud cells are good indicators of heat exchange
near the surface. All observational studies indicate that
a strong heat flux frOm the. ocean to the atmosphere
favours open cells and a weak heat flux favours closed
cells. However, a weak vertical wind shear is a necessary
condition for both types. Figure 3 summarizes the climatology of mesoscale cellular convection.
2.2 Tropical marine cumuliforitl clouds
Mesoscale cellular convection is observed not only in
the subtropics, but also in the tropics. In the typical
tradewind regions, the heating by the underlying oceans
is fairly strong and, therefore, open cells occur more
often than closed cells. However, wherever the vertical
wind shear is sufficiently strong, the convection is typically
organized into cloud bands [9, 10 and 11].
The cloud bands are further organized by synopticscale disturbances [9]. Such organizations of the cloud
bands, or of more irregular but intense mesoscale convection systems, can be clearly identified in satellite
photographs as "cloud clusters" with horizontal dimensions of several hundred kilometers [12]. In a typical
cloud cluster, there are a number of cumulonimbus
clouds, whose high-level cirrus outflow merges to form
a common cirrus shield [13].
Although the individual cloud clusters are relatively
short-lived (2 to 6 days), the major maxima in the satellite observed cloud brightness pattern typically propagate
zonally with a remarkable steadiness [14 and 15], indicating their strong dynamical coupling with long-lived
wave disturbances.
The frequencies of the cloud clusters are highest on or
near the Intertropical Convergence Zones and this produces the very striking appearance· of the time-averaged
cloud brightness pictures (see, for example, [1]). Figure 4,

APPENDIX

185

4

I~~I--------Celldiameter --------!IIl'1

-------I ---

I,

Inversion

-----~---------------_.-

.....

.

------- - - ----c.-

..,~~

- -- --

J

)

j
/1\
. ,

~

!"

...._.. •

,~

Io.oool........

f
......

.

'-.

~s

+
~

j

+
"--.

.
..........

.

~~~..,-;-

Figure 2 Schematic cross-section of mesoscale cellular convection. The lower figure shows a closed cell and the upper figure an open cell.
The mesoscale circulations are shown by heavy arrows and the turbulent motion by light arrows. Large diameter eddies represent
strong mixing, and small diameter eddies weak mixing. (From Hubert [6].)

which is taken from Saha [16], shows that the location
of the ITCZ, as determined from cloud brightness, is
strongly influenced (but not necessarily fully determined)
by sea surface temperature.
Cumulus clouds interact with the underlying ocean
through a turbulent subcloud layer. Observations [17,
18, 19, 20 and 21] show that between the ocean surface

and the cloud base there exists a layer in which the
potential temperature () and the mixing ratio of water
vapour q are well-mixed. Except for the region directly
below the clouds, the top of the well-mixed layer can be
identified and it is somewhat lower than the cloud base.
Immediately above the top of the mixed layer, there is
a thin transition layer in which () rapidly increases and q
rapidly decreases with height.
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Figwe 3 The favoured regions of open and closed cellular convection with respect to warm and cool ocean currents. (From Agee et al. [7].)
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Figure 4 Maps showing approximate mean locations of cloud clusters over tropical oceans in February and August. The thick continuous
lines represent clusters which are well-developed, stable, and have high frequency of occurrence, and thin. continuous lines those
that are feeble, unstable, and have low frequency of occurrence. The stippled areas have surface temperatures lower than 26° C.
The dashed lines show axes of maximum ocean surface temperature. The arrows show ocean currents. The hatched areas are
covered by monsoon clouds. (From Saha [16].)
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2.3 Summary and further comments
Figure 1 may be viewed as a schematic cross-section,
say from San Francisco (right) to the Hawaiian Islands
(middle) to the Marshall Islands (left), which summarizes
the observations described in this section. From right
to left in the figure, the sea surface temperature increases,
the subsidence decreases, and transitions of cloud regime
take place. But the figure may also be viewed as a
schematic cross-section, say from the China Sea to the
Aleutian Islands, showing the reverse of this sequence
of transitions, when cold continental air moves over the
warmer sea surface and subsequently approaches approximate equilibrium with the underlying ocean.
Different cloud regimes play different roles in the
coupling mechanisms listed in Section 1. The amount
of precipitation and vertical transport properties are
obviously cloud-regime dependent. Furthermore, transitions from closed cells to open cells and from open cells
(or cloud bands) to a cloud cluster produce drastic
differences in the amounts of Iow-level and high-level
cloudiness, respectively, which greatly influence the radiation. Climate models, therefore, must be capable of
predicting regional and temporal transitions of cloud
regime.
We have seen that sea surface temperature is a very
important factor in determining the cloud regime over
the subtropical and tropical oceans. Although more
complicated processes operate over the continents (see
Section 6) and in middle and high latitudes (see Section 7), the interaction ·of clouds one of the most importhant Pl:J.rts of cloud modelling.
3. AN APPROACH TO PLANETARY BOUNDARY
LAYER MODELLING
3 . 1 Introduction
The observations reviewed in the last section show
that the planetary boundary layer (PBL) tends to be
well-mixed and inversion-capped.
When there are cumulus clouds, the mixed layer is
subject to a fairly strong heat flux at the underlying
surface. Estimates of the buoyancy flux (virtual temperature flux) at the surface, which is largely due to evaporation over the ocean, show that (the absolute value of)
the Monin-Oboukhov length is much smaller than the
observed depth of the mixed layer. This means that the
turbulence within the mixed layer is driven mainly by
free thermal convection rather than forced mechanical
convection. It is extremely important to recognize the
difference between this typically observed unstable PBL
and the commonly assumed neutral Ekman layer.
The PBL which contains stratiform clouds is also
typically well-mixed. It may be subject to only weakly
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positive or even negative buoyancy flux at the surface,
but phase changes in the saturated part of the mixed
layer can drive the turbulence in the entire PBL (see
Section 4).
There are basically two approaches in treating the
PBL in a numerical model. One is to resolve the vertical
structure of the PBL explicitly, by using many layers for
the lower part of the atmosphere. This approach may
seem straightforward, but is not necessarily so, because
the vertical structure of the simulated PBL will depend
highly on how the turbulent eddy fluxes are formulated.
The usual formulation of turbulent eddy fluxes as a
purely diffusive process is not appropriate for an unstable
PBL, in which penetrative plume-like thermal convection
exists [22]. This penetrative convection plays an extremely
important role in the deepening of an unstable PBL.
The second approach, proposed by Deardorff [23], is
to parameterize the vertical structure of the PBL by its
bulk properties, in which case the PBL can be represented
by fewer layers, possibly by a single mixed layer. If the
latter is possible, it will be especially attractive for use
in climate models, in which it is not practical to have
a high vertical resolution. This second approach has
been used in a recent version of the UCLA general
circulation model [24].
3 .2 A mixed-layer model
For later convenience, we define the dry static energy s
by cpT + gz, the vertical dry static energy Sv by cpTf) +
+ gz, the moist static energy h by s + Lq, and the
saturation moist static energy h* by s + Lq*, where
cp is the specific heat at constant pressure, T the temperature, Tv the virtual temperature, g the acceleration of
gravity, z the height above sea level, L the latent heat
per unit mass of water vapour ,q the mixing ratio of
water vapour, and q* the saturation value of q. We
also define the mixing ratio of total water substance w
by q + I, where I is the mixing ratio of liquid water.
The quantities s, q, and, therefore, Sv are conserved
with respect to an air parcel under dry adiabatic processes.
We assume that the PBL has a well-defined top. The
PBL depth, in pressure, p, is given by op = Ps - PB'
where the subscripts Sand B denote the earth's surface
and the PBL top, respectively. We further assume that
hand w within the PBL are well-mixed above the thin
surface layer. Ina cloud-free part of the PBL, s, q, and,
therefore, Sf) are also well-mixed. See Figure 5 for
examples.
Let rP symbolically be hand/or w. We have assumed
rP : rPM for PB Lp <Ps, where the subscript M denotes
the vertical mean over the entirePBL with respect to
pressure. The depth op and the mean value(s) rPM are
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Figure 5 Idealized vertical distributions of the static energy and
the nllxing ratio of water substance within and near the
mixed layers: (a) with stratus clouds, and (b) without
stratus clouds. Po is the condensation level. (See subsection 3.2 for definition of the other symbols.)

the most important bulk properties of the PBL. With
this mixed-layer model, the thermodynamical aspect of
the PBL parameterization is reduced to a determination
of the bulk properties, op and f}M' and of the surface
eddy flux of f}, (Ff})s, from given conditions of the free
atmosphere and the underlying surface.
Based on the most recent observational and experimental evidence, Deardorff [23] presented a parameterization of the surface fluxes in terms of the bulk properties.
Here, we shall assume that the functional dependence
(3.J)

is already known, where f}s is the value of f} at the
underlying surface.
To determine the bulk properties, the conditions at the
PBL top must be considered. The PBL top is not a
material surface, and there exists an entrainment of mass
through the PBL top from the atmosphere above.
Unlike boundary layers in laboratory experiments, the
atmospheric PBL is always turbulent; and when a
turbulent body of fluid is in contact with a non-turbulent
region, the boundary between them remains sharp but
the non-turbulent fluid is entrained into and made part
of the turbulent fluid. If this effect operates alone, the
PBL deepens until the turbulence energy density near
the top becomes negligible.

Following Lilly [25], the inversion immediately above
the PBL top is modelled as a discontinuity in f}, given
by flf} = rPB+ - f}B, where the subscript B+ denotes a
level slightly above the PBL top. The eddy flux Ff}
exists at level B but not at level B+. The budget of f}
for the thin layer bounded by levels Band B+, together
~ith f}B : f}M, gives
E (f}B+ - f}M)

+ (Ff})B

= Sf},

(3.2)

where E is the rate of entrainment, (Ff}B) the eddy flux
of f} at the bottom of the thin layer (upward positive),
and Sf} the possible sink of f} within the thin layer.
For w, the sink is zero. For h, the sink may be taken
as zero when the PBL is cloud-free, but it will usually
be positive (cooling) when the PBL is cloud-topped, due
to a sharp divergence of radiative flux at the cloud top.
A prognostic equation has been used by Randall and
Arakawa [24] to determine flf}. Following Deardorff
et al. [26], however, we may now use an approximate
diagnostic version of that prognostic equation when the
time change of fl f} is small:

(OB)

1
-E op B+ = op [(Ff})s - (Ff}h].

(3.3)

The left-hand side comes from the time derivative of f}B+
and the right-hand side comes from the time derivative
of f}n (: f}M)'
Equations (3.1-3) relate f}M' (Ff})B' and (Ff})s to
E, op, f}B+, (of}ffjJph+, Sf}, and f}s. If op is known, f}B+
and (Of}/OP)B+ can be found by extrapolations from
above. The sink Sf} depends on whether stratiform
clouds exist, which can be determined by comparison
of op with the height of the condensation level. Then,
for known f}s, only E and op remain unknown.
3.3 Entrainment for an nnstable PBL
Entrainment is especially important for an unstable
PBL, as was pointed out by Ball [27] and subsequently
investigated by many authors [25, 26,. 28, 29 and 30].
When the surface buoyancy flux is upward, many
buoyant plumes rise from the surface layer, penetrate
the entire PBL, and slightly overshoot through the top.
The turbulent air then spreads laterally along the PBL
top, causing a strong entrainment.
The study of penetrative convection in the laboratory
by Deardorff et al. [26] suggests the relation
(FSV)B

=

-k(Fsv)s

(3.4)

for an unstable PBL ( (Fsv)s > 0»), where k : 0.1.
From a study of atmospheric data, taken in a region
of cumulus convection, Betts [31] concluded that k :
: 0.25. Recently, Deardorff (personal communication)
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has determined from numerical experiments that k :
:0.20.
Because the virtual static energy Sv is approximately
conserved under dry adiabatic processes, we may replace
rjJ in (3.3) by sv, if the PBL is cloud-free. Then, using
(3.4), we obtain
E

=

(1

+ k) (Fsvh

(3.5)

_ ((JSv) (Jp'
(Jp B+

which determines the entrainment rate in terms of the
surface buoyancy flux.
The process of entrainment for a PBL with a sub-layer
of stratiform clouds is less well understood. In this case,
the surface buoyancy flux is not necessarily driving the
turbulent thermal convection and, therefore, (3.5) cannot
be used. This type of PBL will be discussed in Section 4.
For the entrainment rate for a stable PBL, see Deardorff [23].
3.4 The governing equation for the PBL depth

From the mass continuity and the hydrostatic equation, we obtain

(~t)M op = op (-V. VM) + g (E-MB),

(3.6)

4
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when there is a PBL convergence (V· VM < 0). Otherwise, the PBL will be extremely deepened (see Section 7).
Further discussions on (3.6) and (3.7) will be given
in Sections 4 and 5.
4. BOUNDARY LAYER STRATIFORM CLOUDS
AND MESO-SCALE CELLULAR CONVECTION
4. I Stratiform clouds
When the PBL top becomes higher than the condensation level, C, the upper portion of the PBL is saturated
and contains liquid water. This cloud-topped PBL was
discussed by Lilly [25] and further elaborated by Randall
and Arakawa [24].
For a cloud-free PBL, Fs, Fq and, therefore, Fsv must
be approximately linear in pressure to maintain approximately uniform vertical distribution of s, q, and $v. For
a cloud~topped PBL, however, this will be true only
below level C. It is Fh and Fw that must be approximately
linear throughout the entire PBL.
From the saturation condition (h = h*) above level C,
we can derive the following approximate relations;

Fs =_1_
l+y Fh
I
y
Fq = L 1+ y Fh

I

forp <Pc,

(4.1)

where D/Dt is defined by (J/(Jt + V· V, V is the horizontal velocity, V the horizontal del operator, and M B where y = (L/cp) ((Jq*/(JT)p. On the other hand, we have
the vertical mass flux at the top of the PBL due to
Fs =Fh - LFW}
Fq=Fw
forp>pc.
(4.2)
cumulus clouds.
A relation similar to (but not identical to) (3.3) between
the eddy fluxes of horizontal momentum at levels B Fluxes Fh and Fw are continuous at level C but (4.1) and
and S has been derived by Deardorff [32]. This relation (4.2) show that Fs and Fq are generally discontinuous.
and (3.2) with rjJ = V may be used to determine VM Let C+ and C- be levels slightly above and below
and thereby the PBL divergence V· VM which appears level C, respectively. Equations (4.1) and (4.2) give
in (3 .6). It should be noted that this method relates VM
1
(Fs)a+-(Fs)c_ = 1 + A. [-y (Fs)c_ + L (Fq)c-]. (4.3)
to the V in the free atmosphere, which is usually changing
in time, and therefore, the Ekman-type balance is not
Typically,
assumed.
(4.4)
L (Fq)a- > y (Fs)c_ •
When applied to the sub-cumulus mixed layer, (3. 5)
and (3.6) prognostically determine op when V· VM, Then (Fs)c+ > (Fs)c_ and, correspondingly, (Fq)a+ <
(FrjJ)s and M B are known [33], or determine M B when < (Fq)c_. This discontinuity is due to a finite amount
V· VM, (FrjJh and op are known [31].
of latent heat release within the infinitesimally thin layer.
For a stationaryPBL with a uniform depth, there Because of this jump of Fs, the vertically integrated
buoyancy flux can be positive even when the surface
must be a balance
buoyancy flux is slightly negative and in this way the
(3.7) turbulence energy in the entire PBL can be maintained.
Because E is positive, a positive PBL divergence
Lilly considered two extreme cases . One is the maxiCV • VM > 0) is necessary to maintain the balance mum entrainment case, in which the dissipation is
when there are no cumuliform lclouds (MB = 0). But negligible so that the vertically integrated buoyancy flux
cumuliform clouds are necessary to maintain the balance is zero. The second is the minimum entrainment case
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in which the dissipation is highly effective so that the
vertically integrated buoyancy flux is positive but the
minimum buoyancy flux is zero. For a steady state with
no horizontal advection, the first case gives a negative
surface buoyancy flux and the second case gives zero
surface buoyancy flux.

-

ByprescribingLl~ (: ~B+
~M) instead of using (3.3),
Lilly found little quantitative difference between the two
extreme cases. However, the situation may be different
when Ll~ is not prescribed. Unfortunately, no established
observational evidence is available to guide a more
specific formulation of the entrainment rate for a cloudtopped PBL. Observations by Lenschow [34], over the
Great Lakes, show a well-mixed cloud-topped PBL,but
they are for rapidly changing situations with positive
surface buoyancy fluxes. Presumably, (Fsl))n is mainly
controlled by (Fsv)o+ when (4.3) holds and by (Fsv)s
when it does not, but more observational studies are
needed to determine the dependencies.

4. 2 Closed cells
The transition from a continuous .layer of stratiform
clouds to closed cells can be interpreted as a superposition of weak mesoscale cellular thermal convection
on a pre-existing layer of stratiform clouds. Then the
onset of the cellular thermal convection is due to an
increase in an effective bulk Rayleigh number. An
increase in sea surface temperature and a decrease in
subsidence (which causes an increase in depth) favour an
increase in the Rayleigh number. However, no quantitative theory is available.
Fortunately, this transition is not too important in
climate models. In the closed cells, the clouds are still
stratiform and the cloudiness is large, although not 100%.

4 .3 Shallow open cells and cloud bands
The transition from the closed cells to the shallow
open cells is far more important for climate models,
because the cloudiness and the PBL depth abruptly
change, as shown schematically in Figure 1.
There have been many speculations about the mechanism which controls this transition. In laboratory
experiments, a temperature-produced vertical variation
of the viscosity can determine the direction of the circulation in the steady state. In a gas, viscosity increases with
temperature, and therefore the viscosity decreases with
height when the gas is heated from below and descent
is observed in the centre of the cell. In a liquid, viscosity
decreases with temperature and therefore the viscosity
increases with height when the liquid is heated from
below and ascent is observed in the centre of the' cell.
Hubert [6] proposed, by analogy, that the vertical varia~

tion of the eddy viscosity is the controlling mechanism
for closed or open cells in the atmosphere.
However, a vertical variation of the eddy viscosity
cannot by itself fully explain the transition from closed
to open cells, because eddy viscosity is cloud-type
dependent. As pointed out by Lilly [25], the instability
of a stratiform cloud layer seems to be required for the
onset of the transition. When the overlaying unsaturated
air is entrained into a stratiform cloud, the entrained
air is cooled as cloud droplets evaporate into it. If the
magnitude of the virtual temperature inversion is not
sufficiently large, the entrained air will acquire a negative
buoyancy by this evaporative. cooling. The stratiform
cloud layer is then unstable and eventually is destroyed.
A reorganization of mesoscale convection into open cells
may then take place, possibly through the mechanism
proposed by Hubert [6].
Lilly assumed that the instability of the stratiform cloud
layer occurs when Llh (= hB + - hM) < O. (Randall and
.Arakawa have derived a somewhat more accurat~
criterion.) From (3.2) and (3.3) the criterion Llh < 0
is met when
(Fh)s

+ E (~;)B+ >

Sh,

(4.5)

where Sh is the sink of moist static energy in the thin
layer bounded by levels Band B+, produced by radiational cooling. Thus, for given E, ({)h/Jp)n+, and Sh, a
stronger upward total heat flux at the surface favours the
instability. For a steady cloud-topped PBL with a uni~
form depth, we have E = (op/g)V. VM • Above stratiform clouds, (Jh/Jp)B+ is normally negative. Therefore,
a smaller (positive) V· VM (that is, weaker subsidence)
also favours the instability.
When there is a large enough vertical shear of the
horizontal velocity, the reorganization is observed tq be
into cloud bands, rather than to open cells. With unstable
stratification, linear stability analyses for plane couette
flow (e.g. [35] and [36]), shear flows having various
profiles [37 and 38], and Ekman flow [39], provide some
background theories for the reorganization into bands.
It should be noted that Llh < 0 is not the criterion for
conditional instability. Cumuliform clouds in very
shallow open cells and cloud bands are not necessarily
driven by conditional instability, but may be produced
by the overshooting of subc10ud convective plumes
through the condensation level. The heat of condensation
within the clouds raises the level at which the overshooting terminates. The cooling which is produced by
evaporation of the cloud droplets at that level tends to
form an inversion layer, which appears as an extension
of the original inversion at the top of the stratiform
clouds (see Figure 1).

APPENDIX

The cloudiness is usually small for this cloud regime,
and perhaps can be neglected in climate models. The
precipitation is also very small. The' important role
played by this cloud regime is that the subsidence between
the clouds keeps the PBL top from rising above the
condensation level. As a result, when' necessary (3.6)
can be used to determine M B , but not to predict ~p.
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and the height of vanishing buoyancy. This determination of the sub-ensemble properties is shown, in Figure 6,
as the "static control" of a cumulus ensemble by the
large-scale environment.
L.S.
STATIC
STRUCTURE

t

5. 1 A review 'of the Arakawa.;Schubert theory
The large-scale environment is divided into the subcloud mixed layer and the region above. In the subcloud
mixed layer, cumulus convection does not act directly
on the temperature and moisture fields, but directly
affects the depth of the mixed layer through M B in (3. 6).
In the environment above the mixed layer, the cumulus
convection affects the temperature and moisture fields
through cumulus induced subsidence and the detrainment
of saturated air containing liquid water, which evaporates
in the environment. Under these conditions, the problem
of parameterizing the cumulus convection reduces to the
determination of the vertical distributions of the vertical
mass flux by the ensemble, of the detrainment of mass
from the ensemble, and of the thermodynamical properties of the detraining air.
To determine the vertical distributions, the cumulus
ensemble is spectrally divided into sub-ensembles according to cloud type characterized by the fractional entrainment rate A. Then the budget equations for mass, moist
static energy and total water content can readily be
obtained for each sub-ensemble. For a given thermodynamical vertical structure of the environment, the
solution of these budget equations determines for each
sub-ensemble the vertical mass flux, normalized at the
top of the mixed layer, the thermodynamical properties,

~

t

T

STATIC
CONTROL
CUMULUS FEEDBACK

5. DEEP CUMULIFORM CLOUDS
Deep cumuliform clouds are important in all of the
coupling mechanisms listed in Section 1. In particular,
very deep clouds, the so-called "hot towers", are important for the heat budget of the tropical atmosphere, as
shown by Riehland Malkus [40].
Unlike the very shallow cumuliform clouds, which are
the result of overshooting of subcloud convective plumes,
the deeper· cumulus clouds are driven by the buoyancy
force produced by the release of latent heat within the
clouds and, therefore, they require a layer of conditional
instability above the mixed layer.
Arakawa and Schubert [33] deVeloped a theory of the
interactions of a cumulus cloud ensemble with the largescale environment, which can be used to interpret earlier
parameterization schemes.

L.S.
DYNAMICAL
PROCESSES
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SUB-ENSEMBLE
PROPERTIES

I DYNAMICAL
CONTROL

L.S.
FORCING

t
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MASS FLUX
DISTRIBUTION
FUNCTION

QUASIEQUILIBRIUM

!

•

1

I<ERNEL

TOTAL
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Figure 6 Flow chart of the static and dynamic controls of a
cumulus cloud ensemble by the large-scale environment.

However, the way in which the vertical mass flux at
the top of the mixed layer is distributed into the subensemble remains unknown. Let the sub-ensemble
vertical mass flux at the top of the mixed layer be mB(A) dA
(see Figure 7). To find the mass flux distribution function, mB (A), the "dynamical control" of a cumulus
ensemble by the large-scale processes must be considered
(see Figure 6). These large-scale processes are the horizontal and vertical advections by the large-scale motion,
surface heat fluxes, and radiational heating.

sub-ensemble
(A,A+dA)

P
m(p,A)dA

Pc'
Ps

c::>

---------5J

fr

m s (A )dA

_

mixed layer

o ////7/////////7////////////////////7/
Figure 7 Schematic diagram showing the sub-ensemble of type
clouds and the subcloud mixed layer.
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To formulate the dynamical control explicitly, a bulk
measure of the buoyancy force is needed for each subensemble. Arakawa and Schubert defined a cloud work
function A (A) , which is the rate of the sub-ensemble
kinetic energy generation by the buoyancy force per
unit mB(A) dA. Because the buoyancy force and the
normalized vertical mass flux for each sub-ensemble are
determined by the static control, the cloud work function
for each sub-ensemble is also determined by the static
control. The cloud work function is an integral measure
of generalized conditional instability, which depends on
cloud type because the lateral entrainment depends on
cloud type.
For a cumulus ensemble to be maintained over the
dissipative time scale, a generation of kinetic energy by
the buoyancy force is needed to overcome the dissipation.
This means that A(A) must be positive (but can be only
slightly positive), at least for a certain range of A.
As long as the cumulus ensemble is maintained, it
continuously modifies the thermodynamical vertical
structure of the environment. This modification of the
environment by the cumulus ensemble is shown as the
"feedback" in Figure 6. If there are no counteracting
large-scale processes, the cloud work function changes
in time due to the feedback. Because all sub-ensembles
participate in the feedback, and because the feedback
depends linearly on the mass flux distribution function,
the time change of the cloud work function, due to the
cumulus ensemble alone, can be written in the form

f

..tmax

(dAd~A))c =

K (A, A') mB (A') dA'.

(5.1)

o

Here, the kernel K (A, A') means the rate of increase of
the cloud work function for type A clouds through the
modification of the environment by type A' clouds, per
unit mB (A') dA'. The kernel is entirely determined by
the thermodynamical vertical structure of the environment (see Figure 6).
Typically K (A, A') is negative. This means that the
feedback is negative and, therefore, the modification of
the environment by the cumulus ensemble produces a
decrease in the cloud work function (stabilization), and
therefore an adjustment of the environment toward a
neutral state. The time scale for this adjustment is
called the adjustment time scale, 't'adj. Arakawa and
Schubert have estimated that 't'adj is typically 103 to
104 sec.
To
ment
work
esses

maintain the cumulus ensemble beyond the adjusttime scale, a counteracting increase of the cloud
function (destabilization) by the large-scale procis needed. The time change of the cloud work

function, due to the large-scale processes alone, is called
the large-scale forcing F (A). The total time change of
the cloud work function is then given by
dA(A) = (dA(A») +F(A)
dt
dt c

(5.2)

Let tLS be the time scale of the large-scale forcing.
Arakawa and Schubert showed that, when 't'adj/'t'LS « 1,
the adjustment is so efficient that A CA) remains practically
zero (quasi-neutral states) as long as type A clouds exist.
Then we have
[ d~;A)

J « [(dAd;A) )J '

(5.3)

which means A (A) is in a quasi-equilibrium when
«1. A sequence of different quasi-neutral states
is then a sequence of quasi-equilibria. In such a sequence,
time changes of the temperature and moisture fields are
not completely independent, and therefore the mass flux
distribution function mB (A) cannot be arbitrary. Using
(5.3) and (5.1) in (5.2),

't'adj/'t'LS

f

Amax

KCA, A') mn (A') dA'

+ F(A) =

0

(5.4)

o

is obtained as an approximate equation which governs
the mass flux distribution function mB CA).
The integral equation (5.4) must hold for each cloud
type which exists, i.e., it must hold for each cloud type
for which mB CA) > O. Even when A (A) and F CA) are
positive (but only slightly positive), cloud type A may
still not exist because the net increase of A (A) by the
large-scale forcing plus the forcing due to other cloud
types through the kernel K (A, A'), for A' i= A, may be
negative. Because a cloud type A cannot increase its
own A (A), we have dA CA)/dt < 0 in that situation and,
therefore, mB (A) = 0 can be assumed. For actual forms
of the kernel K (A, A') and the large-scale forcing F (A),
see Arakawa and Schubert [33].
5 .2 Comparisons of the theory with earlier parameterization schemes and observations

As far as the formulation of the static control is concerned, this theory is not very different from that of
Ooyama [42]. What makes the theory unique is that
it also includes the dynamical control, in which the
adjustment toward a quasi-neutral state is crucial. It
is important to note that, in the first approximation, the
actual value of the adjustment time does not matter in
describing the quasi-equilibrium, because the adjustment
is practically instantaneous (Arakawa [43]). An instantaneous adjustment is also used in the moist convective
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adjustment scheme of Manabe et al. [44]. In their
mb
150
scheme, however, the large-scale forcing is implicit.
200
With an explicit form of the large-scale forcing, on the
250
other hand, the Arakawa-Schubert theory provides a
parameterization scheme which can be viewed as a
300
generalization of earlier schemes by Charney and Elias350
sen [45], Ooyama [46 and 47], and Kuo [48], in which
400
large-scale forcing is explicit but the adjustment is
450
implicit. In their schemes, the large-scale forcing was
500
expressed in terms of either large-scale frictional con- . p 550
vergence in the PBL or large-scale moisture convergence
600
in the entire vertical column. These effects can be
650
identified in the large-scale forcing F (A) of the Arakawa700
Schubert theory, which has a more general form. In
750
addition to the predominant effects of the large-scale
800
vertical velocity, F (A) includes the effects of large-scale
850
horizontal advection, surface sensible and latent heat
fluxes and radiational heating (or cooling).
900
950
For a stationary subcloud mixed layer with a uniform
0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 l[)
.0 0
l[)
l[)
depth, we have the balance (3.7). Use of (3.5) in (3.7)
0 l[)
0 l[) 0 l[) 0 l[) 0 l[)
0 l[) 0
co co t-- I'- 1.0 1.0
E~ m
l[) o;;t
o;;t l0 l0 C\J @
for a known M B when the top of the
determines
Po
mixed layer is lower than the condensation level. EquaFigure 8 Distribution of the correlation coefficients between time
tion (3.7) shows that the cumulus ensemble vertical mass
series of the large-scale vertical mass flux M (p) and the
diagnostically determined cumulus mass flux at cloud
flux, at the top of the mixed layer, always exceeds the
base MB(PD) , over the Marshall Islands area. The
vertical mass flux due to the large-scale horizontal mass
ordinate, p, denotes the level of the large-scale vertical
convergence in the mixed layer, because the entrainment
mass flux; and the abscissa PD denotes the pressure at
the detrainment level, which characterizes the cloud type.
rate E is always positive. This contradicts the idea which
(From Yanai et al. [51.)
guided the theories of the conditional instability of the
second kind (CISK) (e.g. [46]), but qualitatively agrees
with the recent findings from diagnostic cumulus ensemble
models [49, 50 and 51]. In tropical cyclones, the strong tional to the low-level convergence. For axi~symmetric
horizontal mass convergence in the mixed layer by tropical cyclones that assumption may be made, provided
itself may almost balance M B ; but in the weaker tropical that the proportionality coefficient 11 is properly chosen,
wave disturbances, the entrainment effect cannot be because there the M at higher and lower levels are highly
correlated. However, there is no reason to assume that
neglected in the balance (3. 7).
the proportionality constant, 17, which depends on the
In the Arakawa-Schubert theory, the mass flux disvertical structure of M, is independent of the horizontal
tribution function, determined by the large-scale forcing,
scale. A scale-dependent 11 is responsible for the shortdepends on the large-scale vertical velocity at all levels.
wave cutoff of CISK found by Arakawa and Chao [53].
This dependence comes mainly from the destabilizing
effect due to the adiabatic cooling by the large-scale
The Arakawa-Schubert theory is the only existing
upward motion. Yanai et al. [52] calculated the correla- theory which predicts the spectral distribution of the
tion coefficients between time series of the large-scale cumulus ensemble vertical mass flux. An application of
vertical mass flux M (p) and the diagnostically determined the theory in an observed situation was made by Schubert
cumulus ensemble mass flux at cloud base M B (PD) over [41] using 100 days of data from the Marshall Islands
the Marshall Islands area. Here PD is the pressure at supplied by Professor M. Yanai and Mr. J.-H. Chu of
detrainment level, which characterizes cloud type. UCLA. Figure 9a shows two triangular regions for
Figure 8 shows the correlation coefficients for various which the computations were made, together with the
combinations of P (the ordinate) and PD (the abscissa). distributions of the WO-day mean observed rainfall.
We see from the figure that the deeper clouds (the right Figures 9b and 9c show the lOO-day mean mass flux
of figure) are more highly correlated with the large-scale distribution function for each region. They show that
vertical mass fluxesat higher levels than those at lower shallower clouds dominate in region 1 and deeper clouds
levels; and in this example, at least, we may not appro- dominate in region 2, which is consistent with the rainfall
priately assume that the cumulus cloud heating is propor- distribution.
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Figure 9a Two triangular regions for which the computations of
the mass flux distribution functions in Figures 9b and 9c
were made, using 100 days of data from the Marshall
Islands. The solid lines show the distribution of the
lOO-day mean observed rainfall, for that period, in
mm/day.

The results of the diagnostic computations [49, 50]
show tendencies toward bi-modal spectral distributions;
and the same tendencies are predicted by the theory (see
Figures 9b and 9c). The dominance of shallow clouds
in Figure 9b is at least partly due to the prevailing
middle-level subsidence, which tends to suppress deeper
clouds. Cooling, due to the evaporation of liquid water
near the top of these shallow clouds, maintains the
tradewind inversion.
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Figure 9c Computed mass flux. distribution function for the
triangular region 2 of Figure 9a. (From Schubert [41].)

5.3 Parameterization of inactive clouds associated with
a cumulus ensemble
Major contributions of a cumulus ensemble to the
large-scaJe cloudiness are through associated, convectively
inactive clouds which spread horizontally from: the top
of the cumulus clouds. Such inactive clouds include
cirrus shields near the tropopause and altostratus (or
altocumulus) clouds near the tradewind inversion. From
a known mass flux distribution, we can calculate the
detrainment rate of liquid water (or ice) from the clouds
as a function of height. There is a hope, then, that we
can parameterize the cloudiness of such inactive ylouds,
if their decay rate is known.
6. DIURNAL CYCLE OF CLOUDS

REGION 1

100

REGION 2

700

800 900 1000

SHALLOWER

Computed mass flux distribution function for the
triangular region 1 of Figure 9a. (From Schubert [41].)

Where the atmosphere over the land is relatively undisturbed, the PBL and clouds undergo a diurnal cycle.
The popcorn cumuli over tropical South America are a
striking example [12].
Figure lOa, based on Carson [29] and others, schematically illustrates a diurnal cycle of a cloud-free PBL.
During the night, a shallow PBL is usually observed to
grow [54]. The growth is slow because the surface
buoyancy flux (Fsv)s over the cool ground is negative.
At sunrise, as (Fsv)s becomes positive in response to the
warming of the ground, anew, very Shallow :PBL is
observed to form within the nocturnal PBL. As discussed in Section 3, this new PBL will tend to deepen by
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entrainment. By late afternoon, cumulus convection may
develop, which inhibits further deepening of the PBL.
Around sunset, the ground becomes virtually cooler
than the air, so that (Fsv)s becomes negative. Again,
a new, shallow PBL forms, within the decaying PBL.
This shallow PBL grows slowly through the night to
close the cycle. In the figure, B is the rate of conversion
of buoyant potential energy into turbulent kinetic energy.
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Figure lOb

Diurnal cycle of a cloud-topped planetary layer.
(See text for explanation.)

7. FRONTAL CLOUD SYSTEMS
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Figure lOa Diurnal cycle ofa cloud-free planetary boundary layer.
(See text for explanation.)

Figure lOb schematically illustrates a possible diurnal
in which a nocturnal cloud-topped PBL exists
with positive B, although (Fsv>S is negative. The stratus
layer evaporates late in the morning, and a cloud-free,
unstable PBL with positive (Fsv>S grows through the
afternoon. Around sunset, (Fsv)s becomes negative as
the ground cools. But a new stratus layer forms during
the night, at which time B becomes positive again,
although (Fsvh remains negative.
In climate models which do not follow diurnal cycles,
these diurnal changes should be parameterized. Otherwise, the low-level cloudiness of both types may be
considerably underestimated.
~ycle,

The simplest way to treat non-convective clouds in
general circulation models is to assume that they uniformly occupy an entire grid box. This is obviously an
oversimplification.
Nimbostratus clouds, which usually appear in middle
and high latitudes, are almost always associated with
fronts. They can be considered as precipitating planetary
boundary layer clouds, when the PBL has been extremely
deepened by low-level frontal convergence. But as the
cloud layer extends up the sloping frontal surface, a
separation from the PBL takes place and the cloud
layer becomes first a layer of altostratus (or altocumulus)
clouds and then a layer of cirrostratus (or cirrocumulus)
clouds.
The frontal circulations are responsible for such
stratiform clouds and for forcing cumuliform clouds at
cold fr6nts. But at best they are only marginally resolvable by the ordinary grid sizes of general circulation
models. It is desirable, therefore, to parameterize the
frontal circulations and their cloud systems in terms of
the larger scaIedynamical-hydrological quantities.
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However, a purely rational approach may not be
practical, and so far has not even been attempted,
because of the very complicated three-dimensional structures of frontal cloud systems. But possibly a combination of frontogenesis theories, suitable cloud models,
and perhaps empirical relations of observed cloud patterns to the large-scale kinematical and thermodynamical
fields will produce a satisfactory parameterization scheme.
8. CffiRUS CLOUDS
Ludlum [55] interpreted cirrus uncinus clouds as
groups of ice crystals precipitating from the level of
water-saturation, at which water "mother"-clouds usually
exist. The ice crystals grow while falling through the
layer of ice-supersaturation, and then decay by evaporation below that layer. Yagi [56] pointed out that the
layer which contains the mother-clouds is turbulent and
has a nearly dry-adiabatic lapse rate, and that this
turbulent layer is thin for cirrus uncinus clouds, but
thick for cirrus spissatus and cirrus fiblatus clouds.
With the ordinary vertical resolution of general circulation models, these high-level mixed layers will be subgrid scale in thickness and, therefore, will need to be
parameterized.
9.. CONCLUSION AND RECOMMENDATIONS
Because of the variety of cloud regimes and the complexity of the controlling mechanisms, the modelling of
time-dependent clouds is perhaps the weakest aspect of
the existing general circulation models and may be the
most difficult task in constructing any reliable climate
model. A considerable effort should be made to improve
the cloud parameterizations in general circulation models
(Step I), so that these models can guide and calibrate
the cloud modelling in statistical-dynamical models.
The recent progress in parameterizing cumulus and
stratus clouds is very encouraging. Simplified versions
of these parameterization schemes, perhaps by linearization except for the rectifying effects which prohibit
negative clouds, may provide a basis for cloud parameterization in statistical-dynamical models (Step 11).
The difficulty in carrying out Step 11 will depend on
how the statistical-dynamical model is structured. Because many cloud types strongly interact with the underlying surface, which is not zonally homogeneous, a
realistic cloud parameterization for zonal-mean models
will be extremely difficult. From the point of view of
modelling clouds, and also of modelling the atmosphereocean and the atmosphere-ground interactions, it is
desirable to have models which maintain the same threedimensional structure as existing general circulation

models, perhaps with a somewhat coarser resolution, and
which therefore treat the large-scale inhomogeneity of
the underlying surface in relation to the quasi-stationary
atmospheric disturbances explicitly, while the transient
disturbances are parameterized. If a time step. of the
order of 5 to 10 days can be used in such models, the
gain factor in computation time, compared to the existing
general circulation models, would be very large.
Obviously, any cloud modelling must be verified and
tuned. It is therefore necessary to establish a global
climatology of the geographical and seasonal distributions of the clouds, in which the high, middle, and low
clouds are treated separately, and, if possible, by cloud
type. The climatology of total cloudiness, which is all
that is presently available, is of very little help in modelling clouds and cloud processes.
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APPENDIX 5
PROPERTIES OF LAND SURFACES AND THEIR INFLUENCE ON ATMOSPHERIC PROCESSES
by Erik Eriksson
University of Uppsala, Sweden
1. INTRODUCTION

at the scale normally used. The same problem is, of
course, faced in the case of heat and matter fluxes.
The interaction between the atmosphere and land
Since fluxes of sensible 'and latent heat are part of the
surfaces are, broadly speaking, related to three kinds of
energy
exchange, those surface properties which influence
processes:
radiation must also be taken into account. Again, a
1. Flux of horizontal momentum.
proper areal distribution of these must be set up for
2. Flux of energy.
modelling work.
3. Flux of matter.
For water and energy exchange a certain storage occurs
The momentum flux which provides the necessary in the ground. For sensible heat, considering only the
brake on atmospheric motion is also fundamental for the seasonal variation, the storage process can be readily
second and third fluxes providing the proper mechanism formulated provided the material in the ground is known
as well as the surface properties governing absorption and
for these.
emission of radiation. For water the matter is somewhat
The second and third kinds of fluxes are strongly
more complicated. The relation between the driving force
interrelated in the case of water vapour flux and can
for evaporation and soil water storage is complex although
hardly be treated separately. There are, of course,
reasonable simplifications can be introduced. A great
substances other than water that are exchanged with the
deal of parameterization must, however, be resorted to
atmosphere, e.g. dust and various gases, but these fluxes
and some experience from such work already exists.
are small compared to water vapour flux. For this reason
Flux of dust into the atmosphere occurs over large
their influence on the energy exchange can be completely
areas of the continents on occasions with high winds or
ignored.
strong instability (dust devils). This dust is of some
Since the nature and phenomena of turbulent exchange
importance also for the atmospheric radiation budget,
is reasonably well understood and has been extensively
hence should be taken into account if possible. Our
studied in the past there is no need to review this subject
knowledge about the prerequisite for dust storms is not
further. In its simplest form the momentum flux is set
very satisfactory and surface properties are certainly
by one parameter only: the surface roughness length,
dominant factors.
commonly denoted by zoo The turbulent exchange rate
It is, thUS, quite clear that the geographical distribution
can be expressed in various ways. A convenient way is
to express -it in the form of a drag coefficient which of surface properties of various kinds must be taken into
depends only on the chosen elevation over the surface account and brought into atmospheric motion models in
and the surface roughness. This, together with wind suitable ways either as physical coefficients or as paravelocity, is then used for expressing the flux ofvarious meters. In the following, relevant properties and their
properties, thus not only horizontal momentum but also probable relation to geographical features, in particular
vegetation cover, will be discussed.
heat and matter.
In a model of atmospheric motion and associated
processes the critical part of the interaction with land
2. SURFACE ROUGHNESS
surfaces will be the areal distribution of roughness
Most experimental work on turbulence has been
elements, saY,.in the form of an effective value of zoo
The range of Zo may be from a tenth of a millimeter to conducted over grasslands and snow surfaces. In recent
about a meter depending on the nature of the surface, years, mainly in connexion with the International
There seems to be a lack of empirical data on the rough- Hydrological Decade (IHD) , some measurements from
ness, particularly over forested regions. There is also an towers over temperate forests have been made. In terms
associated problem: how to represent properly the of the aerodynamic roughness length, zo, this seems to be
roughness of a composite area at a grid point in the model of the order I mm or less over snow surfaces, about 1 cm
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over grasslands and 50-lOO cm over spruce and pine
forests. The application ·of the simple turbulence theory
is sometimes questionable but the results definitely show
that surface roughness is strongly dependent on the
surface.

Averaging ofalbedo over a large area could, in principle,
be made quite straightforward if the necessary information
exists on the distribution of various plant communities
within the area.

Even if some typical values of Zo for different vegetation
covers could be recommended there is still another
problem to be solved. In a general circulation model each
grid point may represent an area of large size: 250 by
250 km or more. On land such an area is normally a
composite of various surface forms: grasslands, bogs,
forests, alpine meadows, croplands, built-up areas and,
sometimes, snow. The problem is how to average these
varying roughness elements into a representative value
for the area as a whole. Looking at the simple relation
between the drag coefficient and the roughness parameter,
zo, it seems likely that the geometric means of Zo over an
area would meet the necessary requirements. However,
this would need some testing.

4. HEAT STORAGE CAPACITY

There are also larger scale features over land surfaces
to which it may be necessary to pay attention. The
topography of an area can, in principle, be described by
a spectrum distribution for a given direction. Suc4
distribution would, of course, contain the entire information about topography although not necef!sarily in a form
cif immediate usefulness. To obtain the information
would, in principle, be simple whenever aerial surveys
have been made. Some suitable classification of topographic elements, together with distribution functions,
could probably also be employed.
3. SURFACE REFLECTIVITY
In the energy budget of land surfaces the reflective
property of the surface is an important item. This is
usually expressed by the albedo, i.e. the fraction of
incoming short wave radiation which is reflected. The
albedo can be looked upon as a seasonally varying parameter although it also depends on the angle of incident
light. A great deal of empirical data exists for different
vegetation covers but less for the seasonal variation in
albedo for these covers. It seems that the lowest land
albedos are obtained over forest stands and in evergreen
forests there is perhaps not much seasonal change.
There may be occasional changes in an evergreen forest
after a snowfall but strong winds and radiation will in
general clear a forest stand from snow. Hence, the
variation of albedo from a forest is to some extent
predictable with time.
Grasslands may change albedo considerably during
the growing season and the same is true for bogs and
marshes.

The heat storage in the ground is a well understood
phenomena, for both the diurnal and the annual variation.
It depends primarily on two parameters, thermal conductivity and specific heat of the material. Both vary with
moisture content in a fairly predictable way. It seems
possible to take seasonal heat storage in soils into account
in models in a simple and adequate way. For a grid point,
area assessment of the average of the two parameters has
to be made as well as their relation to the moisture
content of soils within the area.
Vegetation seems to be of some importance for the
diurnal heat storage which may influence the seasonal
heat storage in soils. There are measurements which
indicate that forest stands store an appreciable amount of
heat during the day. This means that the amplitude of
temperature at the ground surface becomes less than in
open areas.
Snow cover on ground has in general low thermal
conductivity and thus prevents too excessive cooling and
frost formation in the ground. Under some cOnditions
the occurrence of a snow cover may lead to thawing of
the ground by heat stored at greater depth. In principle
these processes can be dealt with physically. However
in order to account for varying vegetation covers it seems
necessary to classify these and keep ac~ount of each group.
5. WATER STORAGE CAPACITY
Evaporation as latent heat is in general a major part
of the flux of energy from a surface. The evaporation
power of the atmosphere can certainly be modelled
adequately but the actual evaporation will also depend
on the available soil storage. Also here some valuable
experience is -available as a result of IHD-activities and
will be of helpful guidance. In principle there should not
be any greater difficulty when dealing with uniform areas.
The soil water storage, i.e. the part available for
evaporation, depends to a very large extent on the
vegetation itself, that is, on the depth to which roots
penetrate. In hydrology the soil water storage is identified
with the vertical extent of the so-called root zone. This
is then described by a parameter which can be called soil
water holding capacity, implicitly referring to the water
available for evaporation or, as it is more properly called,
evapotranspiration, since most of the water evaporated
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passes through plants. Exceptions to this are found in
desert areas. Once the soil water holding capacity is
defined the actual evaporation is rather simply related
to the actual soil water content by one or two parameters.
Thus, the whole system is described adequately for
modelling purposes by two or three parameters of which
at least the choice of soil water holding capacity is based
on the type of vegetation and type of soil. The actual soil
water storage is then accounted for by precipitation and
evapotranspiration. If soil water holding capacity is
exceeded, the excess is transformed into run-off routed
through one or two other reservoirs as need be, adding
one or two more parameters to the system.
A uniform area would thus not offer any serious
problems in modelling. For a heterogeneous area things
are not as simple. A broad classification of soil and
vegetation types and their areal extent must be made and
a set of parameters be assigned to each group. For each
group an account of the water budget must be kept.
Since the evaporative power also will depend on the
vegetation type through its roughness this must be taken
into account. And evaporative power will, in addition,
depend on heat storage.
6. RUN-OFF

A considerable amount of work during the IHD has
been devoted to run-off models of catchments, but the

experience from this in so far as storage of water to form
run-off is concerned, has not been systematically evaluated
as yet. One needs, for this storage, at least a couple of
reservoirs with simple response, the parameters of which
depend on the distribution of slopes, on drainage pattern
and on rock type. One of the reservoirs would have a
response time of a few days, the other - deeper ground
water - of perhaps weeks or months. Integration of
excess precipitation (i.e. excess over evapotranspiration)
over a year would eliminate the need of one of the
reservoirs but hardly of the deep ground water storage.
For a grid point area the run-off would have to be
apportioned according to drainage patterns. In addition,
each run-off area would need classification of soil and
vegetation type of the same kind as discussed earlier.

7. FINAL REMARKS
The account given may seem optimistic as to the
possibilities of taking into account the various exchange
processes between the atmosphere and the land surfaces.
However, it is quite obvious that any noticeable success
in this respect requires an extensive collaboration of
geographers, soil scientists, hydrologists, botanists and
geologists; in short the whole school of earth science is
involved. It would be a remarkable achievement if such
an objective could be accomplished.

APPENDIX 6
THE ROLE OF THE OCEANS IN CLIMATIC MODELS

by A. S. Monin, P. P. Shirshov Institute of Oceanology,
U.S.S.R. Academy of Sciences, Moscow, U.S.S.R.
standard values of the so-called heat exchange and
evaporation coefficients are of a very preliminary character.
Climate can be described as the statistical behaviour of The latter should depend on local wind velocities and
the atmosphere-ocean-land system for time periods of Richardson numbers, yet these dependencies have been
several decades (the terms "regime" or "ensemble" can be measured insufficiently, particularly under high winds
used instead of the word "behaviour"). In this case some when ASI is most intensive. The available theoretical
characteristics of the ocean, as for instance the surface estimates of these dependencies will possibly require
temperature field Tw (and also some characteristics of the improvement for cases with high humidity of the air
land surface, e.g., the area of continental glaciations) (i.e., first of all, for the tropics where ASI is most
should be considered as climate elements.
intensive) when radiative and turbulent heat fluxes change
The ocean (at least the T w field) proves to be a necessary rapidly with height.
element of any climatic model. Moreover, the ocean is
In ASI climatology until recently, the earth's net
conceived to be the most important element of climatic albedo was noticeably overestimated; correspondingly,
models. In fact, in the atmosphere-ocean-land system the quantity of solar heat absorbed by the earth and
the atmosphere itself plays the part of a small-inertia link, hence ASI intensity was underestimated. Evaporation
the statistical behaviour of which adapts rapidly to the and precipitation above the oceans were probably
state of the other inertia links - the ocean and the land. underestimated by 20-30% (see discussion ofthis question
Of the latter two, the ocean is believed to be more in the paper by Agafonova and Monin (1)).
important both because its area is twice as large and
On the whole, it should be admitted that the climatology
because of its much higher heat capacity.
of the small-scale ASI processes is extremely important
Thermal inhomogeneities of the earth's surface created for understanding climate genesis and climate oscillations.
by the distribution of continents and oceans play no lesser These processes have been studied inadequately.
part in climate formation than the latitudinal zonality,
because the earth has only a moderate rotation rate
3. LARGE-SCALE ASI PROCESSES
o (~R f':::j lA, where R is the earth's radius, c is the
The exchanges of momentum, heat, moisture and
velocity of sound in the atmosphere; at large OR/c, carbon dioxide result in the formation in both the ocean
latitudinal zonality prevails; at small values of the ratio, and the atmosphere of a number of specific large-scale
the difference between the day-time and the night-time processes.
sides of the planet dominates).
The ocean, due to its great mechanical and thermal
It is believed that the distribution of land and sea in the· inertia, is capable of integrating short-period atmospheric
polar and the tropical regions was (together with the influences; as a result of this, first, average stratification
geochemical structure of the atmosphere) the major and circulation of the ocean are formed and, second,
factor determining the climate of the earth during its slow (compared to atmospheric) changes of the ocean's
surface occur.
geological history.
More than once oceanologists have compiled quasiclimatic
maps of wind stress at the ocean surface as a
2. SMALL-SCALE AIR-SEA INTERACTIONS (AS!)
source of oceanic circulation of wind origin. Agafonova
From the point of view of internal physical processes and Monin (1) have constructed a quasi-climatic map of
in the atmosphere-ocean-land system, ASI is an exchange buoyancy flux (divided by g) at the ocean surface
of momentum, heat and thermo-dynamically active (generated by precipitation and evaporation, the coradmixtures (mainly water and carbon dioxide) through responding desalination and salinization of the water, its
the free surface of the ocean.
compression under cooling and decompression under
The available semi-climatic estimates of turbulent heat heating) as a driving term for the thermohaline circulation
and moisture fluxes based on the use of the constant of the ocean (Figure 1).
1. THE OCEANS AND CLIMATE
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Figure. I

Isolines of the annual buoYancy flux
(divided by g) (in grams per cm' per
year) at ·the surface of the World
Ocean - the atmosphere forcing function for thermohaline circulation.
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Note also the problem raised only recently of the
It might be well to point out further the studies by
excitation (evidently non-resonance) of the oceanic Bjerknes (4) on a quasi-two-year cycle of "El Nino"
Rossby waves and of their contribution to horizontal heat warmings of the east-equatorial Pacific accompanied by
fluxes in the ocean.
an intensification of circulation in the North Pacific and
The atmosphere receives from the ocean the major part its attenuation in the North Atlantic. Note that periods
of its heat and moisture and gives up to the ocean a not of from 2 to 5 years prevail in the spectra of several
inconsiderable part of its carbon dioxide. Next, the geophysical parameters constructed by Vulis and Monin
atmosphere is exposed to the smoothing effect of the (5, 6). Some of the periods may be related to periods of
ocean due to which, for instance, the diurnal and annual gigantic anticyclonic oceanic gyres.
temperature oscillations above the oceans prove to be
far smaller than those above the land (Figure 2). Furthermore, owing to a number of feedback mechanisms in the
The role of ASI in climate oscillations can be deatmosphere-ocean-Iand system, auto-oscillations can· de- monstrated by the climatic warming of the 20th century
velop to create both long-period (seasonal and year-to- during which, according to Mitchell (7), the warming
year) anomalies of weather and, possibly, climate embraced mostly the oceans, especially the Arctic Ocean;
oscillations.
on the continents, on the contrary, mainly slight cooling
According to the computations of Gavrilin and was recorded. A still more vivid example is given by the
Monin (2) (see also section 17 in (3», negative feedback "Little Ice Age" ofthe 17th - 19th centuries during which,
between T w and cloudiness above the ocean can create according to Bjerknes (8), the positive feedback between
ASI auto-oscillations with periods of the order of months. ASI attenuation in the tropical Atlantic and the atmoPerhaps of the same origin is the negative anomaly of Tw spheric circulation attenuation in the temperate latitudes
of the order of 1.2-2.0°C in the North-east Atlantic in resulted in a growing cooling of the North Atlantic (and
June 1972, studied during the Soviet TROPEX-72 this process was evidently checked by only the negative
(Figure 3 and Table 1), when a long drought was recorded feedback with a meridional heat transport by ocean
currents).
in the European part of the U.S.S.R.

Figure 2 IsoIines of the amplitude of seasonal variations of air temperature.
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Figure 3 The sea surface temperature
anomaly in the North
Atlantic in June, 1972.

WATER TEMPERATURE ANOMALIES IN JUNE 1972

MAY
Weather
Ships
Measurement

A
B

C
D
E
I

J
K
M

3.0
6.3
15.4
19.7
9.8
10.2
12.7
7.7

I

Mean

4.5
8.3
14.6
19.3
9.4
11.4
14.0
7.5

JUNE

I

Anomaly

-

-1.5
-2.0
0.8
0.4
0.4
-1.2
-1.3
0.2

Measurement

-

4.0
7.5
18.0
23.4
10.4
10.6
14.3
8.9

Mean values were calculated for the observational period 1948-1967.

I

Mean

-

5.6
9.1
16.2
22.0
11.0
12.7
16.0
9.1

JULY

I

I

Anomaly

Measurement

-

8.2
6.0
9.5
11.6
24.8
10.8
12.0

9.7
7.7
11.1
9.6
24.8
12.2
13.3

11.5

10.7

-1.6
-1.6
1.8
1.4
-0.6
-2.1
-1.7
-0.2

-

Mean

-

I

Anomaly

-1.5
-1.7
-1.6
2.0
0.0
-1.4
-1.3

0.8
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4. PARAMETERIZATION OF ASI
For modelling the atmospheric processes, as a first
approximation, it is sufficient to know only one parameter of the ocean, T w (in problems of carbon dioxide
exchange it is necessary to know also the CO 2 concentration in the surface waters). In fact, the Tw field, along
with the parameters of the atmosphere itself (air temperature, humidity and wind velocity), determine heat flux
and evaporation at the ocean surface, as well as the
resistance coefficient of this surface.
On the contrary, for modelling the oceanic processes it
is necessary to know rather a large number of atmospheric
parameters, namely, momentum, heat and moisture (and
carbon dioxide) fluxes at the ocean surface or the
atmospheric parameters determining these fluxes (including, for instance, cloudiness, influencing direct solar
radiation and generating precipitation).

5. ASI MODELLING
Of the time dependent models, mention should first of
all be made of the models of seasonal variability of the
Indian Ocean constructed by Cox (9) and those for the
entire World Ocean by Kagan et al. (10) in which
atmospheric effects are taken into consideration.
We should also point out the first real ASI model of
Manabe and Bryan (11) and its use for the numerical
experiment on the seasonal variability of the atmosphere
and the ocean by Wetherald and Manabe (12).
Finally, note should be taken of the suggestion by
Kamenkovich (13) of the complete parameterization of
the ocean by the Tw field and the atmospheric parameters,
enabling the whole ocean hydrodynamics in an ASI model
to be replaced by a single non-stationary equation for T w •
This suggestion, with certain improvements, served as
a basis for the ASI model of the Institute of Oceanology,
the U.S.S.R. Academy of Sciences, now used for
numerical experimentation.
6. CLIMATE MODELLING
According to the definition ofclimate, climate modelling
is a problem of statistical hydromechanics which is to be
solved with the aid of mathematical models of the
atmosphere-ocean-Iand system. Contemporary models
have the number of degrees of freedom of the order of
105 , and it seems desirable to raise this number to 106
or even to 107 • Numerical integration of the equations
of such a model for a period of the several decades
necessary for the determination of climate will hardly be
possible on present computers, or those of the next
generation.
It seems possible to hope for integratioll periods of
1-3 years and thus for a reproduction of ASI auto-
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oscillations with periods of months and long-term
weather anomalies of the type illustrated by the abovementioned 1972 drought.
Climate modelling at the present time seems to be
possible only by giving up an individual description of
short-period processes in the atmosphere-ocean-Iand
system and parameterization of their statistical effects
(first of all, of atmospheric Rossby waves).
From the concept of the atmosphere as a small-inertia
link rapidly adapting to the state ofthe underlying surface,
it follows that statistical characteristics of atmospheric
processes should be functions of the T w field (and maybe
of some land fields, e.g., albedo).
In this case a non-stationary model of oceanic circulation with parameterized atmospheric influences plus the
above-mentioned functionals will be a model of climate.
If Kamenkovich's suggestion of parameterization of
the ocean by the Tw field is taken additionally, we shall
arrive at the simplest models of climate with only one nonstationary equation for the Tw field.
A criterion to determine the value of statistical- hydromechanical models of climate is their ability to reproduce
long-term weather anomalies, as well as climate oscillations of the 20th century.
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APPENDIX 7
SEA ICE AND ICE SHEETS AND THEffiROLE IN CLIMATIC VARIATIONS
.by N. Untersteiner
University of Washington, Seattle, Washington,98105, U.S.A.
SUMMARY

(i) The most important variations .of the atmospherecryosphere-hydrosphere system on time scales up to
105 years are the annual cycle and the prolonged glaciations associated with secular trends of the sea ice and
snow cover. Theories of sea ice dynamics are still in an
early stage, and concerted efforts will be ,needed to
improve both theory and the world-wide observational
monitoring of sea ice by satellite-borne, aU-weatller,
remote sensing methods.
(H) The continental ice sheets are important features
influencing the present-day general circulation of the
atmosphere and the oceans (e.g. formation of bottom
water around Antarctica). In terms of climatic variatio;ns
they are comparatively "inert", but they provide useful
paleo-climatic information. Major outbreaks (surges)
of antarctic ice would have profound consequences for
world climate. The search for geomorphic evidence of
such events, and efforts to improve the theory of ice
.
sheet dynamics, should be continued.
1. INTRODUCTION
The terrestrial cryosphere can be divided into five
distinct categories: Seasonal snow, permafrost, mountain
glaciers, sea ice, and continental ice sheets. Such a
distinction is useful since the behaviour of each part of
the cryosphere is dominated by a different set of physical
processes.
The following review will concentrate on the role of sea
ice and ice sheets in climatic variations. A few facts

pertaining to seasonal snow, permafrost, and glaciers are
given for the sake of completeness,.
. In general, it can be said that the most difficult aspect
of cryospheric modelling is related to the fact that the
freezing point of water lies about halfway between the
lowest and highest temperatures commonly found on the
earth's surface. Hence, the extent of the cryosphere is
variable, which requires that in model calculations the
principle of conservation of mass must be stated in all
its thermodynamic and dynamic detail.
The total amount of water in all earthly forms is
estimated to be 1384.106 km3. Of this, 97.4% is sea
water; 0.0009% is atmospherio vapour; 0.5% is ground
water, mostly at great depths; 0.1 % is contained in dvers
and lakes, and 2.0% is frozen. This last figure means
that nearly 80% of the fresh water on earth exists in the
form of ice and snow.
Today, perennial ice covers 11% of the earth's land
surface and an average of 7% of the world ocean. The
ratio of thickness to diameter for mountain glaciers and
continental ice sheets is from 1: 102 to 1: 103. Their
"metabolic rate", or the residence time of solid precipitation in the ice mass, ranges from 102~103 years in a
fast-moving mountain glacier to 104_105 in the antarctic
ice sheet. In contrast, the ratio of thickness to diameter
of sea ice is on the order of 1: 106 , and the residence
time of a particle of frozen sea water in the' Southern and
Arctic Oceans is 1-10 years.
Estimates of the extent of the cryosphere are summarized in Table 1.

TABLE 1
Land and sea ice distribution
(from various sources; Hoinkes, 1968; Washburn, 1973;
Kuk1a, 1974)
Sea ice

Antarctic
ice sheet

Land ice
Greenland
ice sheet

Mountain
glaciers

Volume (km2)

28.0 • 106

2.7 . 106

0.24. 106

Area

(km 2)

106

106 ,

Area

(km2)

13.9 •

1.8 .

0.5 .

Permafrost continuous:

7.6 . 106

(e?Ccl. Antarc.) discont.:

17.3 . 106

106

Southern Oceqn
min.
max.
3.0 • 104
20.0 .

106

Arctic Ocean
max.
min.

5.0 . 103 , 5.0 • 104
2.5 •

106

15.0 .

Seasonal snow (Jan.):

106

2.0 . 104
8.4 .106

45 . 106
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The distribution of land ice volume between Antarctica,
Greenland and the world's mountains is about 90 : 9 : 1.
In terms of climatic sensitivity, the relationship of
volume to surface is of particular interest:

Ice sheets
Sea ice - September
Sea ice - March

area, km 2

volume, km 2

15.7 • 106
28.4.10 6
17.5 . 106

30.7 • 106
5.0 • 104
5.5 • 104

In other words, at its minimum extent sea ice covers
about the same area as perennial land ice, and at its
maximum extent an area about twice as large. In terms
of volume, the ratio of land ice to sea ice is about
600 : 1. It should be noted that some of the above
figures come from sparse data and that, in some instances, individual estimates vary widely.

Satellite data, averaged over the last 7 years (Kukla,
1974) show the following areas covered by snow, land ice,
and sea ice (in 106 km2):
Globe
January
April
July
October
Mean

76
59
39
57
59

N. Hemisphere S. Hemisphere
58.4
41.2
14.3
22.8
34.8

18
18
25
34
23.8

1. 1 Seasonal snow
At its maximum extent in January, seasonal snow
covers an area considerably greater than that of all sea
ice and continental ice sheets combined. The global
distribution of snow is shown in Figure 1, which is
based on records of several decades. Although the
importance of this snow cover in the heat balance of the
earth, including the possibility of a positive feedback,
has been recognized for a long time, it was not until the
advent of satellite observations that the search for
quantitative relationships has become possible. Based on
the weekly snow and ice cover maps prepared from
ESSA, ITOS, and NOAA satellites, Kukla and Kukla
(1974) have described a significant increase of the mean
snow cover in the northern hemisphere beginning in 1971,
and have speculated on the concomitant decrease in
short~wave radiation absorption (Figure 2) as a cause for
subsequent anomalous weather patterns. The importance
of studying the sensitivity of atmospheric circulation to
the extent of seasonal snow by means of suitable models
(e.g. Williams, 1974) is addressed elsewhere in this
document.

Figure 2

Running annual means of snow and ice cover (S) and
of the reflection loss (R) plotted on the last day of the
period represented. For each year 1 January is marked.
The data are graphically sampled from Figure 2. Both
parameters increased drastically during 1971. (From
Kukla and Kukla, 1974.)

There is mounting evidence that at least some of the
major glaciations during Quaternary era began more or
less simultaneously in regions where a small anomaly in
the area of snow cover might initiate positive feedback:
Increased albedo - tropospheric cooling - cold upper
vortex - increased snowfall (e.g. Brooks, 1929; Adam,
1973; Ives et aI. (in press); Flohn, 1974; Williams, 1974).
Most of the speculations advanced on possible mechanisms causing both the initiation and termination of
glacial stages emphasize large-scale phenomena, such as
shifts in the quasi-stationary upper troughs and the
attendant changes in cloud and precipitation regimes.
Relatively little attention has been given to meso- and
small-scale phenomena. A discontinuous snow cover,
modified by wind drifts, variable vegetation cover, lakes,
and micro-relief, is likely to produce a number of "subgrid-scale" effects that may be of significance.
1.2 Permafrost
Permafrost underlies about 20% of the earth's land
surface. The greatest recorded permafrost depths are
1400 m in Siberia (Markha River) and 600 m in North
America (prudhoe Bay). The present distribution of
permafrost in the northern hemisphere is shown in
Figure 3. Most of the ground underlying the Greenland
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and Antarctic ice sheets is assumed to be at temperatures
well below freezing.
Permafrost results from a delicate equilibrium between
surface heat balance and geothermal heat flux, and is
affected by the water content and thermal properties of
the ground. In theory, vertical promes of ground temperature should faithfully reflect the accumulated (if
damped) trends of surface temperature over long spans
of time. In practice, the evolution of vegetation, soil
structure and composition, and interaction with the
hydrosphere, tend to obscure this temperature record.
Where these effects are weak, for instance in the cold and
arid region of the Alaskan north coast, bore hole temperatures can be interpreted with precision. According
to Lachenbruch and Marshall (1969), temperature gradients beneath Barrow, Cape Thompson and Cape
Simpson to a depth of 100 m indicate a warming of 4°C
since the middle of the 19th century and a cooling of
1°C after about 1950. Relatively rapid changes occur in
the regions of thin, discontinuous permafrost (e.g.
Thie, 1974).
The present-day distribution of continuous and discontinuous permafrost bears no semblance to the presentday distribution of any other physiographic, geologic,
botanic or climatic characteristics. There are numerous
indications that part of the existing permafrost is of
Pleistocene origin, as evidenced by preserved tissue from
Pleistocene animals, temperatures decreasing with depth,
maximum permafrost thickness in areas not glaciated
during the Pleistocene, and other observations. Conversely, it stands to reason that some of the contemporary
permafrost in formerly glaciated regions should be of
post-glacial origin (Washburn, 1973).
Permafrost is not only constantly and subtly responding to climatic variations, it is also highly susceptible to
alteration by human activities (witness the environmental problems encountered in planning the TransAlaska pipeline) (Lachenbruch, 1970). Perhaps the most
important link between permafrost and climate lies in
the fact that permafrost inhibits groundwater recharge
and movement, restricts plant growth, and enhances
runoff. Like glaciers, permafrost responds to, and integrates, climatic change in a complex fashion that is
difficult to unravel. However, the existence and changes
of permafrost per se are of great economic importance.
A useful summary of priorities for basic research on
permafrost was recently published by the National
Academy of Sciences (NAS, 1974).
1.3 Mountain glaciers
Some of the earliest indirect evidence for climatic
change came from the study of certain geomorphic
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features and the realization that they must have been
caused by glacial variations in the past. Since the late
19th century, there have been literally hundreds of
attempts to relate observed climatic trends and variations
of the termini of glaciers in the Alps and other mountain
ranges. The phrase that "mountain glaciers are sensitive
indicators of climatic change" has been in use for decades
and has lost little of its original charm. Today we
recognize that we are far from being able to elaborate on
the above statement.
In the 1930s, Hans Ahlmann (1946), Harold Sverdrup
(1936), and others, began to study the physical processes
controlling the heat and mass balance of glaciers. In the
early 1960s, John Nye (1960, 1963, 1965) pioneered the
theory of the dynamics of glacier flow and its relationship
to mass balance. Today, evidence has been accumulated
to indicate that as many as five per cent of all mountain
glaciers are capable of "surging" at periods of between
10 and 100 years. The mechanism of surging is not
clearly understood, but it is virtually certain to depend
on the mechanism of sliding on the glacier bed and may
react to subtle changes in the integrated glacier mass and
heat balance (Kamb, 1970).
At present the total area of all mountain glaciers on
earth is so small that it is safe to assume that mountain
glaciers have no appreciable feedback on global climate.
This is probably true even on the time scale of the entire
Quaternary Age: The great ice sheets of that era did not
descend from glaciated mountains, but formed on the
flat terrain of northern North America and Eurasia.
This should not detract from the need for further
studies of mountain glaciers. They are important factors
affecting snow accumulation and runoff in a way particularly desirable for irrigation and the generation of
hydro-electric power, they affect and occasionally
threaten human activities in the mountainous regions
of the world, and they provide a major source of income
for many countries who can display their glaciers to the
tourist.
While it is unlikely that the behaviour of mountain
glaciers will help to "explain" global climate, we must
learn to understand their response to variations of mesoscale atmospheric phenomena which accompany climatic
change. Improved glacier inventories and the continued
monitoring of the heat and mass balances of a number
of representative glaciers are important tasks for the
International Hydrological Programme.
2. SEA ICE

The following is a brief summary of our knowledge
of sea ice in which we attempt to identify the largest gaps
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Figure 3 Permafrost on the Northern Hemisphere (From Pewe, 1969).
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and their possible importance in the general problem of is found at variable depths down to 200 m (Gordon,
1967).
climate modelling.
The presence or absence of sea ice is perhaps one of
a) Initial ice formation. Since the density maximum
of water with a salinity greater than 25% lies below the the most important phenomena to be predicted by a
freezing point, it follows that the entire water column climate model, and perhaps one that provides positive
has to be cooled to the freezing point of 110rmal sea feedback. The point to be made here is thatthe key to
water (-1.9°C) before ice can form at the surface, pro- predicting the onset of ice formation is a realistic heat
vided that the water is well mixed and of uniform salinity. balance of the sea surface coupled with a model of the
This is typically the case in the. shallow shelf waters momentum, salt, and heat fluxes of the upper ocean.
surrounding Antarctica, which are ice-free during late The basic mechanisms controlling sea-ice-air interaction
summer. However, convective mixing is limited by in the polar oceans is schematically depicted in Figure 4.
stable density structure in the Southern Ocean and parIt has been speculated, notably by Ewing and Donn
ticularly in the Arctic.
(1956), Budyko (1972), Fletcher (1965), Donn and Shaw
In the entire central Arctic, a sharp pycnocline exists (1966), and Fletcher eta!. (1971) that one summer's heat
at a depth of about 25-50 m, forming the lower boundary storage in an ice-free Arctic Ocean would suffice to
of the Arctic Surface Water, with salinities between ininimize ice formation during the subsequent winter so
32%0 and 34%0 and temperatures close to freezing. that the ice~free condition would become self-perpetuating.
The primary factor maintaining this low salinity is the According to recent calculations by Foster (in press),
3300 km3 continental runoff which adds a layer of it appears that the heat loss from an open Arctic Ocean
approximately 30 cm of fresh water to the Arctic Ocean during summer would be so rapid that only a small part
each year (Antonov, 1958). It is also possible that of the heat stored in the upper ocean would be available
haline convection, induced by rapid ice formation of to delay freezing in autumn. The sedimentary record
leads and pOlynyas during winter, produces a locally from the central Arctic seems to indicate that the Arctic
concentrated downward flux of salt, while ice melt during Ocean has been ice-covered not only during the entire
summer adds more nearly-fresh water to the surface Hoiocene but also during at least the last major glacialayers.
tions of the Wisconsin (Wiirm) and Illinoian (Riss)
In the Southern Ocean, with its less persistent ice periods (Bunkins and Kutschale, 1965; and Ku and
cover, higher wind velocities, more intense mixing, and Broecker, 1965),
b) Properties of sea ice. Sea ice is a mixture of pure
absence of continental runoff, the pycnocline is only
about 1/10 the magnitude of that in the Arctic Ocean and ice with macroscopic inclusions of trapped brine. Rapidly
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freezing sea water forms ice with a salinity of up to
20%0' Slowly growing (thick) ice contains 3%0-6%0 of
sea salt. Since phase equilibrium must be maintained in
the brine inclusions, their concentration and hence their
size are a function of temperature. This makes brine
volume, thermal conductivity, and specific heat also
functions of temperature. Sea ice has no "melting
point". Near OQC (usually at -1 QC to -0.1 QC, depending on its salinity) the brine volume becomes so large
that the ice disintegrates. These phenomena are· well
understood and formulated quantitatively (e.g. Untersteiner, 1961; Weeks and Lofgren, 1966).
The most important mechanical property of sea ice is
its tensile strength, as under most natural conditions ice
fails in tension. In numerous studies the tensile strength
has been established as a function of temperature and
brine volume (Weeks and Assur, 1967).
More information is needed about the radiative properties. Estimates of the su:tnri:ler albedo of arctic pack ice
range from 0,4 to 0.65, primarily because of different
assumptions about the area covered by water puddles.
Reliable systematic observations of the albedo of meiting
sea ice are not available. The large amount of incoming
short-wave radiation (42 kcaljcm2 in June, July and
August) makes more information on the albedo critical
need (Vowinckel and Orvig, 1970). Information is
equaliy inadequate on the amount of solar radiation that
penetrates the ice through meltwater puddles and leads
and becomes available for heating the ocean.

(i) The thermodynamic calculations are highly sensitive to SUmll1er albedo and the penetration of short-wave
radiation (see paragraph b). The respective data used in
these calculations are unreliable.
(ii) Surface melt of perennial· ice and· direct solar
heating of the upper ocean create conditions in the first
few meters of the ocean that are complex and insufficiently
understood.
(iii) The present thermodynamic models use as independent forcing functions the incomillg radiation at the
surface and turbulent heat fluxes at Qoth surface and
bottom. To evaluate ice-air and ice-water feedbacks,
suitable models of the atmospheric and oceanic boundary
layers will have to be added to the ice model (e.g.
Foster, 1972).
(iv) The lower the ice concentration, the more important will be the lateral heat exchange between ice and
water. An initial attempt to formulate this problem has
been made by Langleben (1972).

d) Large-scale dynamics of sea ice. All attempts to
model the large-scale dynamics of sea ice have had
limited success and have been able to explain only a few
isolated features of the present-day circulation of ice in
the Arctic Basin (Campbell, 1965; Rothrock, in press).
The reason is that these models consist almost entirely
of the eql1atiQns of motion, formulated to various degrees
of sophistication" without realistic statements of a constitutive law; a continuity equation for pack ice; and a
proper statement of the conservation of energy.
Another urgent need for improved knowledge of sea
The Arctic Ice Dynamics Joint Experiment (AIDJEX)
ice properties pertains to its microwave emissivity. is an effort to remedy these shortcomings by developing,
Gloersen et al. (1973) have demonstrated that young sea
in its first phase, a complete model of the interior (withice (less than one year old) appears radiometrically out interaction with land boundaries) of an ocean covered
warmer than multilayer ice. This affords, at least poten- by pack ice (Untersteiner, 1974). The main problem in
tially, an opportunity for airborne or satellite-borne
devising a large-scale constitutive law for pack ice is that
all-weather surveys of the composition of large fields of tests on laboratory-sized samples cannot be directly
sea ice and an interpretation in terms of ice budgets. applied to the mechanisms controlling floe-to-floe interHowever, the interpretation of these observations does action on the large scale. Rather than experimenting
not appear to be always clear-cut, especially for very with formulations of various types of viscosities, it was
young ice with a high surface salinity. More research in considered that the most significant mechanical events
this area is urgently needed, particularly for application occurring in pack ice are the cracking into plates of
to the inaccessible Southern Ocean sea ice, where remote
various sizes and the subsequent formation of pressure
sensing techniques are the primary observational tools.
ridges.
It is also possible that modern high-resolution active
Starting from a pressure ridge model by Parmerter and
microwave techniques (side-looking radar) will prove
Coon
(1972) that describes the formation of a ridge from
superior to the passive microwave method for certain
ice
rubble
crushed between two thick plates of ice, a
applications.
large-scale constitutive law was formulated that reprec) Growth of sea ice. Models for predicting the sents the large-scale mechanical behaviour of the ice as
growth and decay of uniform slabs of sea ice are well the sum of a large number of "mesoscale" events. The
developed and tested, and reproduce actual observations material is considered to be elastic-plastic with a defined
to a high degree of accuracy (Maykut and Untersteiner, yield stress and a property similar to strain hardening.
It was found that in a continuously deforming mass of
1971). The following deficiencies exist at present:

a
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Preliminary tests of this model using 100 km· strain
data from the Arctic Ocean obtained in 1972 are promising. During the main phase of AIDJEX in 1975-76,
observations of air stress, water stress, and ice strain will
be gathered from an array of manned stations and automatic buoys covering an area at least 600 km in diameter.
An analysis of sequential ERTS images by Nye and
Thomas (1974) corroborates our contention that, on this
scale, pack ice can be treated as a continuum.
It should be noted here that AIDJEX is only a first
step toward solving the problem of ice dynamics. The
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AIDJEX model in its present form (Figure 5) could, in
principle, be applied to the marginal zone where the pack
ice strongly interacts with solid land. However, little is
known about the nature and behaviour of shore-fast ice.
Suitable experiments are needed to elucidate the mechanics of near-shore ice. Similarly, a condition of zero
stress in the present AIDJEX model could be used to
represent the unconfirmed pack ice boundary. Here,
too, a number of additional processes will have to be
added to achieve a realistic picture of the variations of
the free ice boundary. The basic structure of such a
model is shown in Figure 6 (NAS, 1974).
e) Secular trends ofsea ice cover. The following three
figures may serve to demonstrate the variability of sea ice.
Figure 7, compiled by Fletcher (1969) from various
sources, shows the large fluctuations of ice cover at
Orcad,as Island, in the Davis Strait, and in the Sea of
Okhotsk.
Figure 8 shows the incidence of ice in the waters
around Iceland during the past 1000 years. The favourable ice conditions around the 10th century coincide with
the Viking colonization of Greenland. The widely documented warming of the Arctic during the first half of the
20th century is also reflected, however. The well-known

pack ice, the ice thickness distribution (including open
water) not only controls the yield stress, but also, by
means of the thermodynamic model of freezing and
melting, determines the condition of the conservation
of mass (Thorndike and Maykut, 1973). To complete the
model, a formulation was found by Rothrock (1974) that
relates the work dissipated in deforming the ice to the
known sinks of energy. There is reason to believe that
most of this energy goes into lifting and submerging ice
in pressure ridges. Small-scale energy dissipation also
occurs by ice-on-ice friction; The increase of surface
energy due to fracturing is considered insignificant. All
of these forms of mechanical energy are not recoverable.

i

7

M
0

Ice thickness distribution equation

D

=f>

M
0

D
E
L
0

Ice thickness
distribution

E

U

T
P

Applications

U

L

T

I

Thermodynamic
ice growth model

I

~

~

Figure

5

Drift of ice stations
and data buoys
Stress on offshore
structures
Sea bottom scouring
Ice displacement
Prediction of pol,lutant transport

Structure of AIDJEX model.

r

Navi gabil ity for
surface ships
Large-scale strength
of ice pack
Trafficability to SEV
Primary productivity
in the ocean
Regiona1 ice production
Bottom roughness
Ice extent

214

THE PHYSICAL BASIS OF CLIM'ATE AND CLIMATE MODELLING

I-------------------------~----------------------------1
,
I
I

I
I

Air veloc1tr
(air stress)

I

I
I

I

Y'I

Corl 011 s fOl"Ce

OCean tll t
lnt. I cc stress

I
I
I
I

\later velOCI. tr

I
I
I

(water stress)

,

I

I

All

I
I

thcnrodynaml c

I

processes

I
I

In

,
I

air

'Y1

Ice
water

Thcnoodynaml C
mode.! of
Ice edgc
displacement

I

I

,,
I

I

radl atl ve
turbulent
conduct Ive

I

,

,L
,

,
I

"'-

~

1..----

lIent .dv.cUon

_.......

~

acros. boundAry

~

1

H"'t'~:1:=-~,

~n

Thormoh.l1no .nd dynamio convection

dHldn 1. the "elope tl of the ice .hcet r
reQulting from the mass b.l.nee of the
A

ic. and dynllllli. effect ••

(A]II 11 calculeted CrolD the heat
b.lanc•• including local and

•

rete oC .blation (-) or .ccrntion (+)

H •

coordinate n of lce edCC!

H •

ice thickne..

advect1 ve terms.

Figure 6 Basic structure of a model of the unconfined pack ice boundary.
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Figure 8 Occurrence of sea ice in the waters around Iceland (from Bergthorsson, 1969).

increase in the number of severe ice years after 1950 is
obscured by the length of running means used.
On a longer time scale, RuddiInan and McIntyre (1973)

Figure 9

(Figure 9) place the southern boundary of polar waters,
defined by winter temperatures of the surface water, no
higher than OSC, near the Azores.

Map of retreat positions of "polar water" in the North Atlantic from 17,000 to 6,000 years B.P. (from Ruddiman and
McIntyre, 1973).
"

3. CONTINENTAL ICE SHEETS
Over the last 105 years, it seems safe to assume that
the role of the antarctic and Greenland ice sheets in
global climate has not been drastically different from
what it is today. The present-day climates of Greenland
(e.g., Putnins, 1970) and Antarctica (e.g., Schwerdtfeger,
1970) are well documented. The ice sheets of both these
regions have high average elevations,and the present
models of the atmosphere make somewhat simplistic
assumptions to incorporate their effect on the general
circulation of the atmosphere.
Perhaps the single most importapJ contribution to the
study of climate variation made by research on con-

tinental ice sheets has been the paleo-climatic information
extracted from deep ice cores (e.g. Dansgaard et aI.,
1971, 1973). The interpretation of these ice core data is,
in most locations, predicated on a realistic model of the
thermodynamics and dynamics of the ice sheet (topography, flow, temperature).
The modelling of ice sheets has fascinated theorists for
the past two decades. A review of the extensive literature
on this subject was given by Budd (1969). Ice sheet
models require
(i) knowledge of the topographies of surface and
bottom,
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(ii) surface temperature,
(iii) data on accumulation and ablation (in the case of
Antarctica the latter is negligible),
iv) a constitutive law for the ice (as a function of
depth),
(v) assumptions about the geothermal heat flux, and
(vi) information on the basal state (whether the ice is
frozen to bedrock or at pressure melting point).
Such models should predict ice velocities, internal ice
temperatures, and temperature at bedrock and basal
melting, and should indicate whether or not the ice
sheet is in a state of bal~nce. The only extensive thermodynamic and dynamic calculations of this kind have
recently been performed by Budd, Jenssen, and Radok
(1970).
T. Hughes (1970) advocates the possibility of convection in the antarctic ice sheet as a result of warm ice of
t>.'U

0

i:5l

'30

low density being overlain by cold ice of high density.
At present, however, there is no direct evidence of such
convective processes, nor are the in situ density and
viscosity ofthe ice sufficiently well known to allow reliable
calculations.
A phenomenon of potentially great significance for
world climate is the possibility, first proposed by Wilson
(1964) that the antarctic ice sheet, and especially that of
West Antarctica, is capable of surging. Detailed speculations on the consequences of such an event for world
climate were recently given by Flohn (in press). A surge
of antarctic ice would cause worldwideeustatic sea level
changes (Hollin, 1965; Hughes, 1973). No direct evidence on the antarctic continent itself has yet been
found. It is important to note in this context that all
surging glaciers identified to date are of the "temperate"
type (with the temperature of the ice in contact with
bedrock at the pressure melting point).
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Figure 10 Sketch map showing extent and broad subdivision of glacial-age glaciers, regardless of age, east of the CordiIIera. Where not
known from geological data, submerged limits of former glaciers are drawn speculatively along the -200 m isobath; -lOO m
isobath off Atlantic and Gulf Coasts suggests possible shoreline during a glacial age (from Flint, 1971).
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According to Bodvarsson (1955), ice sheets may be
inherently unstable ina longer-term view. Suppose the
Greenland ice sheet is in equilibrium today and in· a
given profile the equilibrium line (accumulation =
ablation) lies at a fixed height. A perturbation which
makes the ice sheet grow laterally while the height. of the
equilibrium line remains unchanged will increase the
accumulation area and cause a positive mass balance.
This will enhance the further growth of the ice sheet and
amplify the initial perturbation. A mathematical analysis
showing the unstable and stable modes of this process
was given by Weertman (1961). Our contemporary ice
sheets are bounded by the ocean and are unlikely candidates to show this type of unstable behaviour. However,
both the Laurentian and the Eurasian Pleistocene ice
sheets terminated on land and may well have been
affected by this instability (Figures 10 and i 1).
3 . 1 Greenland ice sheet

Geomorphic evidence along the outlet glaciers of both
eastern and western Greenland at latitudes around 70 N
0

Figure 11

7
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indicates that ice levels at the edge were higher by 600800 m than they are today and that some mountains
completely exposed today were nunataks during the
height of the Wisconsin age (Washburn; 1973). According to Flint (1971), the total extent of the Greenland ice
during the last ice age was 20% greater than it is today
(2.2· 106 km2), and it is likely that Baffin Bay and Davis
Strait were not covered by ice shelves (see Figure 7).
Although there is a zone of net annual ice ablation
around the outer edge of southern Greenland, the whole
ice sheet has a positive mass balance, with outlet glaciers
(iceberg discharge) providing a large part of the balance.
The ice budget of Greenland is 'a subject of considerable
interest. Three different estimates (quoted from Hoinkes,
1968) yield the following average:
km 8 of ice per year
Accumulation
Melt
Glacier discharge

600
360
251

Sketch map of Europe and northern Asia, showing supposed boundaries of principal Pleistocene glaciers.
" - Boundary (where known) of area glaciated in latest glacial age (not shown in eastern Siberia). Includes Weichsel,
Kalinin and Ostashkov, Zyrianka and Sartan glaciations.
, - Boundary of maximum glaciated area, regardless of age. (Mainly Saale = Dnepr age.)
•••••••••• Alternative boundary on assumption that Scandinavian Ice Sheet covered floor of Barents Sea.
Arrows suggest, very tentatively, general directions of glacier flow in relation. to the two boundaries. (Not shown in western
Europe.) Note: Boundaries in Siberia are indefinite. COf!lpiled from many published sources, and from unpublished material
for Norway supplied by Bjorn Andersen. Because some sources ,are not compatible, compilation is not of uniform quality,
and in places is hypothetical (from plint, 1971).
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No definitive data are available at present. As pointed
out by Hoinkes (1968), any imbalance in the ice budget
in an ice sheet the size of Greenland could have an
appreciable effect on eustatic sea level changes.
The question has been asked whether the Greenland
ice sheet should be considered a remnant of the Pleistocene that has persisted by creating its own self-preserving
climate. According to Schwarzbach (1963), no Pliocene

sediments are known in Greenland, although extensive
glaciers may have existed there. In general, he concludes
that the north polar region must have been free of continental ice sheets throughout the Tertiary period. The
evolution of the Greenland ice sheet from the end of the
Tertiary through the Wisconsin to the present, somewhat
reduced, state is depicted (after Fristrup, 1966) in
Figure 12.
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Figure 12 I: the land at the end of the Tertiary period before glaciation began. 11: gradually ice-caps formed in the coastal areas of both
east and west coast, and shelf-ice began forming off the coast. Ill: as the climate deteriorated the marginal zone glaciers
increased in size and local snow and ice caps of various sizes formed in the interior. IV: gradually the coastal glaciers united
with the central local snow fields and so formed one continuous ice sheet which slowly grew in thickness. V: at the largest
extent of the ice, the ice sheet had spread over what is nowadays ice-free coast. At the same time, because of the amount of
water that was now ice, the sea level was much lower than it is at present. Because of the weight of the ice the central part
of the land mass was depressed and a slight lifting of the mountains in the marginal zone occurred. VI: the present stage.
Exaggeration of the vertical scale approximately 40 : 1 (from Fristrup, 1966).
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Whether the Greenland ice sheet could re-establish
itself under present climatic conditions is hardly more
than an academic question. A substantial change in the
volume of the Greenland ice sheet would, even under
extreme climatic assumptions, proceed so slowly that it
would be accompanied by isostatic changes in the Greenland continental plate, which puts the entire question
into the realm of conjecture.
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A phenomenon of considerable practical interest,
related to the variable discharge of the Greenland
outlet glaciers and the surface regime in Davis Strait
and the North Atlantic, is the presence of icebergs.
Off the coast of North America they drift as far
south as 40 0 N (the latitude of New York). An
example of the variability of iceberg frequency is shown
in Figure 13.
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Figure 13 Annual variations in numbers of icebergs sighted below 48°N, 1900 to 1960 (from Arctic Institute of North America, The
Arctic Basin, J. Sater, ed., 1969).

3 .2 Antarctic ice sheet
Antarctica, with a mean elevation of 2300 m, is the
highest continent on earth. Its history of glaciation
extends back through the Quaternary (2-4 million years
RP.) and perhaps as far back as the Younger Tertiary
(Oligocene, 14-17 million years RP.); and today only
1.4% of its area is ice free. If the ice sheet covering this
high continent were to melt, the level of the world ocean
would rise 65 m.
Precipitation falls entirely in solid form and ranges
from 40 gfcm2 yr in a narrow band along the coast to
5 gfcm2 yr and less over nearly half of the continent.
Estimates of the total accumulation (water equivalent)
range from 1900 km3 fyr (Loewe, 1967) to 2168 km3 fyr
(Shumskii, 1967). One-third to one-half of that amount
of ice flows into the two large ice shelves; the rest is
exported by ice streams and smaller shelves. Figure 14
shows the surface stream lines.
Basal melting below ice shelves remains the largest
unknown in the antarctic mass balance, but elsewhere
such basal melting and also the mass export by blowing

snow are considered to contribute less than 5% of the
total loss of mass.
Considering the observational difficulties of measuring
accumulation and ice export in Antarctica, an accurate
assessment of the mass balance is virtually impossible.
The present consensus is that the antarctic ice sheet today
has a zero or slightly positive mass balance. The implications of this in the observed rise of the world ocean by
1-2 mmfyr have been discussed by Hoinkes (1968)
(including the effect of sea level changes by oceanic
warming and thermal expansion).
Much of the ice of western Antarctica reaches below
sea level (maximum depth below the Ellsworth ice cap is
2500 m). Bottom ice temperatures, predicted with conservative assumptions about the geothermal heat
flux by the model of Budd, Jenssen, and Radok (1970),
are shown in Figure 15. The shaded regions indicate
areas with bottom ice at the pressure melting point. The
one covering a large part of Marie Byrd Land includes
Byrd Station, where indeed evidence of liquid water was
found in a drill hole that reached bedrock.

220

THE PHYSICAL BASIS OF CLIMATE AND CLIMATE MODELLING

Figure 14 Flowlines. The 500 m elevation cQntours for Antarctica from the 1 : 20,000,000 map of the Australian Division of National
Mapping have been used to ConstruCt orthogonal trajectories with about 100 km spacing and smoothing to represent the general
ice flow directions and drainage patterns for the Antarctic ice cap (from Budd, Jenssen, and Radok, 1970).
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Figure 15 Basal Temperatures. From the maps of ice thickness, accumulation rate, surface temperature, velocity and basal stress,
temperature depth profiles have been calculated following ice columns along 22 representative flowlines to the coast. The
resulting basal temperatures have been contoured each -10°C and for pressure melting point P.M. The shaded areas indicate
bottom melting or reezing (from Budd, Jenssen, and Rado}<:, 1970).

APPENDIX

The large and persistent surface inversion over the
antarctic continent combined with its generally domeshaped surface topography produces a persistently
divergent surface wind field over the entire continent.
Mean air trajectories, derived from wind observations
and inferred from the prevalent sastrugi patterns by
Mather and Miller (1967), are shown in figure· 16.
The katabatic winds reach extremely high velocities at
the coast and produce, as recently documented by satellite images, narrow but persistent bands of open water
at the edge of the continent. Durin.g winter, rapid
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freezing and the removal of ice in these regions may
contribute significantly to the formation of bottom
water. The highly negative radiation balance of the
earth-atmosphere system in the Antarctic (e.g. Schwerdtfeger, 1970) requires compensation by advective heat
transport across the continental boundaries, mostly in the
form ·of sensible heat, on the order of 15.)021 cal/yr.
The role of· the extreme climate of the antarctic
ice sheet in the circulation of the atmosphere in
the southern hemisphere has been discussed by Fletcher
(1969).

Figure 16 Average pattern of the surface wind flow, inferred from predominant wind frequ~ncies at the stations and from traverse records.
(After Mather and Miller, 1967.)

As mentioned earlier, the evidence for past variations
of the antarctic ice. sheet is sparse. Marks of higher
inland ice levels lie 60 m above the present surface.
Undated moraine-like formations have been observed on
the sea floor at distances of 80-200 km from the edge of
the present ice sheet. According to evidence summarized
by Shumskii (1967), the antarctic ice sheet during the
entire Pleistocene extended 25% beyond its present area;
a major stage of glaciation appears to have occurred
synchronously with those of the northern hemisphere.

By comparison to glacial events in the northern hemi~
sphere during the past 15,000 years, the antarctic ice
sheet appears to have remained virtually unchanged.
There is reason to believe that with respect to climatic
change Antarctica is the most "inert" region on earth.
In terms of precipitation, the entire continent isa desert
and the metabolic rate of the ice sheet is extremely slow.
Compared to other continents, Antarctica has little
"terrain energy". The surface wind regime is more
persistent than on any other continent. The surface
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albedo is nearly uniform and shows almost no annual
variation. From this one might conclude that the
antarctic continent is a controlling but stable feature in
the climatic regime of the south polar region, particularly
in its effect on the average annual variation of sea ice.
However, the impUlse for a secular trend of the extent
of sea ice, with its implication of complex interactions
and feedback, is more likely to come from lower latitudes.
4. RESEARCH PROJECTS IN SUPPORT OF THE
SECOND GARP OBJECTIVES
The following list of desirable research projects is
focused on physical processes in sea ice and ice sheets.
The sequence reflects an approximate order of priority,
gleaned from various statements issued by national
GARP and other advisory bodies.

Theoretical

Experimental

and incorporate this theory
in the AIDJEX ice model
for application to Antarctic
sea ice.
9. Improve the theory of
microwave emissivity as a
function of brine volume,
solid salt content, etc., to
improve interpretation of
microwave images.
10. Improve theory of active
microwave (radar) backscatter as a function of sea
ice properties.

balance of completely and
partially ice-covered seas.
7. Improve existing and establish new empirical relationships between mean atmospheric and oceanic parameters, and the onset and
advection of sea ice.
8. Perform suitable experi.
ments and gather field data
to elucidate the mechanisms
controlling the formation
of summer stratus clouds
over ice-covered waters.
9. Develop data buoys capable
of operating in open and
ice-covered waters.
10. Intensify effortsto monitor,
by moored ocean buoys,
the deep.water circulation
in ice-covered seas.
11. Monitor near-shore open
water areas around Antarctica (by satellite) to
evaluate their possible role
in the formation of bottom
water.
12. Make field observations
and experiments to elucidate the possible difference
in the mechanical properties
of arctic and antarctic sea
ice.

4.1 Sea ice
Theoretical

Experimental

1. Extend model calculations

1. Make full and routine use
of present satellite capabilities of monitoring extent
of sea ice in both hemispheres. Press for institutional arrangements providing uniform and regular
documentation
("Polar
Data Bank").

of AIDJEX (Beaufort Sea)
to the entire Arctic Ocean.
2. Study the performance of
the AIDJEX ice model, and
simplify it for (a) longrange climatic computations in conjunction with
atmosphere and ocean
models, and for (b) routine
ice forecasting.
3. Generalize experimental re-

4.
5.

6.

7.

sults of heat balance of
leads for application to
PBL parameterizations over
the Arctic Ocean.
Develop theory of Arctic
summer stratus.
Formulate models, of different degrees of sophistication, for the movement
of the unconstrained sea
ice boundary by dynamic
and thermodynamic processes.
Develop theory of ice
mechanics in the shear zone
(strong interaction with
land).
Couple the one-dimensional thermodynamic model of sea ice with suitable
models of the air and water
boundary layers.

8. Develop a theory of the
mechanics of large sheets
of thin sea ice (5 to 50:cm)

2. Deploy data buoys (position, surface pressure, and,
if possible, wind) on a
400 km grid in the permanently ice-covered part of
the Arctic Ocean.
3. Perform

experiments on
near-shore ice to develop
realistic boundary conditions for large-scale model
calculations, and to study
the mechanics of shore-fast
ice for engineering applications.

4. Continue the interpretation
of present satellite data,
especially in terms of ice
thickness and age (ESMR,
SLAR,IR).
5. Continue the study of using
satellite data for tracking
ice features for an analysis
of gross deformation features and the number, size,
and trajectories of icebergs
in both hemispheres.
6. Gather more data on the
albedo and large-scale heat

4 .2 Ice sheets
1. Continue and refine model
calculations of ice sheets,
especially with respect to
possible ice surges.
2. Improve the modelling of
"indigenous" wind and precipitation regimes over ice
sheets.
3. Continue the search for
mechanisms that could
cause the rapid build-up
of continental ice sheets.

1. Continue and intensify ice
core analyses in Antarctica
and Greenland to establish
paleo-regimes of temperature and precipitation.
2. Continue efforts (deep drilling and others) to establish
the condition of the ice' at
the base of the antarctic ice
sheet.
3. Continue and intensify
studies of the present heat
and mass balance of Antarctica and Greenland.
4. Continue the search for
evidence of possible surges
of the west antarctic ice
sheet.
5. Continue the IHD-IHP
world ice inventory and
monitoring programmes.
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APPENDIX 8
A CRITICAL APPRAISAL OF MODELS FOR THE CARBON CYCLE
by Bert Bolin
Institute of Meteorology,· University of Stockholm, Sweden
1. INTRODUCTION

In qualitative terms the carbon cycle is reasonably well
understood (cf. Bolin, 1970; Reiners, 1973a) as is also
the way in which the input of CO2 into the atmosphere
by burning fossil fuels· may modify it. The first more
precise attempts to describe the relevant transfers between
the major carbon reservoirs were presented in the latter
part of the 1950's (<;::raig, 1957; Ravelle and Suess, 1957;
Bolin and Eriksson, 1959). Even though an over-all consistent picture emerged, many drastic simplifications were
made in order to permit a semi-quantitative treatment
and data were hardly adequate for more firm conclusions.
During
. the 1960's several similar studies Were carried out'
which added some further details to the general picture,
but the basic character of the carbon cycle as outlined
earlier remained unchanged. The radiocarbon that was
injected by nuclear explosions gave, however, new data
that permitted an independent check of some model
assumptions(cf. for example, Machta, 1972).
.
During the last few years the problem has attracted
increasing interest, partly because of the possible change
of the global climate that may arise due to man's activities and partly because the data on the carbon cycle that
have accumulated during the last decade reveal some
inconsistencies in the models developed so far. Broecker
(1971) re-analysed some aspects of the problem and
particularly Keeling (1973b), Bacastow and Keeling (1973)
and Ekdahl and Keeling (1973) have presented very
detailed and careful studies of the reservoir models
assuming well-mixed reservoirs. The latter authors tend
to favour the idea that the land biota represents the most
important sink for the excess CO2 produced by man.
The simplifying assumptions made, particularly with
regard to the deep sea reservoir, imply, however~ that
their results are hardly conclusive. A recent study by
Oeschger et al. (1975) shows that a deep sea reservoir,
into which the CO 2 transfer takes place by turbulent
diffusion might serve as the major sink for the CO2
produced by buring fossil fuels rather than land biota;
Although we know that the world ocean circulation in
reality is quite different from that assumed by Oeschger
et aI., this study is of considerable interest but still leaves
the question of the relative importance of the land biota
and the deep sea as the major sink as unsettled, since the
.

,

realism of the model may be questioned. Bolin and
Bjorkstrom (1975) try to take into account the major
feat~re of the world ?cean circulation as it is known today
and It may be tentatIvely concluded from their study that
the deep sea seems the most likely sink for the excess CO2
produced by man.
The following survey of the carbon cycle in nature will
begin with a brief qualitative description of the basic
obser~ed .character!st~cs that any model developed for its
q~a~tIta~Ive descnptlOn must include. Obviously the
dlstnbutlOn and transfer of both stable and radioactive
carbon is of relevance in this context. It is also important
to discuss possible physical-chemical-biological processes so far not included into quantitative models of the
carbon cycle but which may be of significance, even
though such a discussion by necessity will be incomplete.
It should be stressed that most quantitative models for
the carbon cycle have been developed to explain present
balances and the changes that may .have occurred during
the last centuries or that might be expected during the
next century as a result of the burning of fossil fuels.
To understand our present climate it may, however,
well be necessary to understand the changes that have
taken place in the past, particularly during the last
10,000 years or even for longer periods. We need then
a~so to consider changes in the carbon cycle of other
kinds such as changes in ocean circulation, different rates
of photosynthesis due to other climatic conditions, interplay with bottom sediments, etc. Some comments on
problems of this kind will also be made. A brief account
of the box model concept with the assumption of socalled well-mixed reservoirs will then follow. It is thereafter appropriate to analyse somewhat more closely the
limitations of such simple models. As conclusions we
s~allli~t the key problems as they appear today and give
vIewpomts on the research that therefore seems most
urgent.
2. THE OVERALL CHARACTER OF THE
CARBON CYCLE
2. 1 Size of carbon reservoirs and magnitude of the
interconnecting fluxes
It is useful to conceive the carbon cycle as a series of
reservoirs of carbon interconnected by pathways oLf1ux.
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Figure 1 The carbon cycle. Size of major reservoirs in 109 tons
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year-1 (after Bolin, 1970, and Reiners, 1973).

Figure 1 depicts one such representation compiled by
Reiners (1973a) in cooperation with a group of scientists
brought together by the US Atomic Energy Commission.
The general character of this diagram is quite similar to
the one earlier presented by Bolin (1970), but in the meantime some of the figures for reservoir sizes and magllitude
of fluxes have become better known. There are still
considerable uncertainties in many of the figures shown.
The size of the atmospheric carbon reservoir is adequately known with an uncertaintly of probably less than
one percent (it should be noted that the absolute calibration of CO2 measurements in air has not yet been satisfactorily solved, Bischof, 1973).
The estimates of organic carbon in land biota, both
living and dead, are considerably more uncertain. The
best estimates of the pool contained in plants are those
presented by Olsson (1970) and Keeling (1973b), but
they are most likely not correct to more than ten percent,
probably less. The amounts of dead organic carbon
might be as much as ten times larger than shown in the
figure. This latter result is obtained if we accept Delwiche's (1970) estimate of organically bound nitrogen in
the soil and a carbon/nitrogen ratio of 12 (Reiners,
1973b). It seems, however, more likely that the estimates
of nitrogen are too large.

The amount of inorganic carbon in the ocean is more
accurately known, but the division of the sea into a
surface reservoir and a deep sea reservoir is somewhat
arbitrary, the consequence of which will be discussed
below. The amounts of biogenic carbon in the ocean
are, on the other hand, uncertain by at least a factor of
two, maybe considerably more (cf. Riley, 1973).
Information on the fluxes between the reservoirs are
more important than the absolute size of the reservoirs
themselves. Some of the figures given in Figure 1 have
been estimated directly as is, for example, the case for
gross-photosynthesis and respiration and of course the
amount of carbon dioxide produced by fossil fuel combustion. Other flux-values stem from model calculations,
which is the case for the transfer between the atmosphere
and the sea as well as for transfer within the sea.
The pre-industrial distribution of 14C/12C may. most
easily be summarized by comparing this ratio for the
different reservoirs to that of the atmosphere, which will
be put equal to unity. The value for the surface layers
of the oceans then is 0.96 partly due to fractionation
processes at the ocean surface, and for the deeper strata
of the oceans the value drops to the vicinity of 0.80.
The more precise distribution with depth is of considerable interest and some of the data as given by Bien,
Rakestraw and Suess (1965) are shown in Figure 2.
The extensive sampling programme carried out as part
of the GEOSEC programme should provide additional
material of considerable interest in this context but
analyses are not yet available. Land plants have a
14C/12C ratio that, except for fractionation during the
assimilation process, is directly related to the time that
has elapsed since fixation occurred. The 14C content of
sediments, including fossil fuels is, of course, practically
zero.
The two major disturbances of the natural carbon
system, that is due to man's activities, are the burning
of fossil fuels that introduces additional carbon dioxide
into the atmosphere, and the detonation of nuclear
bombs that has added to the 14C-content of the atmosphere. The amount of carbon dioxide introduced into
the atmosphere since the beginning of the industrial
revolution has been carefully assessed by Keeling (1973a),
see Figure 3, and the increase in the atmosphere has been
monitored by the group at Scripps Institution of
Oceanography (Ekdahl and Keeling, 1973) and by Bolin
and Bischof (1970), see Figure 4. Even though the curves
of production and increase of the CO2-content of the
atmosphere have not paralleled each other exactly, the
latter, on the average, has been close to 50% of the
former during the period of observation from 1957 to
1973, probably somewhat less in the middle of the 1960's
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and maybe somewhat more during the last few years.
The emission of carbon dioxide to the atmosphere by
burning fossil fuels, containing no radiocarbon, resulted
in a decrease of the 14C/12C-ratio until 1954, when this
so-called Suess-effect amounted to between 2.5% and
3% . During later years this effect has been completely
over-shadowed by the increase of the 14C/12C-ratio due
to nuclear explosion. Figure 5 shows the variations as
reported by Machta(1972). Some changes of the 14CP2C_
ratio in the surface layers of the oceans have also been
documented as shown in figure 6 (Nydahl and Lovseth,
1970), while no corresponding changes have been observed in the deep sea until recently when careful measurements in regions of deep penetrative convection as part
of the GEOSEC programme in the vicinity of Greenland
seem to show an increase of the 14Cp2C-ratio to great
depth (personal communication).
2 ,2 Physical-chemical processes of relevance to a quantitative treatment of the carbon cycle
We next wish to describe the physical, chemical and
biological processes that are at work and that until

recently maintained the quasi-steady carbon cycle that
has developed over millions of years. These same processes are also the ones that will establish new equilibria
when the overall system now is being disturbed by man's
interference.
The troposphere may be considered as a rather wellmixed reservoir when concerned with characteristic time
scales of a few years or more. The stably stratified
stratosphere mixes more slowly. Its mixing time is still
rather short in comparison with the time scales with
which we will be concerned when modelling the climate
and climatic changes and for most purposes we shall
therefore be permitted to assume that the atmosphere as
a whole is a well-mixed reservoir.
Plants on land assimilate carbon dioxide from the
atmosphere. It has been shown by experiments in greenhouses that the rate of this process is roughly proportional to the logarithm of the ambient carbon dioxide
concentration (cf. Keeling, 1973b). In nature, however,
there are many other factors that influence and often
limit the rate of growth, particularly the availability of
water and nutrients, Even if some increase of the land
biota reservoir may have occurred during the last hundred years due to this effect, we know nothing about its
magnitude and it is most likely considerably less than
what would be expected if the results of the greenhouse
experiments were directly applicable. Furthermore,
significant changes of land use have occurred during this
same period, Since these usually have implied deforestation it is quite questionable if the size of the land biota
reservoir has grown since the beginning of the industrial
revolution.
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The physical-chemical processes that bring about an
exchange of carbon dioxide between the atmosphere and
the sea are quite well understood (Bolin, 1960). The rate
with which this occurs as deduced theoretically agrees
reasonably well with the exchange rate that is obtained
with the aid of reservoir models. The buffering of the
oceans due to the presence of carbonate, bicarbonate and
borate ions in sea water thus substantially liniits the
capacity of the oceans as a sink for the excess carbon
dioxide produced by man. The buffering factor that
expresses the ratio of the percentage increase of carbon
atoms of the gas phase and the water phase without
disturbing the equilibrium across"the sea surface is, under
present conditions, about 9;5, but increases if the CO 2
partial pressure in the atmosphere would increase
(Keeling, 1973bY. For a 100% increase the buffering
factor would thus be about doubled. It should be
stressed, however, that this is so only as long as the more
acid water created at the ocean surface does not react
with calcium carbonate deposits. Therefore, for time
scales equal to that required for a turn-over of the sea,
i.e. a few thousand years or longer, other chemical
reactions and equilibria come into play (cf. Broecker,
1973). As shown by Bolin and Eriksson (1959) the
buffering factor is then rather about 2.5 and on such

time scales the oceans therefore represent a much more
efficient sink. Finally Fairhall (1973) has questioned the
correctness of applying the buffering effect to the whole
ocean surface, but the argument put forward is hardly
convincing. More elaborate models of the deep sea
(Oeschger et al., 1975, Bolin and Bjorkstrom, 1975) do
not require this in order to have a considerably larger
flux of the excess carbon produced by man into the deep
sea than is the case if assuming that the deep sea behaves
as a so-called well-mixed reservoir.
In the oceans the characteristic time of the biological
processes of assimilation is much smaller than on land.
The amount of inorganic carbon in the form of carbonate
and bicarbonate ions is always sufficient for assimilation
to occur and therefore the availability·ofinoi:ganic carbon
is not a decisive factor for growth of biota in the sea.
The over-riding limitation is rather the availability of
inorganic substances such as phosphorus,nitrogen and
trace amounts of various metals. It has been suggested
that the transfer of large amounts of phosphorus to the
sea due to the rapid increase in the use of phosphorus by
man might significantly increase biolQgical activity in the
sea. There is at present hardly any evidence that this
may have occurred on a global scale. A large fraction of
the organic compounds formed during the assimilation
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process are soon decomposed into their inorganic compounds and thus a rapid inner cycle exists, the total
turnover of which is hardly of prime concern in the
present context. There are, however, leakages in this
cycle. Some detritus will fall well into the deep sea
before being dissolved, whereby a net transfer of carbon
from the surface layers of the deep ocean is accomplished.
A small fraction will even reach the bottom (cf.,Lal and
Venkatavaradan, 1972). Another fraction of the organic
compounds is transformed into soluble constituents.
The rate with which these are further decomposed is not
well known. Considerable transfer of organic carbon
between different parts of the oceans may occur due to
the water motions.
2. 3 Some characteristic features of the ocean circulation
of importance for the carbon cycle
It may already be clear from the presentation so far
that the general circulation of the oceans is,offundamental
importance to the carbon cycle. It has long been known
that the turnover of the oceans as a whole is slow, even
though it was not possible until 14C-observat~ons from
the deep sea became available to obtain an absolute
measure of the circulation rate. We know today that
the age of the deep waters of the Atlantic Ocean relative
to the surface waters is about 600 years and the corresponding time for the Pacific and Indian Oceans is
1000-1500 years (cf. figure 2).
The circulation of the oceans is, however, much more
complex than these figures reveal directly. On the whole
the oceans are stably stratified and practically all energy
is supplied at the surface. Only when exceptionally dense
water is formed at the sea surface can it sink to an
appreciable depth. This occurs above all around the
Antarctic where quite saline and cold water forms during
the winter when freezing occurs, and similarly in a
limited region in the Iceland-Greenland area. At the
circumpolar convergence-zone in the southern seas the
water sinks and moves equatorwards but at intermediate
600
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depths. Equally the rather warm but saline Mediterranean water that penetrates the Atlantic Ocean reaches
intermediate levels. Except for these limited regions of
more or less penetrative convection, vertical motions are
small and essentially slowly upwards to compensate for
the sinking motions in the areas of deep water formation.
On the basis of the 1 4 C-content of the deep water one may
estimate the upward motion in the major part of the
world oceans to be of the order of 1 cm per day. Although
the stratification is stable some vertical mixing probably
occurs. Studies of the oxygen minimum at intermediate
depths in the Pacific Ocean considering its existence as a
result of the decomposition of organic material settling
from the productive surface layers give an approximate
value of a coefficient of eddy diffussivity of K=1 cm2
sec-I, if the upward motion is of the order of 1 cm sec-1
(Wyrtki, 1962).
. This brief description of the general ocean circl.Jlation
is admittedly very approximate but it will suffice for the
discussion in later sections .. As our knowledge about the
distribution of chemical elements, both stable and radioactive, increases there may well be justification. for
considering more complex models of the ocean circulation.
3. THE CARBON CYCLE,
CLIMATE AND CLIMATIC CHANGE
The role of the carbon cycle for the global climate is
manifold. The importance of the carbon dioxide in the
atmosphere for the radiation balance of the earth is
well-known (cf. for example, Moller, 1963). It will not
be elaborated on here but it suffices to state the quantitative conclusion reached by Manabe (1970), Manabe
and Wetherald (1973). A doubling ofthecarbon-dioxide
in the atmosphere would cause an increase of the mean
temperature at the earth's surface by about 2.5°C. It
should be remarked, however, that various possible
feed-back mechanisms were only. partly considered.
Still it is clear that the amount of carbon dioxide in the
atmosphere undoubtedly is one of the most basic parameters to be considered in a climatic model. *
There are, however,other ways in which the carbondioxide content of the atmosphere may have an effect on
the climate. The biological productivity of the surface
layers of the ocean is dependent on the chemical composition of the water, which also depends on the carbonate
and bicarbonate ion concentration. It has been suggested
that an increasing carbon dioxide partial pressure might
lead to a considerable reduction of the productivity due
to the increasing acidity (Whitfield, 1974). There is

* See also the position papedo the Conference by Manabe.
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Figure 6 Changes of the 14C/12C-ratio in the surface layers of the
and ocean according to Nydahl and Loyseth (1970).

hardly agreement on the validity of such an argument.
If the productivity of the ocean surface layers would vary
as a result of such factors it might be of importance to
consider the degree to which the albedo of the ocean
surface is dependent on the level of biological activity
in the uppermost layer (personal communication by
Siemerling). Possible secondary effects of this kind must,
however, for the time being be considered as speculative.
Substantial work is required to transfer qualitative statements into quantitative form so that adequate tests may
be carried out using climatic models.
The dependence of land biota on the amount of carbon
dioxide in the atmosphere has already been referred to.
Since the rate of assimilation is also dependent on
temperature and precipitation there is a mutual interdependence between the carbon cycle and climatic
condition. It is of interest in this context to refer to the
attempts by Leith (1972) to assess quantitatively these
relationships. Although very considerable uncertainties
still exist, such relations are obviously of prime interest
in any attempt to include vegetation and its possible
dependence on environmental parameters into quantitative climatic models (cf. figure 7). It seems important,
however, to deduce the partial correlations between the
growth rate and the environmental parameters considered.
The solubility of carbon dioxide and the buffer factor
discussed in the previous section are temperature dependent, which also implies a mutual dependence between
the carbon cycle and the global climate. No attempt to
account for this quantitatively in climatic models has so
far been made, but the importance of this dependence
may well be considerable.
We next ask ourselves which are the most important
problems that need to be resolved quantitatively to
permit an adequate incorporation of the physicalchemical-biological processes of the carbon cycle into
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Figure 7 Dependence of the rate of assimilation on precipitation
and temperature according to Leith (1972).

climatic models. On time scales of decades or centuries
we must be able to tell what the relative importance of
land biota and the oceans is in regulating the carbondioxide content of the atmosphere. As was already
indicated in the introduction, Keeling (1973b) quite
clearly has shown that the description of the sea as
consisting of two well-mixed reservoirs implies that the
land. biota seems a most important regulator in this
regard. The next section will briefly summarize his
findings and in section 5 some implications of a more
adequate treatment of the ocean circulation will be
described.
The extrapolations into the future of man's possible
modification of the carbon cycle so far have essentially
implied that the partitioning of the excess carbon dioxide
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on the different reservoirs remains unchanged for decades
or even centuries to come. The variations of the rate of
the carbon dioxide increase as observed (cf. figure 4)
indicate that significant changes may well occur. What
are the processes that regulate such variations?
On longer time scales, i.e. more than a thousand years,
principally the same question remains but the more
complex role of the ocean increases in importance. The
fact that the buffer factor increases when the CO 2 content
of the air increases must be seriously considered. It is
furthermore important to understand to what extent
various climatic regimes may be characterized by quite
different ocean circulation patterns. Does the deep water
formation and penetrative convection always reach the
bottom strata and does thus the ocean reservoir always
communicate with the surface layers in the way that was
described in the previous section? Not only does a
negative answer to this question influence the role the
oceans might play as a directly available source or sink,
but also the role of the sediments as a regulator of the
carbon cycle is dependent on such features of the ocean
circulation. For further insight into the relevant chemistry
in this context, reference is made to the survey by Broecker
(1973) but quantitative models to describe such an interplay have not been advanced.

4. QUANTITATIVE MODELS OF THE
CARBON CYCLE
4. 1 Models based on the concept of well-mixed
reservoirs
The first quantitative models describing the carbon
cycle (Craig, 1957; Bolin and Eriksson, 1959) were based
on the assumption that the carbon pools included were
well-mixed and that the transfer rate from one reservoir
to another could be described by first-order exchange
mechanisms. Principally the system of transfer equation
thereby became linear and the mathematical treatment
was simplified. The linear analysis also more clearly
revealed the principal dependence of the result on the
basic parameters at disposal. Recently Keeling (1973b)
reconsidered these models with a more complete treatment
ofthe role ofland biota to compute the circulation of both
stable and radioactive carbon in detail. His basic model
is reproduced in figure 8 and the results of his analysis
may be summarized as follows:
(i) The
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C-ratio of inorganic carbon in the ocean
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transfer time from the atmosphere to the sea, 'l:am' is five
to seven-years. This conclusion is rather independent of
the character of the land biota reservoir and the deep
ocean circulation, while the way the rate of assimilation
in surface waters might possibly influence it is not clear,
but this latter effect is probably small. The value of'l:am
agrees well with the theoretical value deduced by considering the turbulent transfer process responsible for the
flux.
(n) The model predicts a Suess effect in 1954 of
between 2% and 3% if the transfer time between the
deep layers and surface layers of the oceans, 'l:am' is
assumed to be about 1500 years, if the surface reservoir is
assumed to have a depth of 100-150 m and if fluxes of
carbon inorganic form or by gravitational settling are
negligible.
(iii) The observed fact, that the fraction of the carbon
dioxide emissions due to the burning of fossil fuels that
remain air-borne is about 50%, is not compatible with
the model unless some rather drastfc changes are made.
Either the ocean surface reservoir must be assumed to be
10 to 15 times greater and thus extend to below a depth of
about 1000 m (in which case the computed value for the
Suess effect in 1954 is reduced to merely about 1.5%) or
the dependence of the growth of land biota on the
atmospheric carbon dioxide pressure must be considerably
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increased. In the latter case the partitioning of the 50%
carbon dioxide not stayii{g in the atmosphere would be
35-40% into the land biota, about 8% into the ocean
surface reservoir and merely about 5% into the deep sea.
This would further imply a growth of the land biota
reservoir by 1% to 1 Y2% until 1954 and 3% to 4% until
1972, the exact value depending on the size of this reservoir. Although there are no data on the basis of which
this internally consistent picture can be rejected, it is
rather hard to imagine that the land biota would be
almost three times as important in providing sink for
the carbon dioxide produced by fossil fuel combustion as
the oceans. Keeling points out that in principle the model
originally proposed by Craig (1963) and later used by
Broecker (1971), permitting a' direct exchange between
the atmosphere and the deep sea, might resolve this
dilemma but he does not analyze such a model in more
detail. We shall return to this problem in the following
section.
The simplifying assumption of well-mixed reservoirs
is undoubtedly most critical for the deep sea. The land
biota, both living and dead, is, however, hardly a well
mixed reservoir either in the normal sense of the word.
The question might well warrant a closer examination.

a

4 .2 Transfer into deep sea by diffusion
As already briefly mentioned in the introduction,
Oeschger et al. (1974) have generalized Keeling's model
by assuming that the carbon dioxide that enters the deep
sea reservoir at the upper interphase is transferred into it
by turbulent diffusion rather than by using the assumption of well-mixed reservoirs as first order exchange
processes.
In order to assign a characteristic eddy diffusivity,
Oeschger et al. make use of the 14C distribution with
depth as shown in figure 2 and it is simple to deduce with
a one-dimensional model the value that reproduces the
observed 14C-distribution best. The scatter of the observations is, however, considerable; the Atlantic Ocean
differs from the Pacific Ocean and the determination of the
eddy diffusivity therefore is uncertain. Oeschger et al.
choose a value K = 1.3 ± 0.4 cm2 sec-1 which should be
compared with the value K = 1.0 cm2 sec-1 as obtained
by Wyrtki (1962). It should be emphasized, however,
that Oeschger et al. have not considered the importance
of the biological flux (nor have Keeling and collaborators)
that Lal (1970) emphasizes to be of importance.
With the aid of a value for the eddy diffusivity as
deduced in this, way it is straightforward to derive the
response of the sea to a time dependent source as the one
due to the burning of fossil fuels (approximated by an
exponential growth function), both. with regard to the

CO2-increase in the atmosphere and the 14C/12C-ratio
(the Suess effect). Their results may be summarized as
follows:
.(a) The Suess effect before the injection of radiocarbon into the atmosphere by nuclear explosions is well
reproduced with a value for 'ram between 6 and 9 years,
but the result is rather insensitive to the role of land
biota, the .importance of which therefore cannot be
determined in this way with any degree Qf certainty.~
Cb) .The rate of increase of carbon dioxide in the atmosphere, which Oeschger et al. assume to be between 52
and 62% of the amount produced by fossil fuel combustion (which seems to be somewhat too large, cf. Keeling,
1973), can be explained as essentially due to transfer into
the deep sea. Their statement that "biosphere growth
seems not necessary but evidence forexclusiol1 is insufficient" is not valid if the atmospheric increase is rather
about 50% of the emissions.
(c) The observed increase of radio carbon in the
surface layers of the oceans during the last decade or two
is also reproduced by the model, although the c9mputed
increase due to diffusion in the upper layers of the deep
sea is not in full agreement with the observations by
Fairhall et al. (1972).

4 .3 Consideration of the general ocean circulation and
the concept of transit time distribntion fnnction
Rather than assuming the deep sea to be well-mixed
or that transfer into it takes place by turbulent diffusion
as summarized in the previous sections, we shall try to
incorporate the essential features of the ocean circulatiou
into the model for the carbon cycle. We simplify it with
the aid of the diagram shown in Figure 9. Assume that
the intensity of the meridional circulation created by the
sinking of cold and saline water in polar regions is given
by Fa. It returns to the warm surface water reservoir
by slow upward motiou. The exchange between the
two surface reservoirs takes place by the large ocean
currents. Assuming that the amount of warm water
being incorporated per unit time into the polar regions is
given by km' W m and the amount of cold polar surface
water being warmed on its way southward by lie' Wc
we obviously have
(1)

where Wm. and We are the amounts of water in the warm
and cold surface reservoirs respectively and km and k e
express the exchange rates in the two directions.
The deep water formation and circulation will be
described by the transit time distribution function
qJa (i) d'r ,Which denotes the part of Fa that returns to
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The characteristic mean transit time for the deep sea
reservoir is given by

Wa
't"t=Fo

.(3)

where W a is the total mass of the deep water, 't"e is independent of the transit time distribution function and
identical with the so-called turnover time. It should be
emphasized, however, that the "average age" of a water
parcel (the time since it was last at the ocean surface)
may on the other hand be quite different from the mean
transit time. The two concepts are identical for a wellmixed reservoir or one with an exponential distribution
function
(4)

In reality the incorporation of the deep sea water into
the warm surface water reservoir may not merely be a
one-way entrainment but also involve some mixing
processes, which should be considered in a more precise
treatment.
Considering more precisely the transfer processes as
shown principally in Figure 9 and using the notations
given in this same figure we derive the system of equations for the three reservoirs: the atmosphere, the
warm surface water reservoir and the cold surface water
reservoir.

(6)

=Y- dt

Model for the carbon cycle, with the aim of reproducing
the real ocean circulation (Bolin and Bjorkstrom, 1975).

the warm surface water reservoir after a time between 't"
and 't" + d't" (cf. Bolin and Rodhe, 1973). Obviously

~cfne-.rqJa ('t") qe Ct-'t")d't"]
°
dn a

Equation (6) clearly shows the way in which the deep
sea reservoir serves as a: sink for the output of carbondioxide into the atmosphere and its dependence in this
regard on the transit time distribution function qJa ('t").
Our knowledge about the transit time distribution
function is rather limited. It is, however, of interest to
explore what various functions qJd ('t") may imply with
regard to the deep sea as a sink for carbon dioxide and
for example compare with the well mixed reservoir for
which (4) holds.
Let us adopt the simple ocean circulation model as
described in Section 2.3 and denote by the functionj(z)
the distribution function of where the sinking cold water
finds its equilibrium level and spreads horizontally. We
denote with w the slow upward motion that compensates
for the sinking motion from the cold water surface
reservoir and let K be the vertical eddy diffusivity.
Denoting by Q the concentration of any tracer, A. its
radioactive decay constant we may approximately
describe the distribution of Q with the aid of the onedimensional equation

{} ({}Q

)

-{}z K-wQ -Qc/(z)-J"Q = 0
(}z

(7)

where Qe is the concentration in the cold water surface
reservoir from where the penetrative convection into the
deep ocean originates. For continuity reasons we
obviously have
z

W = !j(Z)dZ

(8)

H

where (-H) is the average depth of the world oceans.
Making use of the distribution of oxygen (similar to
what was done by Wyrtki, 1962) and radiocarbon
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(cf. Figure 2) and possibly other tracers, we may deduce
appropriate values (or distributions) of wand K with
the aid of which rpa (7:) can be derived. This is not the
place to go into further details, but preliminary computations show the usefulness of the approach and that the
deep sea might be a more important sink than previous
models have yielded (cf. Bolin and Bj6rkstr6m, 1975).
5. CONCLUDING REMARKS

It should be clear from the presentation in previous
sections that the role of the deep sea circulation for the
carbon circulation appears as the most important question to resolve. The importance of other transfer mechanisms in the oceans than those associated with water
motions must, however, not be overlooked. A proper
treatment of this aspect of the problem should permit a
reasonably firm answer to the question of how the excess
Carbon dioxide is partitioned in the major carbon reservoirs and possibly also whether there are reasons or not
that the way this occurs at present might change during
coming decades or centuries. Extending the time scale
we need a quantitative formulation of the chemistry of
the ocean over periods of 1000 years or more in relation
to the present ocean circulation or possibly other circulation regimes.

Even though the few principal problems recapitulated
in these concluding remarks seem the most urgent, one
should not :o.eglect the many other processes dealt with
in the preceding sections nor exclude the possibility that
we may have overlooked important :mechaniSmS that
need to be considered if we wish to describe the carbon
cycle adequately.
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APPENDIX 9
PHYSICAL AND CHEMICAL PROCESSES WHICH CONTROL
THE PRODUCTION, DESTRUCTION AND DISTRIBUTION OF OZONE
AND SOME OTHER CHEMICALLY ACTIVE MINOR CONSTITUENTS
by P. J. Crutzen
National Center for Atmospheric Research, Boulder, Col., D.S.A.
1.

INTRODUCTION

Otherwise, emphasis will be on homogeneous gas phase
reactions.

This paper deals mainly with the chemistry of atmospheric ozone and a number of other gaseous constituents
which are important for the distribution and abundance 2. GENERAL DISCUSSION OF STRATOSPHERIC
CHEMISTRY AND MAN'S IMPACT
of ozone in the atmosphere. With regard to the problem
of 'climate modelling, it is normally the radiative role of
The chemistry of the stratosphere is strongly linked to
ozone in the energy budget of the stratosphere and
ofatomic oxygen and ozone. Although reactions
reactions
mesosphere which is considered in the first place.
on
metaloxide
surfaces of meteoritic origin have been
Recently, especially in connexion with problems related
proposed
to
play
a role in the ozone budget of the
to possible human impact, the role of ozone as a shield
amosphere
(1),
it
may
be assumed here that heterogeneous
against ultraviolet radiation has again been emphasized.
,
processes
are
not
directly
important, due to their probable
For instance, it is quite possible that long-period changes
coating
with
less
reactive
material. Stratospheric aerosol
in total ozone affect photosynthesis, crop yield, growth
of
H z S04 (2), which is known
particles
consist
mainly
of plants and behaviour of pollinating insects, which
not
to
react
with
ozone.
It
may
not be excluded, however,
depend on the ultraviolet portion of the spectrum for
that
these
particles
form
sites
for
other reactions. A short
At
the
same
time,
it
their orientation and navigation.
of
the
most
important
gas
phase reactions will be
review
has become more and more clear that there is an important
of
this
paper.
given
in
Section
3
link between biological processes and conditions in the
During recent years, concern has been growing about
ozone layer. This connexion is provided by a number of
constituents which are chemically stable enough in the the chemical stability of atmospheric ozone, especially
troposphere to penetrate into the stratosphere. Man's in connexion with a number of man's activities. The
activities at ground level which influence the input of question of whether, in future, total ozone can be reduced
stable constituents into the atmosphere-industrial, agri- significantly by a large fleet of stratospheric-flying
cultural or even cosmetic practices - can also affect the aircraft (3, 4) has led to concentrated research proozone layer critically. On the other hand, although more grammes in a number of countries. Despite the initially
experimental evidence is desirable, it does not seem heavy criticism, especially from some meteorological
likely that ground-level input of soluble and, in water, circles, the potentially serious nature of the stratospheric
reactive species can have important effects on the ozone pollution is now well recognized. Reductions in the
layer. Such species affect a number of other climatic ozone shield may be expected if the stratospheric content
factors such as, for instance, the amount and properties of ozone-attacking catalysts increases, which may result
of aerosol and clouds, which is the subject of other topics from direct or indirect injection of catalysts in the
at this conference. It may, therefore, seem likely that stratosphere by man. Among these catalysts should be
water soluble and reactive species can be present in the mentioned especially the oxides of nitrogen (NOz =
stratosphere in significant quantities to affect the climate NO + NO z) and chlorine (CIOz = Cl + CIO).
only through
In the case of oxides of nitrogen, injection has already
(a) direct injection, by volcanoes or aircraft;
taken place by nuclear bomb tests, especially during the
years 1961-1962 (5). A reduction in the ozone shield is,
(b) photochemical production from compounds which
therefore, another frightening aspect of future nuclear
are inert in the troposphere.
warfare. Further increase in the stratospheric content of
This important question, involving heterogeneous NO z will also result from extensive stratospheric aviation.
chemistry, will only be taken up briefly in this paper. The most important natural process leading to the
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production of NOx in the stratosphere is the oxidation of
nitrous oxide (reaction R 23 c, Section 3) (4, 6, 7). The
ionizing action of galactic cosmic rays, which also results
in production of NOx (8), is of secondary importance.
The average total global amount of ozone in the atmosphere is far from constant. A statistical analysis of all
available ozone data (5) has revealed the following trends
per decade (with standard deviations): northern hemisphere: August 1957 - March 1961, -4.7 ± 1.5%; April
1961'-- May 1970, + 11.3 ± 2.3%; and for the southern
hemisphere: August 1957 - September 1961, +2.5 ±
± 2.3%, October 1961- May 1970, -1.1 + 1.6%.
The cause for these surprisingly large variations is not
known. A suggestion (1) is that these changes are associated with the nuclear bomb testing which was conCentrated in the years 1960-1962, especially in the northern
hemisphere. These changes may, however, also represent
natural variations which are associated with fluctuations
in stratospheric circulation. This is an example of the
extreme difficulty of distinguishing between man-caused
and natural variations in total ozone based on present
knowledge.
Chlorine compounds, mainly HCl and C1 2 , which in
part may be converted photochemically to CIOa;, are
injected directly into the stratosphere by volcanic
eruptions (9). The average rate of volcanic injections has
been estimated to be about 107 molecules cm- 2 S-l (10),
only a fraction of which would reach the stratosphere.
Contrary to a proposal (9), it may seem that the resulting
mean rate of volcanic injection of chlorine compounds
into the stratosphere is too low to influence the ozone
budget to a decisive degree, which conclusion seems to be
confirmed by the total ozone data, which do not show
a reduction in ozone in years following volcanic activity.
However, important effects, especially from violent
submarine eruptions (e.g., Krakatao), may be possible.
Cl and CIO particles are extremely powerful catalysts
for ozone destruction and it is important to give warning
of any of man's activities which can increase the stratospheric abundance of these particles. Their direct injection
into the strotosphere, resulting from one space shuttle
per week and corresponding to an input of about
5 X 105 molecules cm-2 S-l in the stratosphere, is not large
enough to affect the ozone content of the stratosphere
critically.
There are a number of inert parent molecules of low
solubility and reactivity which easily penetrate the rain
and cloud filter of the troposphere to be converted photochemically into reactive species in the stratosphere. The
parent molecule for NO is N 2 0, which is produced in the
soil by micro-organisms from nitrates and nitrites. A
fraction ofthis N 20 is converted to NO by reaction R 23c
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(Section 3). Theoretical work indicates that enough NOx
is created in this way to explain most of the photochemical ozone budget of the atmosphere. However,
observations of stratospheric NO and N0 2 have given
somewhat conflicting results,especially with regard
to NO, with lower values obtained by the chemiluminescent technique (11) and higher values by optical
methods (12, 13). Measurements of HN0 3 by two
different techniques are more consistent, yielding mixing
ratios between 5 and 10 ppb around 23 km (14, 15).
As HN-0 3 is dissociated effectively into N0 2 and HO by
ultraviolet radiation, especially above 30 km, there is little
doubt that the current level of ozone in the atmosphere is
dependent on the catalytic action of nitrogen oxides (16).
The production of N 20 in the soil is, therefore, a significant factor for the climate of the earth and it is important
to establish whether natural or man-caused long-term
changes may occur in soil conditions with effects on the
production of nitrous oxide (17, 18).
The potential importance of this is clearly demonstrated
by a calculation showing an approximately 20% reduction
in total ozone as a result of (hypothetically) doubling the
soil production rate ofN20 (see Table I). The estimated
residence time ofN20 is about 10 years for the atmosphere
as a whole and 50 years for the stratosphere and
mesosphere.
Height (km)
55
50
45
40
35
30
25
20
:::""'15

(°3)
2.4(10)
6.6 (10)
2.8 (11)
1.0 (12)
2.2 (12)
3.6 (12)
5.0 (12)
4.1 (12)
8.9 (18)

°3' %

°3' %

~O

~O

-3
-11
-17
-14
-5.5
-4.2
-2.5
-6.5

~O

-3
-3
-18

-17
-14
-7
-16

Table 1: Calculated ozone concentrations (2nd column) as a function of height, in molecules cm-3 in present atmosphere and percentage decreases due to continued use of chloro-fluoro-methanes
(col. 3) and due to a (hypothetical) doubling of the soil production
of N 20. Last line: total ozone above 15 km (molecules cm-2) and
percentage reductions. Calculations for present atmosphere performed adopting observed volume mixing ratio, 2.5 x 10-7 , of
N 20 (49). More details of adopted model can be fOlmd in recent
article (22). Adopted values in cm2 5' of vertical eddy diffusion
Z-20)
coefficient (50): 15-20 km: 104 , 20-30 km: 104 exp (.4:3 '
Z-50)
30-50 km: 105 , 50-95 km: 105 exp ( - . Concentration of
10.9
ozone at lower boundary (15 km) assumed equal to 5 x 10" molecules cm- 3 for all calculations. This tends to underestimate the
estimations of ozone reductions. 2.4 (10)
2.4 X 1010.

=

Our lack of knowledge of the nitrogen cycle of the
system atmosphere-biosphere deserves especially to be
mentioned, not only because N 2 0 is perhaps the main
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variable source of NOo: in the stratosphere, but also
because the release of NH3 is important for aerosol
formation processes and because NH3 and HN03 are
important factors determining the degree of alkalinity or
acidity of rain, soils and waters.
No natural water-insoluble parent molecules for CIOo:
are known to exist in the troposphere. However, there
has been an increasing input of chloro-fluoro-methane
molecules (CFaCla, CFCI3), which are used as propellants
in sprays and as refrigerants. The present level of these
chemically very inert CFo:Cly molecules in the atmosphere,
about 0.1 ppb (19), corresponds closely to the total
production of these compounds, which have no natural
sinks in the troposphere and lower stratosphere and no
other sources than human injections. These species are
photochemically attacked and removed above 20 km,
thereby yielding free fluorine and chlorine, starting. with
reactions such as CF",Cly + hv ~ CFo:-1Cly + F and
CF",Cly + hv ~ CF",ClY _ 1 + Cl in the wavelength region
below about 220 nm, which are followed by other
reactions, not known in detail, but which probably
release further free chlorine and fluorine atoms into the
stratosphere (20). With the total 1972 production rate of
CFCl3 (0.8 X 107 molecules cm-a S-l) and CFaCla
(I.5x 107 molecules cm-a S-l), Cl atoms may be produced
(globally-averaged) at a rate of 5Ax 107 cm-a S-1. These
atoms are then further converted partly into HCl and
CIO. Ozone is not affected by hydrochloric acid and
according to present estimates about 80-90% of all
chlorine is tied up as HCl in the photochemical ozone
production region between 25 and 35 km. As a comparison, the flux of NO, NO a, andHNOa resulting from
the oxidation of NaO in the stratosphere is between
3 X 107 and 2x 108 molecules cm-a S-l (1, 4). In this case,
about 25% of the catalytic NO and NOa molecules are
tied up in non-reactive nitric acid molecules between
25 and 35 km. Noting that, molecule for molecule,
CIO", is about six times more catalytic than NOa:, which
is so important for the present ozone balance of the
atmosphere, it cannot be denied that pollution of the
stratosphere by chlorine could become serious in the
future (20). Detailed studies should be devoted to this
problem. It is extremely important to obtain data on the
present background level of chlorine compounds in the
stratosphere and mesosphere.
Calculations (see Table 1) show that a continued use
of chloro-fluoro-methanes at the 1972 rate (the annual
increase in production is 8.5%) may lead to a reduction
in total ozone by almost 10% with the main reductions in
ozone occurring in the upper stratosphere. The resulting
changes in heating rates will influence the circulation of
the stratosphere.

The ozone layer Can be affected by mali's activities,
because it is part of the dry, rarified, dynamically stable
stratosphere. Otherwise, the ozone layer can hardly be
characterized as being chemically unstable. For ilistance,
we have seen that doubling the natural production of NO
in the stratosphere will not lead to a 50% reduction, but
only to a 20% reduction in total ozone.

3.

DISCUSSION OF GAS PHASE REACTIONS

This paragraph contains a list and a short discussioll
of the gas phase reactions which are now considered to be
of relevance for the modelling of chemical processes,
especially in the stratosphere. More extensive reviews
can beJound in a number of recent articles, e.g., (9, 21,
22,23,24). The most important reactions to be included
in climatic lllodels of the atmosphere have been indicated
by italicizing the reaction number. Besides the Chapman
reactions, this category contains those involved in the
distribution of the nitrogen oxide constituents. Reactions
involving the species COa, CO, CH4 and Ha are considered
here mainly because these compounds are excellent
tracers for testing the simulation of the transport and
chemistry in the models. Although they probably do not
play a decisive role in the ozone budget of the (average)
natural stratosphere, chlorine reactions are included
because of their potentially strong effect on ozone.
Finally, because of their potential importance in initiating
the formation of sulphate aerosol particles a probably
incomplete list of sulphur reactions is included. No rate
coefficients are listed for the reactions, as excellent tables
are now available (25, 26). Reaction coefficients are not
available forthe reactions R 33, R 34, R 40, R 43, R 49R52.
In the following those reactions which are of prime
importance for climate modelling are indicated by italicizhig the reaction number. Besides the reactions originally
proposed by Chapman,

RI

R2
R3
R4

~
Oa+ hv
O+Oa+ M ~
03+ hv
--+
~
0+03

20

A.

< 240 urn

°3+ M
O+Oa
2aO

A.

< 1140 nm

it is necessary to consider many additional reactions to
explain the observations of ozone. Specifically, it is
known that reaction R 4 is too slow to balance the
production of odd oxygen (0 + 0 3) by reaction R 1.
It now seems likely that ozone is removed mainly by
catalytic chains of reactions with radicals derived from
water vapour (H, HO and HOa) and especially from
nitrous oxide (NO and NO a).

APPENDIX

The reactions which determine the rate of formation of
H, HO and HO z in the atmosphere are the following
R3a
R5
R6a
R6b
R7
R8

°s+hv
O(lD) + M
or-D) + HzO
HzO + hv
or-D) + CH4
Or-D) + H z

---+- Or-D) + Oz

A < 310 nm

---+- O+M
---+- 2HO
---+- H+HO

A < 240nm

---+- CHs+HO
---+- H+HO

The catalytic ozone-removing reaction in which these
particles participate are
R 9
RIO
Rll
Rl2
R13
RI4
R 15
R 16

H+Oz+M
H+Os
O+HO
HOz+O
Os+HO
HO z + Os
HO z + HO z
HzO z + hv

---+- HOz+M
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R24
R25

A < 191 nm

NO+hv
N+NO

which are fast enough in the sunlit atmosphere not to
allow diffusion from the ionosphere downwards. Some
significant downward transport may occur in the winter
hemisphere. Most atomic nitrogen is reconverted to NO
via
R26a
R26b
R26c
R26d

N + Oz
N + Os
N+HO
N + HO z

---+- NO

+°

-+ NO + Oz
---+- H + NO
---+- HO + NO

NO and NO z are important for the total atmospheric
ozone content due to the catalytic pair of reactions (16).

---+- HO+O z
---+- H+O z

R27
R28

---+- HO+O z
---+- HO z + Oz

NO+Os
NOz+O

The reaction

---+- . HO + 20 z

R29

---+- HzO z + Oz

NOz+hv

---+- NO

+°

with important contributions at high levels (> 60 km)
from

is not involved in ozone destruction. On the contrary, it
is this reaction which plays an important role in the
formation of ozone in photochemical smog and probably
also in clean air, when it is followed by reaction R 2 and
preceded by reactions, which may be written as
RO z + NO ---+- RO + NO z (R = Cn H Zn+1; n = 0, 1,
2, ... ) leading to oxidation of NO to NO z. The most
important among these reactions is
-

R 18

R30

---+- 2HO

A < 560 nm

Removal of HO", (H, HO, HO z) from the atmosphere
occurs mainly by the very fast reaction
R 17

HO + HO z

H + HO z

--+ HzO + Oz

---+- H z + Oz

and at low levels ( < 40 km) from
R 19

HO+NO z+ M ---+- HNOs + M

:Besides, by reaction R 8, H z is also destroyed by
R20
and
R21

Hz + °

---+- H + HO

H z + HO

while nitric acid is reduced by the reactions
HNOs + hv
R 22b HNOs + HO

R 22a

---+- HO + NO z
---+- HzO + NOs

A < 550 urn

Nitrous oxide is destroyed mainly in the stratosphere via
R 23a NzO + hv
R 23b NzO + Or-D)
R 23c NzO + Or-D)

---+- Nz + Or-D)

A < 350 nm

---+- Nz + Oz
---+- 2NO

Reaction R 23c constitutes the main source of NO", (NO
and NO z) in the stratosphere. In the mesosphere, NO is
removed photochemically via the reactions

HO z + NO

It is important to note that the HO", and NO", constituents are coupled via reaction R 19, leading to the
formation of nitric acid, partial removal of catalytic HO",
and especially NO", species and thus protection of ozone
from otherwise stronger destruction.
Also, methane and carbon monoxide are significant
compounds of the stratosphere. Methane is important in
virtue of reaction R 7 and its oxidation to water vapour
in the stratosphere and mesosphere. The exact oxidation
mechanism of methane to carbon dioxide and water
vapour is somewhat uncertain, but probably the most
important reactions are (27):

R31
CH4 + HO
R32
CHs + Oz + M
R33
CHsO z + NO
R34 CHsO + Oz
R35a CHzO + hv
R35b CHzO + hv
R35c CHzO + HO
R36
CHO + Oz

---+- CHs + HzO
---+- CHsO z + M
---+- CHsO + NO z
---+- CHzO + HO z
---+- CO+ H z
A < 350nm
---+- CHO+H
A < 350 nm
---+- CHO + HzO
---+- CO + HO z
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These reactions may constitute important sources of
atmospheric CO, H z and tropospheric Os (27, 28, 29),
but heterogeneous reactions may affect some of the
intermediates.
Molecular hydrogen is also produced by reaction R 18,
while the major process leading to the production of CO
above 30 km is the photo-dissociation of carbon dioxide:
R37

COz + hv

-+ CO

+°

A < 220nm

Carbon monoxide is removed by reaction with HO:
R38

CO + HO

-+ H

+ COz

Cl+ Os
CIO+O

-+ CIO + Oz
-+ Cl + Oz

The following reactions R 41- R 47 are important in
transferring Cl and CIO to and from HCl, which does not
react with ozone.
R41
R42
R43
R44
R45
R46
R47

CIO + NO
Cl + CH4
Cl + HO z
Cl+Hz
HCl+HO
HCl + hv
HCl+O

-+
-+
-+
-+

Cl + NO z
HCl + CHs
HCl + Oz
HCl+H
--+ HzO + Cl
-+ H+Cl
-+ HO+Cl

S02 + HO(+ M)
-+ HSOs (+ M)
HSOs + HO (+ M) -+ H ZS04 (+ M)
HSOs+HO
-+ H 20 + SOs

R 51

SOs + HzO

-+ H 2S04

occurs in the gas phase. This reaction may, however,
readily occur as a heterogeneous reaction. As model
calculations indicate that hydrogen peroxide may be
present in the atmosphere with concentration in the
ppb (10-9) range, it is also of interest to investigate the
possible significance of the heterogeneous reaction

4. GASES NOT INFLUENCED BY
HETEROGENEOUS CHEMISTRY

A < 290nm

Reactions R 41 and R 39 form a catalytic cycle
converting NO to NO z:
Cl + Os -+ CIO + Oz
CIO + NO-+ Cl + NO z

R48
R49
R50

It is questionable whether the often quoted reaction

The chlorine species Cl and CIO are extremely powerful
catalysts in destroying ozone via the pair of reactions
R39
R40

Additional reactions of 0"" HO"" CIO", and NO",
species, leading to the formation of OCIO, ClNO, CINOz
and CIOH may be neglected, due to the instability of
these species in sunlight.
Finally, we may consider some reactions leading to the
formation of H ZS04 aerosol from gaseous SOz

(R 39)
(R41)

NO + Os -+ NO z + O2
thereby enhancing ozone destruction (30). Reaction R 41
is very fast and it may therefore be necessary to replace
the common equilibrium expression
(NO) _ k Z5 (0) + J Z6
(N02) k Z4 (Os)
which follows from reactions R 27 - R 29, by
(NO) _
k Z5 (0) + J Z6
(NOz) - k Z4 (Os) + kS8 (CIO)
The reaction coefficient kS8 being almost 104 times larger
than k Z4 , CIO mixing ratios of IQ-10 or more can affect NO
concentrations in the lower stratosphere. It may thus be
possible to obtain some information about the unknown
concentration of CIO in the stratosphere from a determination of the above ratio.

The importance of heterogeneous reactions is one of
the main distinguishing features between the chemistry
of the troposphere and the upper atmosphere. Before
discussing heterogeneous reactions in the next section,
we should consider compounds which are not influenced
by heterogeneous reactions. Among these species should
be mentioned especially Os, NzO, CH4 , H 2 and CO. We
have discussed the chemical role of these in the chemistry
of the stratosphere. A good knowledge of the average
space-time distribution of these compounds is important
also because it provides a framework against which photochemical-dynamical models of the atmosphere can be
tested. The above mentioned constituents are especially
useful for this purpose in the stratosphere. In the
troposphere, nitrous oxide, methane, and molecular
hydrogen have long chemical lifetimes of the order of
years. These compounds are therefore well mixed and
less useful as tracers in this part ofthe atmosphere. On the.
other hand, let us consider in Figure 1 the average
meridional distribution of carbon monoxide (31). The
relatively simple chemistry of CO was discussed in the
previous section. Natural production ofcarbon monoxide
in the atmosphere occurs by the oxidation of methane,
which is initiated by reaction R 31 with a hydroxyl
radical. There is considerable uncertainty about the
magnitude of this production, mainly due to lack of
knowledge of the concentration of the OH radical in the
troposphere. Theoretical calculations, using best
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Figure 1 General distribution of CO in marine air in the troposphere. Thick lines represent the tropopause and the
trade wind inversion (31).

available rate coefficients, favour a view that the oxidation
of CH4 to CO is the main source of tropospheric CO (27).
On the other hand, the observations (Figure 1) seem to
indicate that ground-level pollution is the main source of
carbon monoxide (31).
There are a number of tracers (e.g., CO, CO 2 , 0 3 and
H 20) which are very useful for studies of exchange
processes between the troposphere and stratosphere. We
will now consider in some detail carbon monoxide and
water vapour. A typical profile of the mixing ratio of CO
near the tropopause is shown in Figure 2. Most notable
is the marked decrease in its mixing ratio in a rather
shallow layer above the tropause (32). These observations
have been interpreted with the aid of a one-dimensional
vertical diffusion model to derive an OH-concentration
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just above the tropause of 4 X 106 molecules cm-3 (32).
This concentration is about a factor of ten higher than
those estimated in theoretical models in which a low
mixing ratio of about 3 ppm of water vapour was adopted,
in accordance with the observations (22). However, the
applicability of a one-dimensional model in this context
seems very dubious, as a simple study of the water vapour
distribution in the lower stratosphere will reveal. At
middle and high latitudes, tropopause temperatures are
about 220 K, yielding "cold trap" water vapour mixing
ratios of about 60 ppm, which would also prevail in the
lower stratosphere if vertical diffusion were the most
important transfer mechanism through the tropopause at
middle and high latitudes. Therefore, water vapour data
strongly indicate that tropospheric air enters the stratosphere mainly at low latitudes, where tropopause temperatures are about 190 K, in accordance with the conclusion
already drawn 25 years ago (33). Mastenbrook (34), from
an observational study of water vapour concentrations in
the stratosphere, has again presented strong arguments
for the correctness of this view. He reported long-term
variabilities in the stratospheric water vapour content at
mid-latitudes, which correlate remarkably well with
variations in temperatures and saturation mixing ratios
at the tropical tropopause. It is strongly recommended
that transfer of water vapour be fully considered in future
models of the upper atmosphere. More observational
data are strongly needed to clarify further the transfer
between stratosphere and troposphere, which is one of
the most critical problems in the modelling of the
chemistry and meteorology of the upper atmosphere.
Ozone has been extensively used as a tracer for
transport studies in the atmosphere. It is commonly
accepted that ozone is produced in the stratosphere, from
where it diffuses downward into the troposphere to be
removed mainly by contact with ground material. The
observational evidence does not contradict this view (35).
However, the possibility should not be excluded that this
picture may have to be modified to some extent. Several
production and destruction cycles of ozone in the
stratosphere can be identified (36), each of them with a
magnitude comparable to the estimated destruction rate
of ozone at the ground (37), provided that the concentration of OH radicals in the lower troposphere is of the
order 106 molecules cm-3 and that the background mixing
ratio of NO is not much smaller than 10-9 • It is, therefore,
important to determine the prevailing concentrations of
OH and NO in the atmosphere. In the upper stratosphere,
OH concentrations in the range 106-107 molecules cm~3
have been reported (38), while very recent measurements
at ground level were interpreted to yield concentrations
of about 108 cm-3 (39). Such a large concentration of
hydroxyl in the unpolluted troposphere seems unlikely,
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as it would yield a chemical lifetime of CH4 in the
troposphere of only one week, which is not compatible
with the observations which show methane to be well
mixed in the troposphere (40).
5. HETEROGENEOUS REACTIONS IN THE
TROPOSPHERE
Our knowledge about heterogeneous processes, which
play such an important role in the troposphere, is
restricted and is a severe handicap in our capability to
model these processes. Our present knowledge in this
field has been reviewed elsewhere (41, 42, 43) and here we
will only consider the role of heterogeneous processes in
limiting the transfer of soluble and (in water) reactive
gases from ground level to the lower stratosphere. Among
these gases should be mentioned HNO a, NHa, HCI and
802, NO and N0 2, especially because the latter three
gases are converted to H80 a, HN0 2 and HNOa, respectively, by gas phase reactions with the OH radical.
Observations of the vertical distributions of these
constituents in the atmosphere are very scarce. It is very
important to determine to what degree the above mentioned compounds can be transported upwards through
the cloud filter ofthe troposphere to reach the stratosphere.
The probability of such transport may be very low, as
cloud formation rainout and washout characterize the
upward mode of transfer. As for water vapour, it seems
most likely that these gases are injected into the stratosphere through strong convective cells in the tropics. The
dryness of the air in the upper troposphere and stratosphere clearly shows that any air which has risen up from
ground level to these altitudes must have undergone, on
the average, many condensation processes with consequent removal of the water soluble and reactive
constituents, especially because most clouds do not lead
to precipitation. Also, the ratio ofthe rate of ground-level
release of the afore-mentioned gases to the evaporation
rate is very small, of the order of 10-7 • Indeed, observations indicating very low mixing ratios of NHa
« 0,08 ppb) above 1650 m (44) and ofHCI « 0,18 ppb)
in the lower stratosphere (13) favour the view that the
likelihood of transfer of soluble and (in water) reactive
gases into the stratosphere is low. If heterogeneous
removal is indeed so effective that only a negligible part
of the afore-mentioned gases can reach the stratosphere,
then any critical amount of these gases in the stratosphere
must have been either injected there directly or created
there by photochemical reactions from much more inert
compounds. Clear observational confirmation of this
statement is very important in assessing the role of
industrict activities on the upper atmosphere. In this
respeal, the mechanisms of formation of the sulphate

layer in the stratosphere is very important. It is well
established that the stratosphericaerosol layer after
volcanic eruptions consists mainly of H 2804 , which is
formed from injected 802 (42, 45). However, even after
long periods with low volcanic activity, enough sulphur
is present in the stratosphere to maintain an aerosol layer
near 20 km. From a study of the annual cycle of the
sulphate content of the stratosphere, Hoffman et al. (47)
postulate that about 0,15X 106 tons of gaseous sulphur
per year is transported into the stratosphere, where it is
oxidized to H 2804 aerosol. This is roughly lO-a times
the total input of sulphur into the atmosphere (47),
indicating the high efficiency of heterogeneous reactions
in reducing the flow of sulphur, mainly 802, into the
stratosphere. The above given probability of transfer
represents an upper limit, as it cannot be excluded that
minute quantities of more inert sulphur compounds or
volcanic residual 802, diffusing down from the upper
stratosphere, play a role. Regarding the manner in which
sulphur is transported into the stratosphere during quiet
volcanic periods, Hoffman et al. (46) and Junge (48)
prefer a model in which 802 diffuses through the tropopause at all latitudes, while Castleman et al. (45) are more
in favour of the idea of transport in the tropics.
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APPENDIX 10
THE POSSmLE INFLUENCE OF AEROSOLS ON THE GENERAL CIRCULATION AND CLIMATE
AND POSSmLE APPROACHES FOR MODELLING
by Christian E. Junge
Max Planck Institut ffir Chemie, Mainz, F.R.G.
1. INTRODUCTION
The purpose of this paper is to discuss the possible
mechanisms by which atmospheric aerosols may give rise
to long term effects on the general circulation and climate,
and the problem of modelling these effects. We will
discuss the general situation by comparing the aerosols
with' another climatically important constituent, CO2 ,
This comparison demonstrates the considerable complexity of the problem and the large gaps of our knowledge with which we are faced in the case of aerosols.
A major part of the paper will be devoted to the central
question of how the various effects of tropospheric and

stratospheric aerosols on climate can be modelled in
terms of the strength of their various sources.
2. GENERAL DISCUSSION
We will start with the tropospheric aerosols, using
Table 1 as a basis for our discussion. In this table we
have compared CO2 with aerosols because this comparison
seems to be very helpful in defining the general situation.
In both cases we distinguish three problem areas corresponding to three steps for achieving complete modelling.

TABLE 1
Comparison of major steps and problems ill calculating and modelling climate effects of CO 2 and tropospheric aerosols

Step

I

1I

III

CO2

la
Understanding of the behaviour of
the CO 2 system atmosphere- oceanbiosphere with respect to natural and
anthropogenic fluctuations of injection
rates, etc. into the atmosphere.
Problem partially solved for anthropogenic injections but fairly open for
long-term natural fluctuations.

lIa
Understanding of the direct influence
on the long-wave radiation budget in a
static atmosphere disregarding any
dynamically induced feed-back processes as by the hydrological cycle, etc.
Problem practically solved due to the
homogeneous distribution of CO 2 in the
troposphere, etc.

IlIa
Understanding of the complete,
realistic effects on the three-dimensional
circulation and climate, including all
dynamical feedback processes by the
hydrological cycle, etc.
Problem entirely open.

Aerosols

Ib
lIb
Understanding of the non-uniform
Understanding of the direct influence
quasi-steady state distribution within on the short-and long-wave radiation
the troposphere and its changes as a budget in a static atmosphere and its
function of production, modification change with source variations, etc.
Problem is solved to some extent
and removal processes and their
variations.
and can be completed in the near future
Problem not yet attacked; can if further data and the input from Ib are
possibly be best approached byapproxi- available.
mation with a two- or three-dimensional - - - - - - - - - - - - - - - 1
steady state circulation model of the
lIc
troposphere with parameterized mixing
Understanding of the indirect inand cloud formation processes.
fluence on the short- and long-wave
radiation budget by modification of
cloud micro- and macro-structure, Le.,
albedo, cloud cover, etc.
Problem practically open. Can
possibly be approached by approximation with a static model.

IIIb
Understanding of the complete realistic effects of the three-dimensional
circulation and climate, including all
feedback processes by the hydrological
cycle, etc. for both the direct and the
indirect influences on the radiation
budget.
Problem similar to that of CO 2 but
more complex and entirely open.
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The first problem area is concerned with ~he relationship between variations of source functions (or, not very
likely for aerosols, of sink functions) and the resulting
concentrations of aerosols in the atmosphere. Here,
considerable differences appear between CO2 and aerosols.
The CO 2 system, atmosphere - ocean - biosphere, is
characterized by very long relaxation-times of about
1000 years for mixing of the deep sea and of about
2 X 105 years for chemical readjustment of the whole
ocean due to the flux of weathering material into and
through the ocean. For variations of the injection rates
(volcanic or anthropogenic) shorter or of the same magnitude as these time scales, CO2 cannot be in steady state,
which makes the calculations or predictions of CO2 levels
difficult. In contrast to CO 2 , the aerosols in the atmosphere have life or residence times of the order of days
to about a few weeks and variations in injection rates are
slow compared to this time scale. For discussions at this
conference we can, therefore, consider the aerosol
concentrations to be in quasi-steady state. This is an
advantage because steady state conditions are in general
easier to understand and to calculate. But this advantage
is compensated by the fact that the aerosol residence time
is short as compared to interhemispheric and global
mixing times of the atmosphere which are of the order of
about 3 and 12 months, respectively. This results in
pronounced spatial and time variations in concentration,
composition, etc., of aerosols, whereas an atmospheric
residence time of about 6 years for CO2 means a rather
constant mixing ratio throughout the troposphere and
stratosphere.
As a first step in modelling it is therefore necessary to
understand the average spatial distribution of aerosols
as a result of steady state conditions. Although the
sources, the formation and/or modification of aerosols
within the atmosphere as well as their removal processes
from the atmosphere are all rather complex, it seems
to be possible on the basis of our present knowledge
at least to attempt modelling such steady state conditions for the troposphere which up to now is practically not done. The results of such modelling will give
us the approximate behaviour of the atmospheric aerosol
as a result of slow changes of the various sources.
The second step is concerned with radiative effects of
both constituents in a static atmosphere, Le., an atmosphere without circulation except for some convective
adjustment or cloud formation processes to eliminate
static instabilities. Due to the uniform mixing ratio of
CO2 and its lack of direct interference with the hydrological cycle and other meteorological processes, this
problem is practically solved for CO 2 , In the case of
aerosols, things are much more complex for several
reasons. The spatial variation of aerosol concentration,
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size distribution and complex refractive index combined
with the considerable lack of information on these
properties make it difficult at this time to arrive at reliable
figures for the direct radiative effects of aerosols in our
atmosphere and their variations with source strength.
The problem is complicated by the fact that it depends
also on the (variable) albedo of the earth's surface. However, with improved and more data, this problem could
be solved from present understanding. This refers to the
short-wave as well as long-wave radiation budget.
Unfortunately, however, aerosols affect in a rather
direct way the microstructure of water clouds and their
optical properties such as the albedo and their absorption
properties which in turn are very important parameters
for the global radiation budget (Table 1, lIe). It is fairly
well known that an increase in total number of aerosols
in clean air masse.s such as over most parts of the oceans
results in more but smaller cloud droplets. This change
in microstructure in turn increases the albedo of the
clouds. However, the presence of more aerosol particles
also increases the cloud absorption; these two effects will
partly compensate each other. Clouds with smaller
cloud droplets do not form warm rain as easily, so that
somehow the hydrological cycle is also affected. One
should expect either more or bigger clouds producing
the same amount of rain in case of an unchanged evaporation rate or a reduction in evaporation, or both. The
available data indicate that the indirect effects of aerosols
on water clouds may be very important for changes in
the radiation budget, perhaps more than the direct effects
of aerosols. Unfortunately, no attempts to estimate these
effects have been made so far.
We see that step IIb and particularly lIc are much more
difficult than the equivalent step lIa for CO2 , There
seems to be little doubt that some way of attacking lIe
has to be found to make progress on the aerosol front.
The next step IIIa and IIIb is a very important one
because it will provide the vital information about the
role of various feedback processes, as for instance from
the hydrologic cycle, which arise in the real atmosphere
with its complicated motions, transport processes, etc.
So far as we can see at the present time, such information
can only be obtained by complete four-dimensional
modelling. The input into both the CO2 and the aerosol
cases (so far as the direct influence is concerned) are very
similar. It is essentially the vertical divergence of shortand long-wave radiative fluxes; thus the solution of this
very difficult step can be used for both cases. The input
of the indirect influences ofaerosols lIe into IIIb, however,
is another special problem unique for aerosols and no
doubt of special complexity. In all these steps (Ill) no
attempts to find solutions have been made at the present
time and the problems are entirely open.

246

THE PHYSICAL BASIS OF CLIMATE AND CLIMATE MODELLING

Asfar as the aerosols are concerned, I would summarize
the situation as follows:
Step Ib is very important as a starting point; it should
be possible to come up with reasonable approximations
in the near future.
Step IIb should be refined and elaborated but does not
seem to be of special difficulty.
Step IIc may be crucial and is certainly difficult.
However, attempts for approximate solutions may be
possible by using static models:
Steps IIIa and IIIb seem to be intractable until sufficiently complex 3-dimensional general circulation models
become available.
In the next section we will discuss Ib, IIb and IIc in
more detail. We will leave out III hoping that new ideas
may evolve at this meeting.
3. LONG-TERM VARIATIONS OF THE
TROPOSPHERIC AEROSOL
As pointed out in section I, it is a logical first step to
model the long-term variations in time and space of
tropospheric aerosols as a function of source strength.
If we consider averages over at least a few years to eliminate annual or shorter term variations, we can expect the
total aerosol burden M of the troposphere to be present
in a quasi-steady state:
(1)

Q=S(M) =0

Almost without exception the global production Q is
independent of M but the sink S=S(M) is a function of
M. Under special idealized conditions S is a first-order
process in M, S (M) = So • M so that the well-known
relation
(2)
M= Qlso =Q.T
results with So being a constant and T the average residence
time in the troposphere. In general, S (M) depends on the
general circulation and on physico-chemical processes
within the atmosphere and its boundaries and will not be
linear in M. If we do not consider large variations of
Q and M, which will be mostly the case if we are interested
in long-term climatic variations, we can, however,
approximate (1) by

as

oQ -aM ZM = 0

by which oM is related to oQ and

::r.

(3)

The task in the

first step of Table 1 is twofold, first to estimate oQ for the
various aerosol sources as a function of time and second
to determine

::r

by modelling.

Equations (1) to (3)· demonstrate only the general
interdependence of the global qualities Q, M and S, but
for our problem we need the detailed knowledge of the
local average quantities q, s and m as functions of space
as well as the variations ofm asfunctions ofthose ofq and s.
It should be noted that for considerations of climate
effects, information about the variation of m with q is
more important than that of the absolute values of q, s
andm.
In case of tropospheric aerosQls q, s and consequently
m are very complex functions of a variety of processes.
Without attempting to be complete, we can list the
following:
Sources:
• Direct injection of particles at the earth's surface
over land and ocean.
• Formation of new particulate material within the
atmosphere by gas to particle conversion.
• Formation of new particulate material by evaporation of cloud or rain droplets.
• Injection of particles from the stratosphere.
Modification processes of aerosols do not result in new
particulate material but do alter the size distribution and
the chemical, physical and optical properties of the
particles. Although these modification processes do not
remove particulate material from the atmosphere, they
nevertheless influence the various removal processes.
Well known modification processes partly associated with
formation of new particulate material are:
• Coagulation of aerosols.
• Coagulation of particles due to the condensation
cycle of water clouds.
• Condensation of homogeneous or heterogeneous
gas reaction products inside and outside of clouds.
Removal processes:
• Rainout within clouds.
• Washout by raindrops below clouds.
• Impaction and diffusion at the earth's surface.
• Sedimentation.
(see e.g., [1], [2])
Up to now practically no attempt has been made to
model these phenomena in the atmosphere, partly
because some of the processes involved are still not well
enough known but primarily because this would involve
the use of four-dimensional circulation models which
include the aerosol processes. The use of such models is
of course not possible at the present time. But it should
be possible to develop two- or (later) even three-dimensional stationary ad hoc models for the troposphere using
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horizontal and vertical steady state transport as well as
parameterized horizontal and vertical mixing processes.
They can be based on the annual average circulation of
the troposphere and they require the inclusion of cloud
and precipitation patterns. Similar models have already
been developed for the stratosphere to study ozone but
strangely enough, no such attempt has apparently been
made for the troposphere.
In such. a model, we can incorporate the various
aerosol processes in order to calculate the spatial distribution of aerosol concentration and properties to study
their dependence on source distribution and strength.
It is, of course, clear that this approach can only be
regarded as an approximation but it can be expected that
it will result in a reasonably realistic simulation of actual
conditions. At the same time, however, considerable
improvements in the quality and quantity of observations
of tropospheric aerosols will be necessary to check the
model against observations.
We cannot in the framework of this position paper
go into the complexities of the various formation,
modification and removal processes. It may, however,
be quite useful to survey the main possibilities for climatic
effects from aerosol source variations as a basis for our
discussion. This can best be done by considering the
tropospheric aerosol as a mixture of four main types,
namely the sea salt· aerosol, the continental aerosol
(without the mineral dust compon~nt), the mineral dust
component (primarily from arid zones) and the middle
and upper tropospheric background aerosol. We will
discuss the major characteristics of these aerosols emphasizing the possibilities of their long-term changes.
(a) Sea salt aerosol

This aerosol is produced by the well-known bubble
process of breaking waves and is rather rapidly removed
by the very effective washout and rainout "filter" of the
lower troposphere, to a large extent over the ocean itself.
As a result this aerosol does not penetrate to altitudes
much higher than about 3 km, even over the centre of
large oceans. The overall production of sea spray aerosols
is almost exclusively a function of the average wind
velocity distribution over the oceans. We can envisage
no natural process by which the average production of
sea salt on a regional and global scale is changed except
for changes ofthe global wind-field itself, Le., by climatic
changes. The same is true for the removal processes.
Man may modify not so much the quantity as the quality
of salt aerosols, by increasing contamination of the sea
surface by oil films. At present, however, the surface
area affected in this way is still very small. We conclude
that sea spray aerosols are very unlikely to be the reason
for any climate variations (see [3]).
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(b) Continental aerosols (without the mineral dust component)
This aerosol is restricted to about 5 km of the tropo-

sphere even over large continents and originates from a
large variety of sources among which conversion to
particulate matter of gaseous sulfur, nitrogen and organic
compounds plays a major role. These gases are both of
natural and anthropogenic origin. Direct production of
this type of aerosol occurs by all kinds of burning and
heating processes, in nature, for instance, by forest fires
ignited by lightning or volcanic activities, in polluted
areas by industrial and other human activities. Possible
source variations besides those from human activities
may arise from changes in vegetation cover, but under
natural conditions this will to a large extent be the result
rather than the origin of climate changes. There is no
doubt that over the last several thousand years since
development and spread of stock-farming, agriculture
and deforestation, large portions of the earth's surface
were modified by the initiative of man and will continue
to be modified in the future. Whereas it is difficult to
envisage initial natural vegetation changes of sufficient
importance, the man-made changes should no doubt be
considered very carefully. In summary, we can conclude
that only changes of man-induced aerosols of this type
are likely to be of importance for considering long-term
climatic effects.
(c) Mineral dust component

Mineral dust is a source for atmospheric aerosols over
most continental areas, particularly over arid zones. It is
transported over large distances as documented. by direct
studies of Sahara dust over the Atlantic ocean [4]. The
considerable role of aeolian dust in the formation of
deep-sea sediments has only recently been recognized [5].
The loess formations during the glacial age are another
example of the importance of this factor. Small changes
either in climate or in man's activities may already have
resulted in considerable displacements of the borderlines
of arid zones and thus in total production ofthis aerosol.
It becomes immediately clear that considerable feedback
exists between production of mineral dust and climatic
changes, most likely more pronounced than with any
of the other aerosol types discussed here. The role of the
mineral dust component in atmospheric aerosols for
climatic effects should be of special concern in our discussion. Unfortunately our knowledge in this field is still
rather fragmentary.
(d) Background aerosols
This aerosol fills the upper troposphere above about
3 km over the oceans and above about 5 km over continents, Le., about 80% of the total volume of the troposphere. It originates most likely from those parts of
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(b) and (c) wh,ich penetrate the "rainout" and washout
filter of the lower troposphere with its intense cloud
formation processes and which after further ageing and
modification, spreads rapidly throughout the upper
troposphere. Theoretical considerations and the few data·
which exist on the properties of this background aerosol
indicate that it is of rather uniform chemical character [6]
with total particle concentrations around 300/cm3 STP.
Our knowledge about this type of aerosol is still very
incomplete and also about the role it plays in cloud and
rain formation on a world-wide basis. The latter may be
considerable in view of the large tropospheric volume
involved. Mineral dust and sulfate are among the major
constituents so far as the few data indicate. This suggests
that this aerosol may primarily be influenced by variations
of the emission of gaseous sulfur compounds (natural
and anthropogenic) and by variations of the mineral dust
component as discussed in (c). But without model
calculations it will be very difficult to estimate how this
aerosol is affected (qualitatively and quantitatively) by
variations in source strength. For any realistic assessment of the importance of aerosols in climatic changes,
a clear understanding of the background aerosol and its
role in the hydrological cycle is of special importance.
Summarizing this section, we may say that approximate
modelling of tropospheric aerosols should be possible
by the use of tropospheric ad hoc circulation models as a
first necessary step in the assessment of the role of aerosols
for climatic effects. With such m9dels, the effect of
variations of the source function on the concentration
and properties of aerosols can be studied. A survey of the
main aerosol sources suggests that variations in mineral
dust production and emission of gaseous aerosol precursors, both natural and man-made, may be of special
importance for possible climate effects.
4. MODELLING OF THE DIRECT
TROPOSPHERIC RADIATION BUDGET
The aerosol model is expected to give us a spatial
steady state distribution of all important characteristics
of the aerosol, especially those which control the radiation
budget as a function of the various aerosol sources. This
will serve as a basis for calculating the short- and longwave radiation fluxes due to the presence of aerosols and
their divergence according to Step llb, which in turn will
serve as the basic input into model IlIb.
If the aerosol characteristics are given with respect to
geographical location and altitude in the steady state
circulation model, the problem of calculating the radiative
fluxes including multiple scattering and the variable
occurrence of clouds will be the next step. Although this
is still fairly complex, it can be solved on the basis of

present knowledge. The input into model IIIb can vary
in sophistication. The simplest way would be to form a
spatially averaged vertical aerosol distribution for the
whole troposphere and for its variation with source
strength, deriving from this the corresponding information on the radiation fluxes. This in turn can be used as a
uniform input into the step IIIb model. Because of nonlinearity, it would be better to calculate the radiation
fluxes before averaging. Even better would perhaps be
to average with respect to the major geographical regimes
and/or with respect to the important features of the
general circulation and to introduce the corresponding
fluxes or their divergence in an appropriate manner into
the step IlIb models. In all these cases, the emphasis
should be not so much on the absolute accuracy of the
radiation budget but rather on its dependence on the
strength of the various aerosol sources.
Because the problem of radiation will be treated in
another paper, we will restrict ourselves to a few general
remarks. For all radiation budget considerations of
aerosols, the single albedo
0'

Wo

= 0'

+a

of the particles is the important parameter, where

a := scattering coefficient, and
a = absorption coefficient.
Both a and a are functions of particle size, complex
refractive index and wave-length. The quantity I-wo
controls the emission and/or absorption of the particles.
In the infrared, the absorption coefficient a increases with
relative humidity because of the increase in water content
and the high value of a for liquid water. In the short-wave
range, a is smaller because liquid water is not active here
and a is to a large extent determined by absorbers other
than water.
The combination of short-wave aerosol scattering and
absorption together with the surface albedo can in
principle result in either an increase or a decrease of the
planetary albedo, depending on the numerical values
involved. Recent data on the imaginary part of the complex refractive index of aerosols indicate that a decrease
in the planetary albedo seems to be the more general case
so that aerosols would result in a slight warming so far as
solar radiation is concerned. The long-wave radiation
effects of aerosols result in a global net decrease in cooling
due to emission in the windows. The emissivity of aerosols is particularly high in the 8-12 Ilm window as a
result of their sulfate and quartz content. Even under
clean air conditions, this long-wave emissivity of aerosols
cannot be neglected in comparison with the total emissivity of gases [7]. The vertical divergence of this infrared
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flux results, of course, in a local atmospheric cooling by
the aerosols.
As a result of these conditions, the heating rates due to
aerosols for the short-wave solar radiation are about
equal to those for water vapour and larger than those for
CO2. In the infrared, the aerosol portion of the cooling
rates is about 2-5% of the total in the tropics due to the
high water vapour content there but increases to about
25% in polar regions. A certain additional grey absorption most likely due to dimers of the H 20 plays a role in
the lowest layers of the tropical troposphere where the
water vapour content is high [8].
IT clouds are added, the radiation budget becomes more
complex but can be calculated with a fair degree of
accuracy depending on the extent to which details are
introduced into the static radiation model.

5. MODELLING OF THE INFLUENCE OF
AEROSOLS ON CLOUD ALBEDO,
CLOUD ABSORPTION AND CLOUD COVER
The processes of step lIc in Table 1 are of special
concern because of their potential importance for the
radiation budget and because of our ignorance about
them. It is reasonably well established that increase in
total aerosol concentration in those large oceanic areas
where concentrations are around 300 cm-3 will result in a
corresponding increase in cloud droplet concentrations
coupled with a decrease in droplet size [9]. This change
in the microstructure of clouds increases their albedo.
At the same time, the increase .in aerosol content will
increase the cloud absorption resulting in a decrease in
albedo. This is due to the fact that multiple scattering
is much more pronounced inside clouds than outside so
that even small changes in absorption may have rather
large effects [IQ]. Another effect is on the efficiency with
which warm clouds produce rain. A decrease in cloud
droplet size will reduce their rate of coagulation and thus
the tendency of clouds to precipitate. One possibility for
the hydrologic cycle to compensate for this is by increase
of the cloud cover which, however, will further reduce
the global albedo. Our knowledge of these three effects
is very scanty. All we know at the present time is that
they occur but if, how and to what degree they interact,
amplify or compensate each other has hardly been considered. For this reason it seems desirable as a first
logical step to try to study these interactions by a simple
static model which includes radiation and the hydrologic
cycle of evaporation (as a function of surface temperature,
etc.) and precipitation formation (by convective and other
clouds). It may be that studies of such models will not
result in much more than a deeper insight into the be-
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haviour of such a combined system but at the present
state any improvement in our knowledge is an important
step forward. In this model we have to parameterize the
albedo, absorption, amount and ability to produce rain
of both convective and layer clouds .in such a way that we
can study the net effect on the overall radiation budget as
a function of aerosol changes given by step Ib in Table 1.
We also have to .include evaporation both over land
and ocean which in turn depends on temperature and
radiation changes. This model will certainly become fairly
complex and the numerous individual processes are not
in all cases very well known. Nevertheless we feel that it
should be possible to start work on such an integrated
model. Since modelling of cloud and precipitation processes does not necessarily require the dynamics of the
atmosphere for a first crude approximation, we suggest
using a static model for this step.
6. STRATOSPHERIC AEROSOLS
Although stratospheric aerosols differ from tropospheric aerosols in many ways, the three basic steps in
modelling shown in Table 1 can also be applied in this
case. Since there are no clouds in the stratosphere,
problem lIc does not exist which simplifies the issue
considerably.
.
A. For modelling the stratospheric aerosol layer, according to step Ib we have to distinguish between the normal
aerosol layer and the volcanic injections. It is fairly sure
that even during long periods of volcanic quiescence, there
exists a world-wide stratospheric aerosol layer. between
about 15 and 20 km and somewhat higher in the tropics.
The particles have an average radius of about 0.3 J!m and
consist primarily of sulfate with the cation being most
likely H+. This normal layer was observed prior to the
eruptions of Agung and other volcanos during the period
1963 to 1970 and seems to have returned in recent years.
The generally accepted explanation for this normal sulfate
layer is that tropospheric S02 is transported upward into
the stratosphere by mixing and/or circulation, where it is
slowly converted to S04 particles by oxidation processes
which return again to the troposphere by the same transport processes plus sedimentation.
This concept can explain quantitatively the observed
main features if realistic S02 mixing ratios at the tropopause in the 0.1 to 1.0 ppbv range are assumed and if the
net oxidation rate of S02 within the stratosphere is of the
order of IQ-8 sec-1 [11]. This slow net reaction rate
corresponds to a chemical lifetime of S02 of about 3 years
implying that the S02 mixing ratio decreases only slowly
above the tropopause and fills most of the stratosphere.
At the same time, however, it becomes apparent that this
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normal layer is of little or no concern with respect to
climatic effects. Table 2 illustrates this. In this table the
total aerosol burden M = 0.2x 106 tons of the stratosphere for the normal layer was calculated from direct
measurements of the pre~Agung period as well as the
corresponding decrease in transmission of solar radiation
AT. The value of AT was calculated by a conversion
formula based ona layer of 0.3 J.lm radius particles
consisting of concentrated H 2S04 • The value AT = 0.2%
agrees with direct optical data from soundings [121. We
have included in the table typical observed clean air
tropospheric values of AT which were converted to M
values by a formula based on tropospheric observations
[151. We see that the AT value for the normal stratospheric aerosol layer is only ljlOth of the value found at
3000 m altitude (Mauna Loa) on clear days. This
indicates that at least with respect to transmission, the
normal stratospheric contribution is negligible. This
statement is also valid for the radiation budget even if we
consider the fact that the relative proportions with respect
to the radiation budget are somewhat different. The AT
values in Table 2 for major eruptions on the other hand
show increases in the stratospheric aerosol burden by
factors of 30 to 100. These factors are confirmed by direct
sampling [16]. One can estimate that over the last 100
years, volcanos injected more than 50 X 106 tons of
aerosol mass into the stratosphere as compared to only
about 10 X 101 tons by the normal aerosol formation
process. About 50% of the time, the stratosphere was
more or less affected by volcanic perturbations.
TABLE 2
Decrease in solar transmission Ll T (in %) and total global aerosol
burden M (in tOilS) above the indicated altitude in the troposphere
and/or in the stratosphere based on data by Volz [13]

Atmospheric Situation

LlT %

approximate
values in
clean air

,...,20
,..., 5

ground level
2 km Mountain
3 km observatories

,..., 2

Normal stratospheric
aerosol layer
Krakatoa, 1883, 1 yr after eruption,
both hemispheres
Katmai, 1912, 0.2 yr after eruption,
northern hemisphere only
Agung, 1963, 0.8 yr after eruption,
northern hemisphere
southern hemisphere

m 106 tons
-+ 100 *
-+ 25 *
-+ 10 *

0.2 +- ,..., 0.2 **

""'20

-+ 20

**

""'20

-+

10

**

,..., 1.5-+
,..., 15 -+

Relations between Ll T and M according to
* M = 5.0 X 106 LlTtons for troposphere
** M = 1.0 X 106 LlT tons for stratosphere

0.7**
7 **

AIl observations indicate that sulfate is also the major
constituent of aerosols produced by volcanos except
perhaps for the first several months after an eruption,
when large quantities of tephra are involved. The injected 802 provides a long lasting reservoir from which
aerosols are constantly formed in situ. If we accept a
stratospheric residence time at 20 km of about 1.5 years
as a reasonable value, it takes about one year to reduce
S02 and aerosol contents by a factor of two. An increase
of the aerosol burden by a factor of 50 can, therefore, be
expected to require about 5 years before normal conditions are again approached. The data in Table 2
indicate that transmission observations are rather insensitive for monitoring stratospheric aerosols because
of the relatively high tropospheric background even under
very favourable conditions at mountain stations. Twilight
and lidar observations are somewhat better.
Ifwe do not require special accuracy, it may be possible
to express the stratospheric effects of volcanic eruptions
in terms of a standard event, with the only variables being
the initial amount M of injected material and perhaps
the geographical location and the season of the eruption.
A suitable standard may be an event which results in
AT = 10% after the respective hemisphere has become
sufficiently mixed, i.e., after about 0.5 years. A careful
study of the available data is required to show if events
are sufficiently similar so that their short- and long-wave
radiative effects can as a first approximation be scaled
to such a standard. If this turns out to be the case,
modelling of stratospheric aerosols with respect to possible
climate effects (which'allow the normal aerosol layer to be
disregarded) would then only require knowledge of the
sequence of events and their magnitudes in terms of a
standard. It should be mentioned that the interhemispheric exchange time within the stratosphere is of the
order of 3 years so that any partitioning of the injection
between the hemispheres remains practically valid throughout the life-time of the event.
B. Step llb, Table 1, poses no special problems for
stratospheric volcanic injections. Our knowledge of
stratospheric aerosols after volcanic injections in terms of
size distribution, chemical composition and hence optical
properties, although better than that of the tropospheric
background aerosol, is still in need of some improvement.
But even now it should be possible to calculate at least
approximately the influence of standard events on the
global albedo and on the radiation budget. There are,
however, still some puzzles. The scattering functions of
stratospheric aerosols observed during rocket and balloon
flights, for instance, cannot be reconciled with existing
observations of the direct measurements of concentrations
and size distributions [17]. In my view it has not been
convincingly demonstrated that absorption of solar
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radiation by stratospheric particles is sufficient to explain
the temperature increase observed after Agung. This
increase was around 3°C on the average over a period of
3 years [18]. The sulfate level during the same period was
higher by factors of around 20 indicating that the temperature effect of the normal layer is of the order of
0.15°C, again supporting the view that it is of no climatic
significance.
Suppose we know the total loss of radiative energy for
the earth for a standard event and the sequence of the
actual events, the question arises about the long-term
possible climatic effects of these 'randomly distributed
short-duration changes in the short- and perhaps the
long-wave radiation budget. If we consider only the heat
capacity of the atmosphere, the relaxation. time of the
effective radiation equilibrium temperature of the atmosphete is of the order of one month. In this case the
atmosphere would always be in quasi-equilibrium and
the climatic effects would last about, as long as the aerosol
perturbation in the stratosphere.
But the energy exchange between the atmosphere and
the mixed layer of the ocean is of the same order as the
relaxation time so that we have to consider the combined
system: atmosphere mixed-layer, with a heat capacity of
about 20 times that of the atmosphere. This gives a
relaxation time of about 2 years. The combined system
atmosphere mixed-layer. will therefore return to normal
soon after the stratospheric perturb!Ltion has ceased.
The major climate effects of volcanic activity. will,
therefore, be determined by the frequency and magnitu4e
of the eruptions. However, durip.g the period of a single
event there is some exchange between the mixed layer and
the deep sea so that a smallamount,perhaps 5-10%, of
the glooalloss (or gain) of energy will be stored in the
deep sea for a long time due to turnover-times in the
range of 500 to 1500 years. The question of this storage
of the volcanic perturbations in the deep sea is of interest.

t. If the radiative effects of individual events can be
expressed by a standard, the input into trUly threedimensional circulation models is simply given by the
frequency and magnitude of the eruptions. This will give
an answer to the interesting question: whether on the
average, the climate effects of a sequence of short term
events is the same as if the total integrated energy perturbation over the same period is applied at a uniform
rate. The fraction 'stored in the deep sea is another
question but is most likely of little importance in comparison to the direct effects of the short-term events.
In summary we may say that the normal stratospheric
aerosol layer and its possible fluctuations can be neglected
for climate considerations .Volcanicinjections of aerosols
or :more likely of S02 with subsequent conversion to
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sulfate aerosols may have climatic effects if there are
long-term variations of volcanic activity of sufficient
amplitude.
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APPENDIX 11.1
SATELLITE CAPABILITY IN MONITORING CLIMATE PARAMETERS
by Ehrhard Raschke
University of Cologne, Federal Republic of Germany
1. INTRODUCTION
The rapid technological developments in the last 20
years have provided meteorologists with an ideal opportunity to assemble many parameters on the state and
energy budget of the atmosphere-ocean-cryosphere-Iand
system with the help of satellites in all three dimensions
and over various time scales. These satellites can collect
data in various ways:
(i) as collectors of data from any kind of automatic and
other stations (buoys, balloons, aircraft, etc.) in the
environment; or
(ii) as platforms for instruments to measure electromagnetic radiation from the earth and its atmosphere
and from the sun. Emitting sources could be either
the sun, the earth, or laser and radar aboard the
satellite.
However, their observational capabilities are not
unlimited due to the fact that they cannot be placed into
any desired orbit around earth, and that the interpretation
of radiation measurements needs a complete understanding of radiative transfer processes.
Considerable efforts have been undertaken in the last
few years to carry out experiments, to measure and
monitor state parameters of the atmosphere and earth
surface, for two important scientific goals: short-term
weather prediction and earth-resources utilization. Some
of these efforts will culminate during FGGE in 1979 in a
joint international experiment which will be primarily
designed to fulfil the requirements for the first objective
ofGARP.

A few other satellites have been flown in nearly equatorial orbits (e.g., for the purpose of data acquisitiorrfrom
drifting buoys and balloons in the tropics and sub-tropics
during the EOLE-project) and at other inclinations of the
orbital plane with the equator (e.g., early TIROS and
COSMOS satellites).
A nearly stationary position of the satellite with respect
to the rotating earth can be obtained only if the satellite's
orbital plane coincides exactly with the equatorial plane,
and the satellite is orbiting at an altitude of nearly
36,800 km from east to west. From such "geosynchronous" altitudes it is possible to observe many times a day
an area between about ± 60 degrees of longitude and
latitude around the sub-satellite point which corresponds
to almost one quarter of the earth's surface. In such
positions the U.S. satellites ATS 1 (over the Pacific
Oceans) ATS 3 and SMS 1 (over the Atlantic Ocean) and
many other navigation and telecommunication satellites
have been located. These positions enable quick repetitions of observations, thus providing data for studies of
the dynamics of various cloud systems or of the temperature wave of the ground.
A satellite system consisting offive such geosynchronous
satellites equidistant in longitude and two sun-synchronous polar-orbiting satellites equidistant in time has been
proposed by COSPAR Working Group 6 (1) as suitable
to meet the requirements for continuous global observations of meteorological parameters from space. These
wouid yield a global coverage with a sufficiently high
resolution in time to avoid sampling errors. Such a
system is already planned for the observational periods of
the First GARP Global Experiment (FGGE).

2. SATELLITE ORBITS
Most meteorological satellites with automatic instrumentation have been placed into sun-synchronous nearpolar orbits with altitudes between about 900 and 1700 km
above earth. These orbits allow total global coverage
once during each day (24 hours) if only measurements of
solar radiation are made, or twice a day for measurements
of infrared radiation emitted to space or for active sensing
with radar or lidar onboard the satellite; and measurements at the same local time during each day over each
area, thus keeping the conditions of illumination by the
sun nearly constant from day to day.

3. RADIATION MEASUREMENTS
Since satellites must be placed into orbits at altitudes
outside the atmosphere to be observed, all values of
climate parameters at the earth's surface and in the atmosphere, except the radiation budget of the earthatmosphere system, must be inferred from radiation
measurements. One radiation source, as to the present
state, has been the sun, whose electromagnetic radiation
is partly scattered and reflected back to space from the
atmospheric constituents (molecules, aerosols and clouds)
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and the ground, but is also partly absorbed by these
components and at the ground. The solar spectrum covers
a wide range from about 0.25 ~m to 3.5 ~m. The other
source has been thermal radiation in the wavelength range
of between 3 ~m and more than 1 cm, emitted from the
system components described above.
Artificial sources in future satellite systems will be radar
and lidar systems whose capabilities for remote sensing
have been tested and widely used in many aircraft flights.
Their use in satellites has failed so far because of their
large power consumption.
All interpretations of such measurements - and evidently also the design of receivers (field of view, spectral
response, data rates, etc.) - must be based on a very
exact knowledge of the laws governing the transfer of
electromagnetic radiation in the system formed by the
atmosphere and the ground. These laws need to consider
the following interactions of radiation with matter:
Ca)

(b)

te)

(d)

Molecular scattering, Le., scattering by particles or
density fluctuations, whose diameters are very small
as compared with the wavelength, is fairly well
described by the "Rayleigh" law. It also causes
polarization so that the backscattered light may be
described by the 4 Stokes-vector components or
more descriptively by the degree and direction of
polarization and its ellipticity.
Dust scattering, i.e., scattering by particles whose
diameters are about the same size as the wavelengths
(aerosols, cloud droplets, ice needles), needs to be
described by the more complicated MIE-theory.
Physical input parameters are the complex index
of refraction, whose imaginary part describes
absorption, and the particle size distributions.
These parameters are, however, incompletely known.
One basic assumption of the MIE-theory, the
spherical shape of all scattering centres, is perhaps
seldom fulfilled in nature. Deviations from it and
also absorption may seriously affect the polarization
characteristics of such particles.
Gaseous absorption and emission is very strongly
wavelength dependent due to a large variety of
absorption bands of atmospheric gases (0 2 , 03'
H 20, CO2 , CH4 , HOx , and also to some degree by
clusters of H 2 0-molecules) and needs for its exact
description many parameters for absorption lines.
However, for many purposes the accuracy of simplified band models is quite sufficient.
Reflection, absorption and emission at ground and
ocean surfaces may be strongly wavelength dependent due to the surface structure and vegetative cover
(e.g., in the visible spectrum over land and the
surface roughness of oceans, in the microwave
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spectrum). Reflexion also causes strong polarization, which still needs basic investigations.
For an exact description of the radiative transfer in the
system, the above-mentioned processes must be treated
as model parameters and fed into the radiative transfer
equations. The "classical" radiative transfer theory is
based on the Bouguer-Lambert law of extinction. It still
needs assumptions on layering in the system (e.g., planeparallel or spherical homogeneous layers) in all models
developed so far. The real structure of inhomogeneities
occurring in the system, such as cloud fields or ocean
waves, might be modelled in principle only with Monte
Carlo procedures. Both these methods for theoretical
investigations of radiative transfer need a large amount of
computer time if treated without simplifying assumptions.
Thus, more efficient methods are necessary for routine
work, but need to be tested by theoretical and field
("ground-truth") experiments.
The large variety of parameters affecting the radiative
transfer and all possible errors of measurements and of
data transfer cause basic limitations in the accuracy of the
values of climatic parameters to be inferred from radiation
measurements. These limitations, however, might be kept
very small by careful "ground-truth" and instrumental
calibrations and stability checks.
For instance, it has been shown recently by Kunde et al
(2) that spectra of infrared radiation measured with an
interferometer spectrometer in the range from 6.5 to 23 ~m
over cloudless areas deviated by 5-10% from calculated
spectra, although the vertical proilles of temperature and
water vapour were measured carefully and a line-by-line
integration was employed. These authors conclude that
it is "not possible to specify quantitatively the individual
error sources", since calibration errors occur in both
satellite and in situ (here: radiosondes and rockets)
instrumentation. This example demonstrates to some
extent the principle uncertainties involved in these
problems.
Based on these very limited discussions of these basic
constraints imposed on monitoring of climatic parameters
from satellites, one can conclude that only a few parameters can be monitored with the necessary quantitative
accuracy to observe trends indicative of climatic changes.
Some of these observational possibilities are described in
the next sections.
The instrumentation used so far consisted of various
types of radiometers, interferometer spectrometers and
camera systems. Its capability to operate without
significant difficulties under "space conditions" has been
proved very successfully. But no attempts have been
made - at least not yet described in the scientific literature - to develop standard equipment for continuous

254

THE PHYSICAL BASIS OIl CLIMATE AND CLIMATE MODELLING

long-time series of observations which are necessary to
identify climatic trends.

4. RADIATION BUDGET OF THE
EARTH-ATMOSPHERE SYSTEM
The radiation budget, QH, of the earth-atmosphere
system in any arbitrary region is defined as the net flux
density of radiation over a horizontal element of area.
Its components are:
Qs: incoming solar electromagnetic radiation, whose
total energy is assumed to be almost invariant and is
expressed by the "solar constant" So = 1358 Wm- 2
( ± 1%). Variations of spectral components located
primarily in the ultraviolet portion of the spectrum
are well documented also from satellite observations.
The spectrum of solar flux ranges from about 0.20 to
3.5 Jlm ( r-.J 98%).
QR: solar radiation, reflected and scattered back from
earth to space. Primary contributors are clouds and
ice and snow-covered regions; smaller contributions
are due to scattering in the atmosphere and reflection
at the ground, in particular over oceans. The ratio
QR/QS is called planetary albedo, A. Its spectrum
ranges from about 0.3 to 2.5 Jlm ( r-.J 98%).
QE: thermal emission from the earth's surface, from
cloudS and other atmospheric constituents t6 space.
Over cloud-free regions, this quantity is primarily
affected by the temperature of the ground or oceans,
while over cloudy regions the cloud top height (and
temperature) and cloud amount are the prime
modulators of radiation fields. Its spectrum ranges
from about 3 to 50 Jlm ( r-.J 98%).
Over each area
QN

or

QN

= QS-QR-QE

Present values of QN and of its components have been
obtained only from measurements of one-satellite systems.
Assuming a constant value of So, one obtained global
annual averages of the albedo of 29% and the emission
to space of 244 Wm- 2 • The latter value corresponds to a
radiation temperature of about 255 K.
The relative precision of about ± 4% of measurements
from the polar-otbiting satellite Nimbus 3 obtained during
1969 and 1970 madeit possible alreadyto trace the annual
waves in QR' QE, and the absorbed component (Qs- QR)
averaged both globally and heInispherically, whose
amplitudes ranged· between 1 to 10% of the averages
mentioned above (Figure 1). These measurements, even
though they were not statistically significant, showed for
the first time that our earth-atmosphere system might not
be in complete radiation balance with space during the
main seasons.
Trends in global averages of outgoing radiation may
occur with a magnitude of about 1 degree perlO years,
which corresponds to about 1.5% of the average. They
might be accompanied by trends in the global albedo of
perhaps somewhat higher magnitude. To monitor them
with sufficient confidence, a precision of better than 1%
needs to be established for all components of the budget.
This imposes a strong criterion on instrumental accuracy
and stability. On the other side, regional variations, for
instance over. both polar regions or over the Sahel zone,
can be of much higher magnitude and, tlius, more easily
observed.

Out present knowledge of the radiation budget of the
earth-atmosphere system needs still to be improved by
systematic continuous measurements of QR and Qi; over
more than one solar cycle. Responses ofthe heat budget
parameters to changes of the solar constant have not yet
been shown by measurements:

= Qs' (l-A)-QE'

where the term Qs • (I-A) determines the amount of
solar radiation absorbed by the system.
These quantities must be determined from measurements covering the entire spectrum (Qs: monitored
perhaps only in its varying spectral portions) and with
sufficient areal and time resolution to avoid sampling
errors. One major bias in QN as determined up to the
present from satellite data might be caused by the diurnal
waves of ground temperature over land and of cloudiness
in tropical and sub-tropical regions. This could be avoided
by the use of higher sampling rates per day which are
possible with a fleet of 2-3 satellites. Other errors are due
to insufficient corrections for the limited spectral response
of receivets, angular dependencies of outgoing radiation
and insufficient calibrations of the radiometers.

5. CLIMATIC PARAMETERS AT tHE GROUND
AND IN THE ATMOSPHERE
Changes in the climate might be only scarcely detectable
from radiation budget data due to the contributions from
a variety of sources which might counteract in some way.
But they might occur more. pronouncedly in state parameters of the ground and the atmosphere, as for instance
• aerial extents of polar ice cover
• aerial extents of snow cover
• sea-surface temperatures
• radiation budget at ground
• cloudiness and/or turbidity (if properly defined)
• air temperatures at various altitudes

APPENDIX

"J

i

F (M" A

i

M

i

J

"i

J

I

AI S I 0

i

N

i

D

i

11.1

255

absorption and emission in the atmosphere. Such windows exist between the various absorption bands of water
vapour and carbon dioxide in the visible and entire infrared portions of spectrum up to wavelengths of 1 cm.
In this part of the spectrum.they are obscured in various
ways by clouds and turbidity. There, these contaminations can be observed and perhaps measured quantitatively.
5. 1 Clouds, turbidity and surface temperatures
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Figure 1 Global (G) and hemispherical (N = north, S = south)
averages of the radiation budget and its components.
These curves were constructed from IS-day averages of
each parameter computed froin radiation measurements
of the satellite Nimbus 3 obtainedin 1969 and 1970 (after
Raschke, et al., Jour. Atm. Sci., 1973).

• concentrations of various atmospheric gases, which
might affect by their radiative transfer properties,
the heat budget of our planet (03 , CO 2 , CH4 , NO", ?);
• aerial extent of vegetation over land - perhaps in
"units" of its effect on atinospheric motions and also
on the albedo; plankton in oceans.
Observations of these parameters are possible with
proper selections of the spectral response of instruments.
Surface properties can be observed only in "atmospheric
windows", Le., spectral intervals with no or only weak

In the solar spectrum (0.3-3.0 J.lm), cloud and dust
layers (e.g., Sahara dust) mask the back-scattering of
incident radiation. In most cases, except thin stratus or
cirrus over ice fields, these features appear brighter than
cloud-free areas nearby. In the infrared, however, such
layers are usually cooler than the ground and appear as
cold areas. Dust layers might easily be identified with
measurements of the spectral polarization of backscattered solar radiation.
T4ere are various methods in use at present to discriminate between cloudy and cloud-free regions. The
success of such automatic data-processing depends only
slightly on the spatial resolution, which can be kept only
within certain limits due to physical and communication
reasons. Its accuracy can be achieved perhaps only with
extremely high spatial resolution, as provided by the
Earth Resources Technology Satellites (ERTS) or from
space photography. But the radiative properties of clouds
still need to be defined for the purpose of quantitative
monitoring from space, and also observation of turbidity
requires perhaps more sophisticated schemes of data
evaluation, such as digital correlations of multi-spectral
stereo images or other.
Measurements of the ground temperature - possible
only in the infrared - are limited in their accuracy due to
extinction by clouds and dust and some weak but still
not yet accurately known absorption and emission by
atmospheric water vapour dimers and carbon dioxide.
Intercomparisons between surface temperatures derived
from satellites and ship data are still not better than
± 1-1.5 degrees, but a better relative accuracy is possible
to monitor horizontal temperature gradients. Statistical
studies of the ocean surface temperatures may still
remain biased towards higher temperatures over such
areas of the earth where winds associated with shielding
cloud systems stir the water and thus cause lower average
surface temperatures.
Techniques to determine cloudiness and surface
temperatures have been developed and applied to radiation data, including photographic material collected by
various earth-orbiting satellites. They are all based on
radiance measurements. Considerations of the state of
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polarization, which were quite successfully used in studies
of planetary and stellar atmospheres, will be made for
future experiments. Microwave measurements of the
surface temperatures are less cloud contaminated, but
depend largely on roughness and emissivity of the surface
than those in other wavelength regions.
Lidar techniques have not yet been used in satellites for
studies of atmospheric dust layers. Their interpretation
might be affected considerably by the overwhelming
return from the ground, but perhaps they might yield
better results on stratospheric dust layers when used in the
limb-scanning mode.
5.2 Ice and snow fields
Solid sea ice and snow fields over land have a high
reflectivity in the visible and, thus, can be located very
easily from space, even when covered by thin clouds.
The cloud cover can be "removed" statistically if one
synthesizes measurements obtained during a short
sequence of days with cloudless conditions over the same
area. But with such procedures, only solid snow layers
will be monitored, while thin snow layers may melt away
during sunny periods.
Combinations of simultaneous high resolution measurements in the infrared and visible windows, such as
provided operationally from Soviet Meteor and American
Nimbus and NOAA-satellites, enable even a mapping of
various types of polar ice fields. Measurements of thermal
emission in the microwave region at wavelengths near
1.5 cm provide even more ideal discrimination between
ice-covered and ice-free portions of polar oceans, due to
the strong differences between the emissivities of ice and
open water. They are also not obscured by thin cloudiness
and even indicate some possibilities to distinguish between
ice areas of various ages and thicknesses. The microwave
technology is in an advanced state at present. However,
it allows only a limited spatial resolution, which is much
worse than in other wavelengths due primarily to antenna
size requirements.
5.3 Radiation budget at the ground
Remote measurements of all components of the
radiation budget at the ground, which is an important
component of the energy exchange between the ground
and the atmosphere and also affects the dynamics of the
planetary boundary layer, have not yet been accomplished.
Estimates of its solar component might be possible if
the absorption in the atmosphere is accurately known.
Procedures to be developed for this purpose need perhaps
only satellite measurements of incoming and reflected
solar radiation and some climatological information on
the absorption in the atmosphere and on cloud-top
altitudes.

One component of the longwave part, the surface
temperature, can be monitored rather accurately over
cloud-free· areas. It changes during a day only very little
over oceans due to the very active mixing in upper ocean
layers; but over land the solar insolation and also cloud
cover cause large changes of it. The other component,
the atmospheric "counter-radiation", depends to a high
degree on the altitude or temperature of cloud bases and
on cloud cover. These quantities cannot easily be monitored from space, and perhaps need to be parameterized
with other information available. The surface albedo for
solar radiation can be monitored from space only over
cloudless areas and if additional backscattered light from
atmospheric layers is accurately accounted for.
5.4 Temperature andgaseous components ofthe
atmosphere
Remote sensing of the vertical temperature profile, and
of the amount (and possibly also vertical profile) of
gaseous components in the atmosphere is an old astronomical problem. Two different ways might be possible:
(i) Gaseous components such as water vapour, carbon
dioxide and ozone might be observed as a total
amount, using absorption profiles of reflected solar
radiation. Multiple scattering in the troposphere by
molecules and even more by unknown dust layers
makes the interpretation of such measurements very
difficult, even with correlation-spectroscopy. Quite
successful were measurements of ozone from Nimbus
satellites, which allowed estimates of total ozone
amounts and of profiles in the stratosphere. Absorption measurements in slant paths through the mesosphere and stratosphere proved to be very useful for
determinations of various gas amounts. They have
been made already from many rocket flights and also
from satellites.
(ii) Thermal emission in infrared bands of gases with
known and almost invariable concentration in all
lower atmospheric layers (C02) is now used routinely
to obtain worldwide vertical temperature profiles for
weather analysis and prognosis. Such measurements,
if done over cloudless areas or if cloud effects are
removed properly, have yielded RMS errors of about
2-3 degrees in the troposphere and lower stratosphere
when compared with the closest radiosonde data.
Such comparisons need some caution in their interpretation, since both types of measurements are of
entirely different spatial resolution.
In the stratosphere and mesosphere, where rocket
soundings are possible in only a very few places of the
world, there is no contamination by clouds. Temperature
profiles derived from satellite which are now available at
high densities in space and time, have permitted their
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basic dynamical studies. They might be even more
accurate than in situ measurements with rocket sondes,
whose data deviated by up to ± 5 degrees.
Basic studies of the theory needed to invert the equations
of radiative transfer for these purposes have shown
limitations due to theoretical reasons, instrumental noise,
insufficiently known absorption data and interactions of
radiation with matter in the atmosphere. Thus only
rather large temperature fluctuations of the order of a few
degrees may be monitored from space with some confidence. Furthermore, only a limited vertical resolution
of the order of 1 to 2 scale heights, depending on altitude,
is possible.
For studies of minor gaseous constituents (08 , CH4 ,
NO", and others) the techniques of correlation-spectroscopy have been frequently studied, and have led to
important results on the composition of planetary atmospheres. But do these techniques yield the accuracies
required for monitoring of climatic parameters? Comparisons between results on the total amount of ozone
in the atmosphere obtained from infrared spectrometry
and Dobson measurements showed rather good agreement: better than 10%. They have demonstrated the
feasibility of space techniques for observations of sea.sonal
variations, which are known to be of larger magmtude.
Much less accuracies are assured in studies of atmospheric
water vapour and methane.
5.5
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6. CONCLUDING REMARKS
Many satellite techniques are already available to
monitor atmospheric state parameters, such as temperature and cloudiness, and some properties of the ground
(ice and snow cover, sea-surface temperatures), which can
be used as indications of variations of the local, regional
or even global climate. Also measurements of the
planetary radiation budget have been proven to be
feasible.
However, up to now only a few attempts have been made
(mostly published in unofficial literature) to develop
standardized instruments that can be used for observations of long time-series. Such attempts should be encouraged; the experience collected in other (geodetic,
oceanographic, earth resources, navigation) satellite
programmes do provide a broad basis for this purpose.
For the development of new and the refinement of already
existing observational techniques it is indeed necessary to
establish the accuracy requirements for climatological
purposes.
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APPENDIX 11.2
GLOBAL ATMOSPHERIC MONITORING SYSTEMS
by R.E. Munn
Atmospheric Environmental Service, Toronto, Canada
1. INTRODUCTION

(a) some principles that should be considered in the

A central problem associated with the validation of
climatic models is that large-scale atmospheric anomalies
can never be re-created. There is no possibility of
observing, for example, the structure of the seventeenthcentury stratosphere at the time of the Little Ice Age in
Europe. This being so, the 1974 Study Conference on
Climate must give special attention to the question of
supplementary monitoring particularly during the First
and subsequent GARP Global Experiments.
In addition to reviewing programmes to be initiated
during these special data-collection periods, the participants may wish to examine climatic conditions over the
historical past, using simplified models capable of
validation with readily available climatic indicators.
These indices could be derived from data collected within
existing geophysical monitoring systems, or they could
be in the form of historical samples such as varves and
ice cores.
It would be presumptuous in advance of the Study
Conference without knowledge of the models to be
selected, to recommend observational programmes. This
paper is therefore limited to a discussion of two topics:

design· of monitoring systems..
(b)

a description of existing and planned global atmospheric monitoring systems.

2. SCIENTIFIC PRINCIPLES OF MONITORING
Figure 1 (2) is a schematic representation of a typical
data system in the environmental scienCes. Usually there
are unlimited data, as well as unlimited user requirements.
The data on the left side of the diagram include archived
information, continuing observational programmes, and
a multiple of new monitoring systems that could be
implemented. Recognizing that the environment can
~)llly be observed imperfectly, the scientist must nevertheless have some fonn of data input control. If this
screen is too severe, the system starves for information;
if the input screen is not severe enough, the system is
flooded.
Similarly, a second data control is provided by inserting
an output screen, as shown on the right side of Figure 1.
Amongst the unlimited user requirements, a few may be
selected as particularly relevant. There are dangers here,
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Figure 1 Schematic representation of a typical data system in the environmental sciences (2).
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however, in failing to anticipate future conditions or
needs. Charlson (4), for example, has suggested that
"institutionalized measurement programmes often result
in a freezing ofmethodologies", which may lead ultimately
to observing programmes that are not in tune with
current knowledge.
Another design consideration is that because global
monitoring systems are costly, they must meet the needs
of multiple users or they will usually not be funded; the
observational networks required for studies of climatic
change must therefore "piggy-back".
.
The design of a monitoring system is dependent on the
objectives for the system, which in the case of climatic
studies are twofold:
1. to satisfy scientific curiosity, i.e., to explaill the
behaviour of the bio-geophysical system, and to
provide a predictive capability.

2. to supply decision-makers with the scientific information required to develop alternative environmental
.
management strategies.
These two objectives are not necessarily identical and
should not be confused. Here it is necessary to distinguish
between the magnitude a,nd the importance of an environmental effect, where "importance" is judged on some
scale of human concerns. For example, a climatic
anomaly could be large but not very important, or vice
versa. Research priorities and associated monitoring
systems should of course not be decided on the basis of
human concerns alone: some problems are not yet
capable of solution. However, the scientist should not
overlook the fact thata·partial solution of an important
problem may be more valuable to the decision-maker
than a physically satisfying solution of an unimportant
problem, i.e., one with little human impact. The
associated monitor~ng systems may be quite different.
These questions have been considered recently in another
context (21).
Mention should be made next of the inter-disciplinary
nature of the environnient. For purposes of modelling,
the world is often subdivided into a series· of interconnected boxes - the stratosphere, the troposphere, the
oceanic surface mixed layer, the deep ocean, and sO forth.
The scientist who is a specialist in the behaviour of one
reservoir tends to consider the processes occurring in
other reservoirs as boundary. co.t;lditjons. Although
emphasizing in Fig. 1 the need for a data input screen,
we must nevertheless admit that data from all parts of the
bio-geosphere may contribute significantly to the solution
of problems of climatic change. The difficulty will be in
screening irrelevant information in some cases, and in
constructing models on an inadequate data base in others;
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Models develop, of· course, through the process of
successive approximations. Initial models are simple,
and require few data for verification. However, each
iteration reveals data gaps, which when filled,. lead to
more and more complex models.
If we could begin with a monitoring network that
provided great detail in space and time, we could easily
identify redundant information, and we could design an
optimum network. In this connexion, it is important to
distinguish between those data required to increase
understanding and· those data required to make routine
predictions. In the former case, pilot studies should be
undertaken for limited periods of time, followed by
assessments of the suitability of the monitoring networks.
3. THEWMO WORLUWEATHER WATCH
(WWW)
The Fifth World Meteorological Congress (1967)
approved the first WWW plan, which came into force
formally on January 1968. The plan was revised by
Sixth Congress (1971), and will be reviewed again in 1975.
The 1972-75 plan and implementation programme has
been published (27).
The WWW has three components:
(a) . The Global Observing System, consisting of the
sYlloptic and other networks of stations on land and
at sea, aircraft meteorological observations, meteorological satellites and other observational devices.
(b) The Globctl Telecommunication System, consisting of
the telecommunication facilities and arrangements
necessary for the rapid collection and distribution
of the basic observational data and processed
information.
(c) The Global Data-Processing System, consisting of the
meteorological centres and the arrangements for the
processing of the basic observational data (real-time
uses) and for the storage and retrieval of data (nonreal-time uses).
Th(l Global Observing System is resulting in a gradually
expanding real-time weather monitoring programme,
particularly in oceanic areas. There are still gaps, but it
is no exaggeration to state that WWW is both the largest
and the most reliable environmental monitoring system in
the world. The numbers of surface and upper-air
observing stations now exceed 7500 and 600, respectively,
while the satellite sub-systems provide large amounts of
additional information (29):
(a) Clouds both in daylight and at night.
(b) Snow and ice cover (in ,cloudless regions).
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Radiation temperature of clouds, and of the land
and ocean surface (in cloudless regions) ..
(d) Distribution of total outgoing short-wave radiation
reflected and scattered by the earth and atmosphere.
(e) Distribution of total outgoing long-wave radiation
emitted by the earth and the atmosphere.
(J) Vertical promes of temperature and water vapour.
(g) Wind determinations in the tropics from cloud
displacement measurements.
Justification for expanding the surface-based network
will come largely from others users. However, the
participants at the Study Conference on Climate may
wish to tecommend that a few derived indicators of
climate be calculated routinely. The participants will also
wish to review the experimental products of the satellite
subsystem,proposed in the draft plan fot the 1976-79
period (29).
(a) Soil moisture distribution.
(b) Sea state.
Cc) Atmospheric particulate matter.
Cd) Marine pollution.
The draft plan emphasizes that these quantitites will
be available on an experimental basis only.
Although climatic models do not require data inputs
in real time, they benefit from the other two components
ofWWW (the Global Telecommunication and the Global
Data-Processing Systems). These systems provide instant
central collection, quality-control, synthesis and storage
of meteorological data, thus simplifying the subsequent
retrieval of both raw and processed information.

TABLE I
Analysis products of World Meteorological Celltres (29)

(c)

The World Meteorological Centres are at Melbourne,
Moscow and Washington. They provide the analysis
products listed in Table 1, as well as various types of
forecasts.
The World Data Centres (Meteorology) are in Moscow
and Asheville, N.C. They store the basic observational
data sets, as well as processed information of the type
given in Table 1. There is no doubt that the Moscow and
Asheville WDC's will play a major tole in achieving both
the first and the second objectives of GARP.
4. THE WMO CLIMAT NETWORK
The United States (National Climate Center, Asheville,
N.C.) publishes on behalf of WMO, a monthly world
CLIMAT summary. The publication contains:
(a) for about 1250 surface stations, monthly mean values
and deviations from long-term averages of pressure,
temperature, vapour pressure and precipitation;

Surface,. 850, 700, 500, 300, 250, 200, 150, 100, 70, 50, 30, 20
and 10 mb
Relative topography, in particular 500/1000 mb
Jet stream
Tropopause
Nephanalyses
Digitized cloud mosaics *
Mapped radiometric data *
Land and sea-surface temperature *
Snow and ice cover
Storm alerts *
Area coverages: northern hemisphere, southern hemisphere,
tropical belt
Times of reference CH): 00 and 12 GMT, as applicable

*

Based on satellite information.

percentages of average sunshine; quintiIes for
precipitation.
(b) for about 430 upper-air stations, monthly mean

geopotential, temperature, dew-point depression,
wind speed and direction; for the surface and the
850, 700, 500, 300, 200, 150, 100, 50 and 30 mb
levels.
5. THE WMO WORLD RADIATION NETWORK
Since 1964, the Hydrometeorological Service of the
USSR (Voeikov Main Geophysical Observatory, Leningrad) has been publishing on behalf of the WMO, "Solar
Radiation and Radiation Balance Data", for the world
network.
One table in this monthly publication gives the daily
solar radiation totals, their monthly means and the
monthly mean durations of daily sunshine, for about
400 stations. A second table presents hourly, daily and
average monthly net all-wave radiation, as well as
average hourly and daily global solar radiation, for about
75 stations.
The publication is useful for studies of climatic change
in particular regions. For example, Pivovara (15) has
examined trends at a number of locations in the USSR.
However, world patterns cannot be determined from
the publication. Some examples of deficiencies are as
follows:
(a) there are data from only weather ship (Ship P in the

North Pacific).
(b) there are data for only three stations in Australia.
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there are large network gaps in South America.
(d) there are no data from the People's Republic of China.
(e) some of the stations are in or near towns and cities,
making them unsuitable for studying large-scale
trends because of the interfering effects of locally
changing land-use patterns.
(c)

The study by Raschke et al. (16) suggests that satellite
monitoring is a preferred way of obtaining global,
hemispherical and zonal radiation balances.
6. THE WMO WORLD OZONE NETWORK
The Atmospheric Environment Service (Downsview,
Ont., Canada) publishes on behalf ofWMO, "Ozone Data
for the World". Beginning as an annual publication in
1960, it became bi-monthly in 1965. The data are also
available at cost on magnetic tape.
The following information is included in these publications:
(a) total amounts of ozone on indicated days and hours

for about 80 stations.
(b) observations of the Umkehr effect, and resulting

estimates of the vertical distributions of ozone for
about 15 stations.
(c) vertical distributions of ozone from ozonesonde
observations for about 10 stations.
The data have been used to examine trends (9) but the
results have been somewhat inconclusive. As discussed
by Pittock (14), the world ozone network is deficient in the
southern hemisphere, the tropics and the oceanic parts
of the northern hemisphere, which makes it difficult if
not impossible to separate regional trends (due to shifts
in the positions of the long-wave troughs) from global
ones.
7. THE WORLD DATA CENTRES (WDC's)
The WDC system, which came into existence during
IGY, is under the guidance of the ICSU Panel on World
Data Centres. Dr. W. L. Godson is the GARP/IAMAP
representative for meteorology on this panel. Other
subject areas include the following: solar-terrestrial
physics, rockets and satellites, oceanography, glaciology
and solid-earth geophysics. The Third Consolidated
Guide to International Data Exchange through the WDC's
(6) provides a historical review and describes current
practices within the WDC system.
For all practical purposes, the ICSU WDC's for
Meteorology are the WMO WWW Data Centres at
Moscow and Asheville.
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The WDC's for Oceanography are at Rockville, Md.,
U.S.A. and Moscow. There are also three disciplineoriented centres:
(a) The Permanent Service for Mean Sea Level, Birken
head, England.
(b) FAO Fishery Data Centre, Rome, Italy.
(c) International Hydrographic Organization, Monte
Carlo, Monaco.
Coordination is provided by UNESCO-IOC, which
has issued a recent manual (26).
The WDC's for Oceanography include, in addition to
meteorological data from ships (also stored in the WDC's
for Meteorology), the following elements:
(a) vertical profiles of sea temperature, salinity, and
chemical indicators, including continuous records
such as bathythermograms and salinity-temperaturedepth records.
(b) reduced discrete calculated current velocities.
(c) information on bottom samples.
(d) information on biological indicators.
In addition, originating countries are encouraged to
report to WDC's on the availability of supplementary
data such as unreduced continuous recordings of currents.
The Permanent Service for Mean Sea Level located at
the Bidston Observatory, Birkenhead, England collects
and publishes data on mean sea level. These data have
been used to examine, for example, secular trends of sea
level in European waters (18).
The WDC's for Glaciology are in Tacoma, Wash.,
U.S.A., Moscow, U.S.S.R., and Cambridge, England.
In addition, there is a Permanent Service on the Fluctuations of Glaciers in Zurich, Switzerland. The primary
types of glaciological data are as follows:
(a) fluctuations of glaciers (published by the Permanent
Service in Zurich every four years).
(b) inventory of seasonal and perennial snow and ice
masses (a project of the IHD-IAHS International
Commission on Snow and Ice).
(c) combined heat, ice and water balances of selected
glacier basins (a project of the IHD-IAHS International Commission on Snow and Ice).

8. THE WMO REGIONAL AND BASELINE AIR
CHEMISTRY NETWORKS
The WMO is organizing two types of air chemistry
networks:
(a) an atmospheric turbidity and precipitation chemistry
monitoring programme at rural and remote sites; an
Operations Manual was published in 1971 (28).
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Cb) an expanded monitoring programme for selected
trace gases and particles at remote (baseline) and a
few rural (regional) stations; an Operations Manual
is in press (29).
As of April 1974, about 140 regional and 10 baseline
stations were proposed, with some already operating.
It is expected that by 1980, about 200 to 300 regional and
20 baseline stations will be fully operatio.rlaI.
A few start-up problems have been encountered (e.g.,
measurement of dry fallout, and of wet fallout during
blowing snow; intercalibration of photometers (see, for
example (11)); however, these difficulties are not serious
and should be overcome before the GARP First Global
Experiment.
The Environmental Data Service, National Climatic
Cent~r, Asheville, N.C., U.S.A., has agreed to publish
the world atmospheric turbidity and precipitation
chemistry data on behalf of the WMO. The 1972 publication contained turbidity measurements from 77 stations
but 45 of these were located in the contiguous United
States. The publication included no information on the
chemical constituents of precipitation, although an indication was given that the 1972 data would be published in
subsequent issues. Extensive regional data on precipitation chemistry exist at the International Meteorological
Institute in Stockholm, at the Voeikov Main Geophysical
Observatory in Leningrad and at the Norwegian Institute
for Air Research, Kjeller, Norway.
Baseline stations already exist at Mauna Loa, Hawaii;
Amundsen-Scott Station, Antarctica; Point Barrow,
Alaska and Tutuila Island, American Samoa, all operated
by the U.S.A. (12).
In addition, several years of COz measurements are
available from Weather Ship P in the Pacific Ocean,
operated by Canada.

Part of the Earthwatch programme is GEMS (Global
Environmental Monitoring System), which will provide
the hard data required to develop management strategies.
The Action Plan and related activities are directed by
UNEP (United Nations Environment Programme) which
established its headquarters in Nairobi in 1973. The
Governing Council of UNEP at its Second Session in
March 1974 authorized its Executive Director to continue
to design, develop and begin to implement GEMS, to
take the necessary administrative steps including the
appointment of appropriate staff, and to call upon the
advice of meetings of experts. In reaching this decision,
the Governing Council was guided by the recommendations of an Inter-governmental Meeting on Monitoring
held in Nairobi in February 1974, which agreed on the
following list of priority pollutants and related environmental factors (25):

SOz + suspended particulates
Radio-nuclides
(90Sr + 137CS)

I Programme
Type of
b

Air

I

R

. Food

I

R

Air

I

Biota, man

I
I

NO, NO z

Food, man, water
Drinking water,
food·
Air

Hg and compounds
Pb
COz

Food, water
Air, food
Air

le
I

CO
Petroleum hydrocarbons

Air
Sea

I

Fluorides

Freshwater

I

Asbestos
As

Air
Drinking water

I

Mycotoxins
Microbial contaminants
Reactive hydrocarbons

Food
Food
Air

I
I
I

03
DDT and other organochlorine compounds
Cd and compounds
Nitrates, nitrites

9. GEMS (GLOBAL ENVIRONMENTAL
MONITORING SYSTEM)
At the 1972 Stockholm Conference on the Human
Environment, an Action Plan was developed, consisting
of three parts:
(a) Earthwatch.
(b) Environmental management activities.
(c) Supporting measures.'
The objective of the Action Plan is to develop alternative environmental management strategies. For example,
the decision-maker may be prepared to sacrifice .longterm soil degradation for short-term increased crop yields:
the Action Plan is designed to alert him to the fact that
he is indeed making this sacrifice.

Medium a

Pollutant

B

R

I
I

R

B
R

B

I

R
R

a Measurements in air should include measurements in precipita-

tion where appropriate.
I = impact; R = regional; B = baseline.
e In designing the programme, consideration should be given to
including regional stations.

b

Other related environmental factors
(a)

Those which serve as indicators of pollution when a pollutant
itself is not easily measurable - indirect monitoring. Monitoring of these factors may, therefore, be desirable under certain
conditions. These indicators can be grouped' as follows:

APPENDIX
(i) Indicators of water quality, such as coliform bacteria

BaD/COD, DO and algal growth and primary productivity of algae;
(ii) Indicators of soil quality, such as soil salinity, soil acidity/
alkalinity, nitrite, nitrates and organic nitrogen, and soil
organic matter;
(iii) Indicators of health of man, animal and plants, such as
disease· incidence, drug resistance and genetic load;
(iv) Plant indicators of pollutants;
(b)

Those parameters the measurement of which is appropriate to
enable the interpretation of pollutant monitoring data,
including, as appropriate:
(i) Selected meteorological parameters;
(ii) Selected hydrological parameters;
(iii) Selected geophysical parameters (for example, atmospheric turbidity and solar radiation);
(iv) Dietary intake and composition;
(v) Resistance to pesticides;
(vi) Factors describing the state of the climate (for example,
sea-ice cover, mass of glaciers, sea level, drought, desertification, phytomass, and freshwater bodies);
(vii) Radioactive fall-out and its effects as a result of atmospheric nuclear explosions.

Although the institutional arrangements have not yet
been decided, the WMO Air Pollution Network will
presumably contribute data to GEMS.
Additional information on GEMS is given in the
following documents:
(a) Report of the UN Inter-Agency W/G on Monitoring

(24), which outlines existing and planned activities
of the Specialized Agencies in the field of monitoring;
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TABLE 2
Supplemeutary monitoring .requiredJar the investigation
oJ climatic change (SMIC, 1971)
Factor

I

Frequency
oJ observation

I

Space
average

Factors describing the state
oJ the climate:

Polar sea-ice cover
yearly
(When a suitable technique (at the time of
is developed, should
minimum)
include thickness)
Mass of glaciers
10 years
Sea level
Groundwater volume
Biomass of trees
Natural freshwater bodies
(area and volume)
Volcanoes
(now being collected)

Hemispheres

10 years
10 years
10 years

Selected
glaciers
Global
Continents
Continents

10 years

Continents

Yearly

Latitudinal
zones

Yearly

Continents

5 years
5 years
Yearly
Yearly

Continents
Continents
Continents
Continents

10 years

Continents

10 years

Continents

Factors describing man's
impact:

Irrigation area
Artificial lakes
(area and volume)
Urban area
Fuel consumption
Forest fires
Supplementary Jactors not
included in original table:

Permafrost distribution
Subarctic and major
alpine tree-lines

(b) SCOPE 3, which provides a scientific basis·for world

environmental monitoring (prepared by ICSUSCOPE at the request of the Inter-Agency WIG on
Monitoring) (20).
Both .of these documents recommend the periodic
monitoring of the factors listed in Table 2, which is a
slightly modified version of the one appearing in (22).
Many of the factors included in Table 2 are already being
monitored, or could be without difficulty. The present
need is for inter-governmental agreement on measuring
techniques and. on data storage and retrieval facilities.
Finally, it should be mentioned that SCOPE 3 recognizes
the importance of:
(a) biogeochemical cycling through the biosphere:
In order to build models suitable for developing
alternative environmental management~trategies,
the atmosphere should not be monitored in isolation
but should be considered in relation to monitoring
activities in the other media;

(b) monitoring of source strengths:
In some cases, man-made emissions can be inferred
from economic data, e.g., (8), but further research
is required in order to obtain acceptable estimates of
natural source strengths. Examples of recent
attempts to estimate natural emissions are given
in (7), in which the global dust input into the
atmosphere from deserts is estimated, and in a
treatise by Lamb (10), which contains a chronology
of volcanic activity over many centuries.

10. RELATED NON-INSTITUTIONALIZED
OBSERVING PROGRAMMES
There are a large number of research investigations,
both governmental and non-governmental, which have
yielded published reports containing data of interest to
those who study cliniatic change. Ata conference on
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climate of the eleventh to the sixteenth centuries (1), the
recommendation was made for an international repository
of such data. The analysis of an isolated early record may
not be worth publication but it may be part of a chain of
inference concerning world climate during a particular
century. Even in the case of indicators of recent climate
(e.g., the extent of desert areas over only the last several
decades), the published records may be scattered through
a large number of journals and institutes, and the
synthesized data may not be comparable. The problem
here is in designing the input screen (See Figure 1). The
participants of the International Study Conference are
encouraged to recommend specific types of climatic
indicators (other than those regularly available from the
WDC's), and to propose suitable mechanisms for their
collection and exchange.
Because there are at present no inter-governmental
monitoring programmes for stratospheric trace constituents (other than those for water vapour and ozone), it is
perhaps ofinterest to list some current research monitoring
activities:
(a) Balloon soundings bi-monthly at 8 different" stations

in both hemispheres to determine vertical profiles of
submicron dust in two size ranges (as well as ozone,
water vapour and temperature). This programme
has been operated since 1971 by a group at the
University of Wyoming (13).
(b) A proposed global monitoring programme for the
minor constituents, using Boeing 747 airline flights
(19).

Cc) Analysis for trends in stratospheric sulphate concentrations in the southern hemisphere over the period
1962-1971 (3).
(d) Intermittent sampling of stratospheric trace constituents by research workers in several countries (See (5)).

Daily determinations of the solar constant at highaltitude observatories in North and South America
and Africa over the last 50 years (17).
(f) Observations of Mother-of-Pearl cloud sightings over
the last hundred years (23).

(e)

11. CONCLUSION

The Conference participants are invited to examine the
monitoring networks described in this paper in the light
of the second objective of GARP. The models selected
by the participants will no doubt require data sets
supplementary to those available through WWW and the
WDC's (Meteorology). However, an attempt should be
made to be selective, and to recommend mechanisms for

collection and exchange of these supplementary sets.
A research scientist is quickly frustrated if he must turn
to many different sources for data, particularly if some
of the data sets are in incompatible forms or have not
been subjected to adequate quality control.
The participants may wish to prepare four lists of
supplementary elements and parameters required to meet
the second objective of GARP:
(a) derived meteorological parameters that are not now,

but could easily be computed at World Meteorological Centres.
(b) geophysical elements and parameters that are
presently observed or derived, and are readily
retrievable from data centres other than WDC's
(Meteorology).
(c) geophysical elements and parameters that are presently not observed or derived on the global scale,
although technical feasibility has been demonstrated.
(d) geophysical elements and parameters that are presently not observed on the global scale, and still
requiring the demonstration of technical feasibility.
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