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FOR E W 0 R D

One of the major landmarks in the sequence of events that led to the
inception of a Global Atmospheric Researoh Programme was the Skepparholmen
Conferenoe in the summer of 1961. Here were gathered experts in a great many
of the aspeots of atmospheric science. One of the sUbjects which received
most serious discussion was that of the parameterization of sub-grid scale
processes; a valuable exchange of ideas between those concerned with atmospheric modelling and those working on the physics of small scale process
took place. By the time of the 1911 Princeton meeting of the JOC's Working
Group on Numerical Experimentation i t had become evident that there was once
more a need to bring together these two types of people, in order to renew
and update this interplay of ideas. The Working Group proposed the general
nature of such a conference to the JOC, which approved the idea at its 6th
session in Toronto, 1911. Accordingly the conference was held in Leningrad
in March 1912.
This report summar~zes the work of the 45 experts who attended the
conference. We owe to them, and in particular to the group leaders who prepared the final papers, our gratitude for setting forth so clearly and authoritatively the current status of these complex subjects, and for the many
important suggestions concerning the additional work required if the objectives of GARP are to be met •
. On behalf of these participants and of the JOC, I wish also to offer
our sincere thanks to Professor M.I. Budyko, Director of the Main Geophysical
Observatory, Leningrad, and his colleagues, for the excellent arrangements
which were made for the meeting and for support given during the sessions,
which were held at the Observatory.

R.W. Stewart
Chairman, Joint Organizing Committee
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SUM M A R Y
It was quite clear from the beginning of the GARP Planning that in order
to answer a number of questions related to the study of the global circulation of
the atmosphere and its predictability, considerable efforts are necessary to
increase our understanding of the physical processes which occur on the scales
smaller than the spacing of the adjacent observations provided by the observing
system, and to suggest realistic ways of parameterization of their locallyaveraged effects.
Consequently, a Study Group Conference on Parameterization of Sub-grid
Scale Processes was convened in Leningrad in March 1972. The objectives of the
conference were to review the present status of our knowledge of the physical
processes which have significant influence on the large-scale motion and make
proposals on observational and research programmes aimed at the development of
practical methods to present these processes in terms of the parameters available
in the numerical models.
In the introductory chapter the basic concept of parameterization is
discussed and general consideration is given of the consecutive steps required for
approaching the problem.
Chapter 2 discusses the present status of radiation theory with regard
to numerical modelling. The equation of transfer, its approximations and role of
different factors affecting the radiation transfer are analysed. The major outstanding question in radiation calculations is the development of techniques which
would provide adequate cloud and aerosol parameterization in the models. Some
recommendations concerning verification of radiation calculation methods and
design of specific observational experiments are also considered.
The Chapters 3 - 6 incorporate a wide range of specific problems under
the title Internal Dynamic Interaction:
Clouds and Convection - Models of convective and stratified clouds and microphysical processes involved, parameterization techniques currently used in the
models for large-scale motion and their inadequacy. Proposals on theoretical and
observational studies required are also discussed.
Internal Turbulence - The present status is discussed of three- and two-dimensional
theory of turbulence and its application with regard to proper description of a
truncated range of energy spectrum in the numerical models. In the light of
available studies the problem of parameterization of internal turbulence is considered as much less serious at present than that of other sub-grid scale processes.
Gravity Waves - This chapter contains the review of the theory of gravity waves
and transfer of vertical momentum by them over mountains. The validity of a
number of theoretical assumptions is discussed with regard to propagation of
gravity waves and their interaction with large-scale flow. Some rather general
ideas are given on parameterization of vertical momentum transfer in the
numerical models.
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Fronts and Small Scale Orographic Effects - The basic concepts of separation of
sub-grid scale processes from large-scale flow is briefly presented and optional
representation of topography in the models is reviewed. General considerations
are given of parameterization with regard to the rainfall formed by vertical
displacement of airflow over the mountains, coastal and lake distribution effects
and motions in fronts. The suggestions for future research complete the chapter.
The Chapters 7 - 9 deal with another set of physical processes entitled
Lower Boundary Interaction:
Turbulent Boundary Layer - Different theories of the boundary layer are described
and specific emphasis is placed on presentation of approaches resulting from
similarity theory. Brief reviews are given of the currently used methods of
parameterization of the boundary layer in numerical models and proposals on
further research are also discussed.
Ocean Coupling and Response Time - In this chapter available semi-empirical
relationships for calculation of heat, water vapour and momentum fluxes over the
ocean are discussed. Since the response time of the ocean and the atmosphere
differs, the relevance of the oceanic processes for atmospheric modelling is
discussed from the standpoint of the time interval for which the model is used.
The ehapter concludes with recommendations on further study of ocean-atmosphere
interaction and development of combined atmospheric-oceanic models.
The last chapter,. Hydrologic and Cryospheric Coupling, deals with consideration
of energy and water balance relationships for different weather and climatic
conditions over continents and oceans. Methods of parameterization of hydrological processes and ice cover on oceans are mainly discussed together with
some recommendations on their further improvements.
Appendices A and B, i.e. Boundary Layer in the Atmosphere prepared by
S.S. Zilitinkevich, and Near surface Mesoscale Circulation prepared by L.N. Gutman,
discuss the relevant subjects on the basis of ideas developed by the authors.
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RES U M E
Des que lion a commence a dresser les plans du GARP, il est apparu evident
que pour repondre a un certain nombre de questions touchant l'etude de la circulation
globale de l'atmosphere et la possibilite de prevoir cette circulation, il etait indispensable de s'efforcer de mieux comprendre les processus physiques qui interviennent aux echelles inferieures a celle de la maille du reseau d'observation et de~ou
ver des moyens pratiques pour chiffrer les consequences qui resultent de l'action
moyenne de ces processus a l'echelle locale (parametrisation).
En consequence, une conference du Groupe d'etude du GARP sur la parametrisation des processus d'echelle inferieure a celle de la grille a ete convoquee a
Leningrad en mars 1972. Les objectifs de la conference etaient de faire le point de
nos connaissances sur les processus physiques qui exercent une influence non negligeable sur les mouvements de l'atmosphere a grande echelle et de formuler des propositions quant aux programmes d'observation et de recherche necessaires pour mettre
au point des methodes pratiques afin de representer ces processus par le truchement
des parametres utilises dans les modeles numeriques.
Le premier chapitre du rapport de la conference expose le principe fondamental de la parametrisation et don ne une idee generale de la serie de mesures qu'il
fa ut prendre pour aborder le probleme.
Le chapitre 2 fait le point de la situation presente quant a l'application
de la theorie du rayonnement aux modeles numer~ques. Il analyse l'equation du transfert radiatif, ses formes approchees et le role des differents facteurs qui agissent
sur ce transfert. En ce qui concerne les calculs de rayonnement, il importe particulierement de mettre au point des methodes permettant de rendre compte dans les modeles numeriques de l'action des nuages et des aerosols. Ce chapitre contient egalement un certain nombre de recommandations concernant la verification des methodes de
calcul du rayonnement et la conception d'experiences d'observations particulieres.
Les chapitres 3 a 6 traitent d'un grand nombre de problemes particuliers
qui relevent tous de l'Interaction dynamigue interne:
Nuages et convection - Ce chapitre est consacre aux modeles de nuages de convection
et de nuages strati formes et aux processus microphysiques correspondants, ainsi qu'aux
techniques de parametrisation couramment utili sees dans les modeles du mouvement a
grande echelle et a leurs lacunes. Il considere diverses propositions concernant les
etudes theoriques et d'observation a entreprendre.
Turbulence interne - Ce chapitre fait le point de la theorie de la turbulence a trois
et deux dimensions et de ses applications pour decrire convenablement un intervalle
determine du spectre d'energie dans les modeles numeriques. Etant donne les etudes
dont on dispose actuellement, le probleme de la parametrisation de la turbulence interne est juge beaucoup moins preoccupant que celui des autres processus d'echelle
inferieure a celle de la grille.
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Ondes de gravite - Ce chapitre contient un expose sur la theorie des ondes de gravite
et sur le transfert vertical de quantite de mouvement au-dessus des montagnes qui
resulte de ces ondes. 11 examine quel credit il convient d'accorder a un certain
nombre d'hypotheses theoriques concernant la propagation des ondes de gravite et
leur interaction avec la circulation a grande echelle. 11 expose un certain nombre
d'idees de caractere general sur la parametrisation du transfert vertical de quantite de mouvement dans les modeles numeriques.
Fronts et effets orographiques a petite echelle - Ce chapitre expose les concepts
fondamentaux de la separation des processus d'echelle inferieure a celle de la grille
de ceux de la circulation a grande echelle et passe en revue les diverses solutions
pour representer facultativement la topographie dans les modeles. 11 aborde, d'un
point de vue general, la parametrisation des precipitations resultant des deplacements verticaux de l'air au-dessus des montagnes, des effets cotiers et lacustres et
des mouvements dans les zones frontales. Ce chapitre se termine par des suggestions
quant aux recherches a entreprendre a l'avenir.
Les chapitres 7 a 9 traitent d'un autre groupe de processus physiques relevant de l'1nteraction a la limite inferieure :
Couche limite turbulente - Ce chapitre expose differentes theories de la couche limite en insistant particulierement sur les solutions derivees de la theorie de la
similitude. 11 contient de breves descriptions des methodes couramment utilisees
pour parametriser la couche limite dans les modeles numeriques ainsi que des propositions au sujet des recherches a entreprendre a l'avenir.
Couplage avec l'ocean et temps de reponse - Ce chapitre analyse les relations semiempiriques actuellement utilisees pour calculer les flux de chaleur, de vapeur d'eau
et de quantite de mouvement au-dessus de l'ocean. Etant donne que les temps de reponse de l'ocean et de l'atmosphere different, il examine si, dans les modeles de
l'atmosphere, il est justifie, compte tenu de l'intervalle de temps pour lequel le
modele est utilise, de faire intervenir les processus oceaniques. Ce chapitre
s'acheve par un certain nombre de recommandations concernant les etudes a entreprendre
sur l'interaction ocean-atmosphere et sur la mise au point de modeles combines atmosphere-ocean.
Le dernier chapitre, Couploge hydrologique et cryospherique traite des relations existant entre le bilan energetique et le bilan hydrique pour diverses conditions meteorologiques et climatiques regnant au-dessus des continents et des oceans.
11 analyse essentiellement les methodes de parametrisation des processus hydrologiques et de la couche de glace presente sur les oceans et formule un certain nombre
de recommandations visant a perfectionner ces methodes.
Les appendices A et 8, a savoir Couche limite dans l'atmosphere et Circulation a moyenne echelle uu voisinage de la surface rediges respectivement par
5.5. Zilitinkevich et, par L.N. Gutman, traitent de ces deux sujets sur la base des
idees developpees par les auteurs.
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RES U MEN
Desde los primeros momentos de la planificacion del GARP se puso claramente de manifiesto que si se queria dar una respuesta adecuada a diversas cuestiones
relativas al estudio de la circulacion global de la atmosfera y a su predictibilidad,
era necesario realizar grandes esfuerzos para comprender mejor los procesos fisicos
que se producen a escalas mas pequenas que la de separacion de las observaciones adyacentes facilitadas por el sistema de observacion, asi como para encontrar medios
realistas de parametrizacion de sus efectos medios a escala local.
En consecuencia, en marzo de 1972 se organizo en Leningrado una Conferencia
del Grupo de estudio sobre parametrizacion de los procesos a escala subreticular. Los
objetivos de la misma eran revisar la situacion en que actualmente se encuentran nuestros conocimientos de los procesos f!sicos que tienen una influencia significativa en
los movimientos a gran escala, presentar propuestas sobre' programas de observacien y
de investigacion destinados a la creacion de metodos practicos que permitan presentar
estos procesos en terminos de parametros utilizados en los modelos numericos.
En el capitulo de introduccion se analiza el concepto basico de la parametrizaC10n y se enuncian con caracter general las medidas que han de adoptarse para poder
solucionar este problema.
En el Capitulo 2 se examina la situacion actual en 10 que respecta a la aplicaC10n de la teoria de la radiacion a los modelos numericos. En este capitulo se analiza la ecuacion de la transferencia radiactiva, sus aproximaciones y la funcion de
los diferentes factores que afectan a dicha transferencia. La cuestion mas fundamental en cuanto a los calculos de la radiacion, es la elaboracion de tecnicas que permitan la parametrizacion adecuada de la accion de las nubes y de los aerosoles en los
modelos. Tambien se estudian algunas recomendaciones referentes a la verificacion
de los metodos de calculo de la radiacion y al diseno de experimentos especificos
de, observacion.
En los Capitulos 3 a 6 se trata de una amplia gama de problemas especificos
relacionados todos ellos en la accion mutua dinamica interna:
Nubes y conveccion. Este capitulo esta dedicado a los modelos de nubes convectivas y
estratificadas y a los procesos microfisicos que intervienen, asi como alas tecnicas
de parametrizacion utilizadas corrientemente en los modelos del movimiento en gran
escala y a la idoneidad de dichas tecnicas. Tambien se examian varias propuestas sobre los estudios teoricos y de observacion que se precisan.
Turbulencia interna. En este capitulo se analiza la situacion actual con respecto a
la teoria bidimensional y tridimensional de la turbulencia y a su aplicacion en relacion con la descripcion adecuada de un intervalo determinado del espectro energetico
en los modelos numericos. Teniendo en cuenta los estudios de que actualmente se dispone, el problema de la parametrizacion de la turbulencia interna se considera actualmente mucho menos importante que e1 relativo a los procesos a escala subreticular.
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Ondas de gravedad. En este capItulo se examina la teorIa de las ondas de gravedad y
la transferencia vertical de cantidad de movimiento que provocan por encima de las
montanas. Se analiza la validez de diversos supuestos teoricos con respecto a la propagacion de las ondas gravitatorias y a su accion mutua con la circulacion en gran escola. Tambien se esbozan algunas ideas de tipo general sobre la parametrizacion de
la transferencia vertical de cantidad de movimiento en los modelos numericos.
Frentes y efectos orograficos a pequena escala. Este capItulo trata brevemente de los
conceptos fundamentales que sirven para separar los procesos que se producen a escala
subreticular de los que intervienen en gran escala. Tambien se examinan las soluciones adoptadas para la representacion facultativa de la topografIa en los modelos.
Igualmente, se presentan algunas consideraciones generales relativas a la parametrizacion de la precipitacion originada por el desplaiamiento vertical del flujo de aire
sobre las montanas, de los efectos de las costas y de los lagos, y de los movimientos
de los frentes. Completan este capItulo diversas sugerencias relativas alas investigaciones que han de llevarse a cabo en el futuro.
Los Capitulos 7 a 9 tratan de otra serie de procesos fIsicos referentes a
las acciones mutuas que se producen en la capa limite inferior:
Capa lImite turbulenta. En este capitulo se hace una descripcion de las diferentes
teorias relativas a la capa lImite, insistiendose especialmente en las soluciones que
se deducen de la teoria analogica. Igualmente, se resenan brevemente los metodos de
parametrizacion de la capa lImite normalmente utilizados en los modelos numericos y
se formulan propuestas sobre las ulteriores investigaciones que han de llevarse a caboo
Acoplamiento ocean1CO y tiempo de reOCC10n. En este capitulo se estudian las relaciones semiempiricas actualmente utilizadas para el calculo del flujo calorifico, de
vapor de agua y de cantidad de movimiento sobre el oceano. Dado que el tiempo de
reaccion del oceano es diferente del de la atmosfera, se examina si en los modelos de
la atmosfera esta justificado, teniendo en cuenta el intervalo de tiempo para el que
seutiliza el modelo, hacer intervenir los procesos oceanicos. Este capitulo termina
con algunas reco~endaciones sobre nuevos estudios relativos a la accion mutua entre
el oceano y la atmosfera y a la elaboracion de modelos combinados atmosfera-oceano.
En el ~ltimo capItulo, titulado Acoplamiento hidrologico y criosferico, se estudian
los relaciones del balance energetico y del balance hIdrico en diferentes condiciones
meteorologicas y climaticas en los continentes y oceanos. Principalmente se analizan
los metodos de parametrizacion de los procesos hidrologicos y de la capa de hielo en
los oceanos, presentandose "01 mismo tiempo algunas recomendaciones destinadas 01 ulterior perfeccionamiento de estos metodos.
En los Apendice A y B, titulados respectivamente Capa Hmite en la atmosfera,
preparado por el Sr. 5.5. Zilitinkevich, y Circulacion mesoescalar cerca de la supeficie, preparado por el Sr. L.N. Gutman,se examinan estos dos temas fund6ndose en los
conceptos desarrollados por los autores.
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PE3IOME
Y~e

C caMoro

Ha~a~a rr~aHHpOBaHHH rrporpaMM~

llHrAll

CTa~o o~eBH~HO, ~TO

Hcc~e~9BaHHH r~ooa~hHOH ~HPKY~H~HH aTMocwep~

H ee rrpe~cKa3yeMocTH TpeOYIDT
KaK B Y~Y~illeHHH Haillero ITOHHMaHHH WH3H~eCKHX rrpo~eCCOB,
MaCillTao KOTOpMX MeHhille, ~eM paCTOHHHe Me~~y coce~HHMH HaO~ID~eHHHMH,TaK H pa3paOOTKe pea~HCTH~HMX rryTeH rrapaMeTpH3a~HH HX ~OKa~hHO ocpe~HeHHbcr 8WWeKTOB.
3Ha~HTe~hHMX

YCH~HH

l108TOMy. B MapTe 1972 r. B JIeHHHrpa~e o~~a C03BaHa KOHq>epeH~HH
rpYITrr~ rro H3y~eHHID rrapaMeTpH3a~HH Me30MacillTaoHbcr ITpO~eCCOB.
3a~a~a KOHq>epeH~HH COCTOH~a B aHa~H3e cOBpeMeHHorococToHHHH HaillHX
3HaHHH 0 q>H3H~ec
KHX rrpo~eccax, KOTop~e HMeIDT cy~ecTBeHHoe B~HHHHe Ha KpyrrHoMacillTaOHoe ~BH
~eHHe,H B pa3paOOTKe rrpe~~o~eHHH rro opraHH3a~HH HaO~ID~aTe~hHbcr H Hcc~e~OBa
Te~hCKHX rrporpaMM C ~e~hID pa3BHTh rrpaKTH~eCKHe MeTO~bI rrpe~CTaB~eHHH 8THX
rrpo~eCCOB B BH~e rrapaMeTpOB ~Hc~eHHOH Mo~e~H.
B BBO~HOH r~aBe q>OPMY~HpyeTcH OCHOBHaH KOHgerrgHH rrpoo~eM~ rrapaMeTpH3agHH H B oo~eM paCCMaTpHBaIDTCH rroc~e~OBaTe~hH~e 8Tarr~ rrpH ee H3y~eHHH.
B

r~aBe

2

o6cy~~aeTcH

cOBpeMeHHoe COCTOHHHe

pa~Ha~HoilHoH

TeopHH,
rrpHMeHHTe~hHo K ~Hc~eHHoMY Mo~e~HpoBaHHID.
AHa~H3HpyIDTCH ypaBHeHHe rrepeHoca
pa~Ha~HH, Hcrro~h3yeM~e rrpHo~H~eHHH H PO~h pa3~H~Hbcr WaKTopOB B pa~Ha~HoH
HOM rrepeHoce.
CaM~H C~O~HMH Borrpoc B pa~Ha~HoHHbcr pac~eTax - 8TO pa3paooTKa
MeTo~oB" c.rrOMO~hID KOTOPb~ MO~HO y~oB~eTBopHTe~hHo rrapaMeTpH3HpoBaTh oo~a~
HOCTh H a8po30~h. B r~aBe ~aIDTCH HeKoTop~epeKoMeH~a~HH rro ITpOBepKe pac~eT
HMX cx'eM H opraHH3a~HH crre~Ha~hHb~ Hao~ID~aTe~hHMX8KcrrepHMeHToB.
r~aB~

3-6 OXBaT~BaIDT illHPOKHH Kpyr CITe~Ha~hHMX BorrpocoB
Ha3BaHHeM "BHyTpeHHee ,n;HHaMH~ecKoe B3aHMo,n;eHcTBHe":
Oo~aKa H KOHBeKgHH

HeT OH

oo~a~HocTH

H

r~aBe paccMaTpHBaIDTcH Mo~e~H KOHBeKTHBHoH H c~o

-B 8TOH
CBH3aHH~e

C HeH

cOBpeMeHH~e

MeTO~~ rrapaMeTpH3a~HH

ITpe~~O~eHHH

rro

Heooxo~H~~

rro~ OO~HM

MHKpoq>H3H~ecKHe

H

oocy~~aeTcH

TeopeTH~eCKHM

H

HX

ITpo~ecc~.

H3~araIDTCH

a~eKBaTHOCTh.

~aIDTcH

8KCITepHMeHTa~hH~M Hcc~e~OBaHHHM.

BHyTpeHHHH Typoy~eHTHocTh - ~aeTcH aHa~H3 COBpeMeHHoro COCTOHHHH ~BYMepHoH
H TpexMepHoH TeopHH Typoy~eHTHocTH H ee rrpH~o~eHHe K orrHcaHHID Me30MacillTaoHoro ~Harra30Ha 8HepreTH~ecKoro CITeKTpa B ~Hc~eHHbcr Mo~e~HX. B CBeTe B~ITO~~
HeHHb~ ~o CHX rrop Hcc~e~oBaHHH rrpoo~eMa rrapaMeTpH3a~HH BHyTpeHHeH Typoy~eHT
HOCTH paccMaTpHBaeTcH KaK MeHee cephe3HaH ITO cpaBHeHHID C rrapaMeTpH3a~HeH
~pyrHx Me30MacillTaoHb~ ITpO~eccoB.
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rpaBHTa~HOHHMe

o6sop TeOpHH rpaBHTa~HOHHb~
ropaMH .06cy~~aeTC,ff 060CHOBaHHOCTb p,ff~a TeopeTH~eCKHX npe~no~o~eHHH 0 pacnpOCTpaHeHHH rpaBHTa~HOHHMX
BO~H H HX BsaHMo~eHCTBHH C KpynHoMacmTa6Hb~ ~BH~eHHeM.
~aIDTC,ff HeKOTopMe
cpaBHHTe~bHO o6mHe H~eH napaMeTpHsa~HH BepTHKa~bHoro nepeHoca KO~H~eCTBa
~BH~eHH,ff B ~Hc~eHHb~ MO~e~,ffX.
BO~H

BO~HM

H nepeHOC HMH

~POHTM

r~aBa CO~ep~HT

3Ta

KO~H1J:eCTB

~BH~eHH,ff Ha~

GWWeKTM - KpaTKO Hs~araIDTC,ff OCHOBHMe
H KpynHoMacmTa6Horo nOTOKa, a TaK~e aHa~HsHpyeTC,ff npe~CTaB~eHHe Tonorpa~HH B MO~e~.lIX.
B o6mHx ~epTax pacCMaTpHBaeTC,ff napaMeTpHSa~H,ff oporpa~H~eCKHX oca~KOB, oca~KOB sa c~eT npH6pe~HMX G~~eKTOB H pacnpe~e~eHH,ff osep, a TaK~e
~pOHTa~bHb~ ~BH~eHHH.
B
H~eH

H

Me~KOMacmTa6HMe

a

pas~e~eHH,ff

oporpa~H~eCKHe

MeSOMacmTa6HMX

npo~eCCOB

saK~ID~eHHe Hs~araIDTC,ff npe~~O~eHH,ff ~~,ff 6Y~YmHX Hcc~e~OBaHHH.
r~aBM
"BsaHMo~eHcTBHe

7-9 KaCaIDTC,ff
B

HH~HeM

~pyroro

norpaHH~HoM

Kpyra BonpocoB

no~

e~HHb~

HaSBaHHeM

c~oe":

Typ6y~eHTHMH norpaHH~HMM C~OH

- B r~aBe Hs~araIDTC,ff pas~H~HMe TeopHH norpaC OC06MM ynopoM Ha npH6~H~eHH,ff, OCHOBaHHMe Ha TeopHH nO~06H,ff.
~aeTC,ff KpaTKHM o6sop COBpeMeHHb~ MeTO~OB napaMeTpHsa~HH norpaHH~Horo C~O,ff B
~Hc~eHHb~ MO~e~.lIX.
06cy~~aIDTC,ff npe~~O~eHH,ff no ~a~bHeMmHM Hcc~e~OBaHH,ffM.
HH~Horo C~O,ff

BsaHMOCB,ffSb OKeaHa C aTMocpepOH H BpeM,ff pe~aKca~HH - B GTOM r~aBe paCCMaTpHBaIDTC,ff cymeCTByromHe nO~YGMnHpH~eCKHe COOTHOmeHH,ff ~~,ff BM~HC~eHH,ff nOTOKOB
Ten~a, B~~rH H KO~H~eCTBa ~BH~eHH,ff Ha~ oKeaHaMH.
TaK KaK BpeM,ff pe~aKca~HH
OKeaHa H aTMoc~epM HeO~HHaKOBO, o6cy~~aeTC,ff Bonpoc 0 ~e~ecoo6pasHOCTH y~eTa
npo~eCCOB B OKeaHe npH Mo~e~HpOBaHHH aTMoc~epM Ha pas~H~HMe CpOKH.
B saK~ID
~eHHe Hs~araIDTC,ff peKOMeH~a~HH rro ~a~bHeHmeMY Hcc~e~OBaHHID BsaHMo~eHCTBH.lI aTMOc~epM H OKeaHa H paspa60TKe KOMrr~eKCHb~ aTMoc~epHO-OKeaHH~eCKHXMo~e~eH.
rrOC~e~H,ff,ff r~aBa,

rH8po~orH~eCKa,ff

CB,ffSb,rrOCB,ffmeHa aHa~HSY
GHepreTH~eCKoro H BO~Horo 6a~aHCOB rrpH paS~H~Hb~ rrorO~HMX H K~HMaTH~eCKHX
YC~OBH,ffX Ha~ KOHTHHeHTaMH H oKeaHaMH.
3Ha~HTe~bHoe MeCTO y~e~,ffeTC,ff o6cy~
~eHHID MeTO~OB
rrapaMeTpHsa~HH
rH~po~orH~eCKHX
npo~eCCOB
H ~e~,ffHOrO rrOKpOBa
Ha~ oKeaHaMH.
~aIDTC,ff He.KOTopble peKOMeH~a~HH no ~a~bHeHmeMY COBepmeHCTBOBaHHID GTHX MeTO~OB.
H

KpHoC~epHa,ff

B npH~O~eHH.lIX A H B, rrorpaHH~HMH C~OH B aTMocwepe, rro~rOTOB~eH
HOM C.C. 3H~HTHHKeBH~eM,H MesoMacmTa6Ha,ff gHPKY~,ffgHH B6~HSH nOBepxHocTH
seM~H, HarrHCaHHa,ff A.H. rYTMaHoM,06cy~~aIDTC,ff cooTBeTcTByromHe HarrpaB~eHH,ff
Hcc~e~oBaHHH, pasBHTMe aBTopaMH.
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I.

INTRODUCTION

Numerical integrations in hydrodynamics are usually performed over
finite volumes small enough to resolve the scales of primary energetic and
phenomenological interest. The equivalent can be said for spectral methods in
wave number space.
For large scale motion of the atmosphere the domain of interest is the
globe, where the largest disturbance is described by wave number 1, corresponding
to a scale of 40,000 km at the equator. From theoretical arguments as well as
measurements of the spectral distribution of energy there is a need to span about
2 orders of magnitude in the horizontal scale. Since four mesh widths are
required per wavelength we thus need a horizontal computational grid with a mesh
width of about 100 km. This is usually possible with high speed computers.
Regarding the vertical structure of the computational grid, the number
of elemental computational volumes is about 2 orders of magnitude less than that
required in the horizontal because of the small ratio of the vertical scales to
the horizontal. The distance between the gridpoints in the vertical may vary
from between about 50 m in the boundary layer to several kilometres in the free
atmosphere.
The fact that the scales of primary interest lie within the available
resolutions does not obviate the possibility that significant interactions must
be accounted for with scales that have been truncated. These scales may be
ignored for short periods of the order of a day but for longer periods they
become increasingly important both as a source as well as a sink of energy for
the macroscale (that is,the scales explicitly resolvable). These sub-grid scale
processes, or mo~e precisely sub-resolution processes, cannot be dealt with
explicitly but one must seek to express their statistical effect on the macroscale, while in turn they· are determined in terms of the macroscale parameters.
The mathematical expression for such a relationship has been termed a parameterization and usually contains a small number of empirical constants.

The general concept of.parameterization may be demonstratedschematica~yas
shown in Figs. 1 and 2. In Fig.l is shown a computational domain of dimension ~.
~denotes the dimension of the smallest scale which can be resolved if the
mesh width is .t... (t/. = 4tg.&). Physical processes which have a dimension less
than 4?~ thus need to be parameterized. This is illustrated in Fig. 2a where
the atmospheric energy density distribution is represented as a function of the
wave number I<."'J~. The hatched area, representing the portion of the energy
which should be parameterized, extends from kl to the largest values of k for
which energy interaction with the larger scales is significant. A~ is indicated
earlier, for a global domainl'0""40,000km,£/-400 km and <z,-100 km.

The final version of this section has been prepared by Dr. F.P. Bretherton and
Prof. J. Smagorinsky
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fig.l. Horizontal computational grid with an embedded fine mesh
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Parameterization with nested grids. We may also consider the possibility to' cover
a larger span of scales by making use of a nested grid (c.f. fig. 1). The
dimension of this smaller domain which is embedded in the large scale grid is
denoted by e~ and the smallest scale of motion which can be resolved is denoted
t~ =
By introducing the nested grid we are thus concerned with a two
step parameterization problem which is schematically illustrated in Fig. 2b.
Typically again, the capacity of large computers limi ts ~:'/I!,,' to about /02..
Obviously .~'~~:1.

Lt.e;.

In a linear problem the nesting is relatively simple. But since our
interest is primarily interactive (that is, how the larger scale flow can be
altered by what happens on the embedded smaller scale domain), we have in general
a difficult matching problem between the two domains. The smaller domain,
higher resolution models must in some sense be coupled into a larger scale
context, with physically consistent modelling characteristics and with compatible boundary and initial conditions - the "nes ting" problem. It is a problem
which has not yet been satisfactorily solved in practice without ad hoc
filtering and smoothing.
-- ---

- 3 E(k)

~

parameter;ze

>

k

Fig.2a. The curve represents the variation of atmospheric energy
density as a function of the wave number. The hatched area indicates
. the portion of the energy spectrum «ll) within which the phyaical
processes cannot be resolved bYoa domaIn with the
dimensionto and the mesh width~2.
E(k)

l------

parameterize

parameterize

:>

>

k
k

2

k'

1

k'
2

Fig.2b. Parameterization with nested grid. The crossed are~1
indicates the portion of the energy spectrum within which «~l)
the physical processes cannot be resolved by a nested grid
wi th the dimension t~ and the meeh width .t2•
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A General Approach to the
and difficult problems in
actions are of importance
izations themselves. The
of ways.

Parameterization Problem. One of the most important
large scale modelling is to identify which scale interand then to determine the closure forms - the parameterlatter is not unique and can be approached in a variety

Successful parameterization requires a sequence of steps:
1. The process involv'ed must be precisely identified and its role
distinguished meaningfully from other prodesses which may be simultaneously
active in the atmosphere.
2. Its importance for the synoptic scale motion must be determined.

3. An intensive study of individual oases must establish the faot that the
relevant physics and dynamios are adequately understood.
4. Quantitative rules must be found for expressing the frequency of
occurrenoe and intensity of the mesosoale prooess in terms of the synoptio scale
variables.
5. Rules for determining the grid soale average of the associated transports of mass, momentum, heat and moisture must be inferred from theory and
verified by direot observation.
.
6. These rules must be translated as aoourately as required into praotioal
algorithms for specific numerical models, oare being taken to ensure that all
important processes are included but that duplioation is avoided.
All these steps are essential and are to some degree interdependent.
Thus the meaningful isolation for study of a possible transfer prooess (e.g., clear
air turbulenoe)pre-supposes that the faotors oontrolling its ooourrence are
embedded in the synoptic scale variables rather than in other intermediate scale
phenomena suoh as gravity waves or frontal surfaces, i.e., that the fourth step
is in prinoiple possible. Also, judgements of the importanoe of some prooesses
may perforoe remain fairly intuitive until at least a orude parameterization
has aotually been tested in a general oiroulation model, and oomparative
studies made with it inoluded and exoluded. Operational requirements for step 6
may impose limits on the aoouraoy with whioh the rules laid down in steps 4 and
5 are implemented, limits whioh may be unwanted in the light of available
detailed knowledge of the prooess dynamios (e.g., in calculating radiative
fluxes under a olear sky). In these oases stage 5 serves as a standard against
whioh different algorithms may be oalculated. Case studies must be orientated
towards the overall goal and must not degenerate into the pursuit of detail for
its own sake unless fundamentals are at stake. For eaohstep different
expertise is required and several speoialists must oooperate to achieve the
overall solution with an approach whioh is at the same time broad and flexible
yet precisely planned and exeouted.
Probably the most difficult and oritioal step is the first - the
preoise definition of the problem to be taokled in a traotable form in whioh
the relevant variables are identified and the less important excluded. It must
be recognised that attractive sounding words may mask grave ambiguities of
concept and a definition is effective only in conjunction with at least an
outline of the solution to all the remaining steps. Also, several different
processes may be present simultaneously ( e.g., gravity waves and moist convection)
and may interact among themselves. Judgement is needed as to whether - in so
far as they affect the synoptic scale motion - such interactions are secondary
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(so that the waves and convection may be parameterized separately) or whether
they are so strong that both effects must be considered together. Problems
also arise when a continuum of scales is involved. For example, mountains are
important both directly on synoptic scales and indirectly on smaller scales
because of locally induced precipitation, waves and surface friction. Care is
needed to ensure a rational division in the model between those parts of the
transfers which are on a large enough scale to be resolved directly in the
finite difference scheme and those which are accounted for by parameterization.
Otherwise duplications or omissions will result. At this point the smoothing
due to eddy viscosity must be taken into account.
In most cases observational programmes are an essential element for
gathering fundamental data upon which to base parameterization hypotheses, to
calibrate them and to test them independently. Also required in all cases are
large scale models which can simulate the parameterized interaction to be judged
against hypothetical or actual initial and verifying conditions.
Another numerical aid comes from explicit small scale models for the
specific phenomenon itself, such as for cumulus convection or fronts, which
should prove an invaluable aid in many cases for providing parameterization
insights.
In conclusion, although a classification and sub-division of the
various sub-grid scale processes to be parameterized is clearly essential if
progress is to be made, it is vital that such a sub-division should not be arrived
at hastily and should be reviewed continuously as our knowledge increases.
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2.
2.1.

RADIATION

Present Status of Radiation Theory in Relation to Numerical Modelling
2.1.1.

Introduction

There are several distinct processes whereby radiation interacts
with the earth-atmospheric system. The air is heated by solar radiation and
may be cooled or heated by long wave radiation. Radiation is one component of
the heat balance of the underlying surface, both for the land and water surfaces,
and is therefore important in determining surface temperature. Radiation is
absorbed and emitted by clouds, thus affecting their rate of development and
dissipation. Radiation contributes to the heat bUdget of the boundary layer.
In particular, it is an important means whereby thermal energy is transferred
from the surface to the boundary layer. Sub-grid scale variations in orography
will lead to sub-grid scale variations in the radiative budget of both the
surface and the atmosphere. This may be significant in parameterizing orographic
effects.

The physical processes which transport radiation are reasonably well
understood, and it is possible in principle to write down an equation of transfer
for any real situation. Details of these processes can be found in some text
books (Goody, 1964; Kondratyev,1965). However, the equation of transfer is
normally fa~rly complicated. For~ample, in the absence of scattering the
downward flux of radiant energy f(aJ
across a horizontal surface at height 2
may be written

:.."
fJ
0)1 &::z'BrJ} r')
F (z!) = ctWCDSC'..J Q'.{
L'I

c;

dTr,z'j'UJ,P)

(,':>"J

~'

0

where W is solid angle, B is zenith angle, j) is frequency, B is the Planck
function and T (r)~/W/}..J ) is the transmission of the atmosphere between z and
z' in the appropriate solid angle. The transmission involves contributions from
all the absorbing gases in the atmosphere and may be written

.

1«("r. 2? I u.J pI
'l =
.

))

I

eXD(~ I J~(v)JJ~tlS Jr."1)
r
.fI ,ses;?
61

where k(v) is the absorption coefficient,'p is the density and the integral is
taken along a path within the appropriate solid angle. The absorption coefficient
k(~ may depend on the local temperature and pressure, and may involve many
thousands of spectral lines in molecular vibration rotation bands.
A calculation based on these equations is clearly impossible for the
purposes of numerical modelling, because it involves four nested integrals
together with a summation over thousands of spectral lines for the evaluation
of ~~(~). The frequency integral alone would probably need 105 ordinates.
It is therefore necessary to find simple approximations for routine use.
The final version of this section has been prepared by Dr. C.D. Rodgers.
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Many approximate methods for calculating radiation fluxes have been
proposed. Some of these are given in the list of references. In the report
of the Study Conference on GARP (1967) the following classification was
proposed, in order of decreasing complexity and accuracy:

(i)

Direct numerical integration of the radiation transfer equation.

(H)

Frequency integrated transmissions over small spectral intervals,
or band models; diffuse approximation; Curtis-Godson approximation.

(Hi)

Radiation Chart type, i.e. frequency integrated transmission over
the whole spectrum.

(iv)

Exchange with space, Newtonian cooling, or other kinds of
simplifications of (iii).

(v)

Empirical relations of various kinds.

(vi)

Climatological means.

Most numerical models that include radiation use parameterization of
type (iii) above. For example, formulations by Gutshabush (1969), Mashkovich
(1970), Manabe and Strickler (1964), Manabe and Wetherald (1967), Rodgers (1967),
Sasamori (1968), Stone and Manabe (1968) and Turikov (1971) describe the
.
approaches with regard to transfer of the terrestrial radiation in the cases
both of clear air and in the presence of clouds. The further discussions on
the approximations used in the above listed approaches are given by Avaste et
al. (1969), Dmitrieva-Arrago et al. (1970 a,b; 1972 a,b), Feigelson (1970),
Goody (1964) and Kondratyev (1965).
It is worth giving a brief description of the radiation chart type
of calculation, as this is the most commonly used, in order to give an example
of how the equations can be simplified.
Thermal radiation.

The downward flux
..., of radiation F~(z) at height z is
.

F't-r.):=- j.:JrtOT"(2) dc(i!~ r~ d r I
a

d~

where T (z) is the temperature profile, and c (i!,aV is the emissivity of
the atmosphere between z and z'.
The emissivity is a known function of only
the scaled water vapour amount in the layer between z and z'.
other absorbers suoh as C02 and 03 can be included by adding terms
of the form

L1 ~~ =

.....

4VyBp(:ej ~,[~q$C~" 2) ~t.'~D(Z) ~J] d~'
~

where ~gas is the emissivity of the extra gas, and ~H20 is the transmissivity
of H20 in the spectral region~V occupied by the extra gas.

-aSimilar equations apply to upward flux.
Haze and dus~ if regarded as pure absorbers, are effective over the
whole spectral range, and can be included as a modification to c( i!..-> 2:).
C~s can be regarded as horizontal black or grey sheets which
enter the equations in the same way as the surface. Feigelson (1970) proposed
a method whereby the radiation within clouds may be conveniently calculated.
Simple formulas are given for estimating the peaks of cooling Mu near the
upper boundary ( 2.z.) of the cloud and the heating Me near the £ower boundary
( %,) of the kind:

Mup

Me

Where

=: -

=

B(~J(/-c(m.z))

[B s - 8 (oJ](/- c(my)

'B (~) ::: G' TJ((~)

m.;Lis the water vapour content above the cloud, and
Bs is the emission of the earth surface.

m~ under

it.

The sum MUf+Me, gives the cooling of the whole cloud. In the same
approximation the cooling of the whole atmosphere above the cloud (being almost
the same as that -of the cloud layer) can be calculated by the equation

L\~: =- 8(H)( / - cCIn.tJ)
where fT is the height of the homogeneous atmosphere for water vapour. In
cases where' ~ ~ 5 -6 km we can take A fi, r!, t:::::. 0 the same for layers between the
cloud layers.
The error of the above simple technique for cloud is not more than 20%.

Solar radiation. The treatment for solar radiation which is equivalent to a
radiation chart is to use a frequenoy integrated absorptivity (Evseeva and
Podolskaja 19.70, Kargin et al. 1972). In practioe it is convenient to divide
the solar spectrum into two parts. In the visible region there is little
absorption by water drops or atmospheric gases, so that the problem is almost
pure s~attering, except for a certain amount of aerosol absorption. In the
infrared both water drops and gases absorb, so that the situation is more
complicated. Some of the methods that may be used are as follows.
The simple formula for the flux of global radiation

Q

1. +

ev..secJ-

was verified to give an error of ~ 15% in the climatological range of the
humidity and optical thickness ('C ) of the cloudless atmosphere (Avaste et
a!.

1969).
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The cloud conditions may be described in terms of the "effective path"
of reflected or transmitted photons. In this way scattering and molecular
absorption may be combined fairly simply. The effective path leff is parameterized in terms of the optical depth of the cloud for scattering. For most
accurate calculations a distribution of leff may be used. Details of this
method can be found in the paper by Kargin et al. (1972).
statistical analysis of measurements has shown that in the condition
of cumulus clouds
Q is about 0.7·fl(0)

+ 0.3, where

I'l(oj is cloud amount in the zenith.

An empirical relationship between 1'1.(0) and total cloud amount LV
is given by Kondratyev (1972) and T.imanovskaya and Feigelson (1970).

For the computation of the radiation field the vertical distributions
of the following atmospheric quantities are needed :
Clouds
Temperature
Water vapour
Aerosois
Ozone
Carbon dioxide
together with the pressure at the surface. It may become necessary to include
other components such as N02 in the stratosphere.
In the short term, olimatology oan oertainly be used for C02, but all the
other oomponents have signifioant variations whioh depend upon atmospheric motions
and should, in prinoiple, be oaloulated by the numerioal model. Temperature, water
vapour and probably ozone offer no great problems, but it has been diffioult so far
to prediot the distribution of oloud and aerosol particles. Unfortunately, these
are the quantities which have the greatest effect on radiation transfer. Beoause of
this, and the problem of treating them theoretioally, the matter is discussed in more
detail in seotion 2.1.6.
In the long term, for olimatologioal models, it is necessary to include
variations in carbon dioxide, and to ensure that ozone is included correctly. The
C02 cycle via the ocean should not be too diffioult, but the effect of ohanging
olimate on the biosphere, "and its oontribution to the C02 oyole and surfaoe albedo
will be diffioult to parameterize correotly. Our knowledge of ozone ohemistry is
far from oomplete for olimatio models but should be suffioient for short term models.

There are two souroes of data concerning the speotrum of the atmosphere.
Spectral line positions, intensit!es and half widths may be computed
from the theories of quantum mechanios, using high resolution spectroscopy to
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obtain the fundamental molecular constants. Tabulations of such lines are
available for all important atmospheric gases. However, there are still some
uncertainties about absolute line intensities and line shapes, especially in
the wings.
Low spectral resolution laboratory measurements of the transmissivity
of atmospheric gases may also be used, if they are sufficiently accurate. They
may be used to confirm quantum mechanical calculations, and they may also be
used directly to avoid the time consuming frequency integration. However, some
approximations must be made in order to use these measurements directly.
There are absorber reflectors for which our knowledge is not so
complete, or where natural variability makes it difficult to specify absorption
properties, e.g., the surface albedo has a natural spatial variation and it also
varies with wavelength. It may be changed by snowfall, rainfall, or agriculture.
The measurement of this albedo is straightforward but a tabulation of the global
distribution and its variations is a formidable task and has only been partially
completed.
The spectral properties of clouds are similarly quite variable.
Using the Mie scattering theory, it is possible to calculate at great length the
absorption and reflection of radiation by water cloud but this cannot be done
within a numerical mOdel. Simple models of the type suggested by Feigelson
(1970) may be used, in which absorption is parameterized as a function of
liquid water content and drop size. The scattering properties of ice clouds
vary widely, and .are very different from water clouds.
There may still be significant absorbers in the atmosphere whoae
presence has not yet been detected, or which are poorly understood. Absorption
by· the short-lived water vapour dimer (H20)2 is of this kind. Adequate
measurements are available at absorption in the 10~. window due to this effect,
but the quantum mechanical aspects are poorly understood.

Clouds. The radiative properties of clouds are determined by the characteristics of the aerosols (water droplets, ice crystals and other particles) and
by the distribution of radiatively active gases within the clouds. For computations it is therefore necessary to specify the following cloud parameters:
a)

drop size distribution and liquid water or ice content

b)
c)

the temperatures
the heights of the upper and lower boundaries

d)
e)
f)

the degree of cloudiness
the mixing ratios of gaseous absorbers
the optical characteristics of the aerosols

It may be possible to parameterize the drop size distribution and
liquid water content in a satisfactory way. The possible necessity of
describing the optical properties of aerosols follows from some observations
which have shown larger absorptions of solar radiation than that by cloud
droplets and gaseous absorbers only (CAENEX Report).
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Aerosol particles. The importance of scattering and absorption of radiation
by aerosol may necessitate the parameterization of its influence in meteorological and especially climatological forecasts.
Measured flux differences between different levels of the atmosphere
(Drummond and Hickey 1969, Kondratyev 1972) and computed flux divergences which
are based on laboratory determination of the complex refractive index of aerosol
particles from different regions (de Bary et al. 1972; Fischer 1970;
Grassl 1972; Voltz 1972) show that at least in some cases in the boundary
layer the influence of the heating rate may be noticeable :
In the shortwave region in polluted areas the aerosol absorption may
be of the same order as the absorption by the ga.ses.
Over oceans the effect may be half of that of the gases.
In the longwave regions the estimations are very tentative. But in the
normal standard atmosphere and in industrial areas heating by aerosol
particles may be twenty or thirty percent more than that by gases.
In winter (arctic) atmosphere the relative influence of the aerosol
particles to the cooling rate grows. The influence can be very great
at the upper boundary of an inversion in the lower atmosphere (up to 500 m)
where the heating rate due to aerosol can be even greater than that
due to water vapour. This is mainly an effect of the aerosol growth
with increasing humidity.
The absorption depends upon the single scattering albedo of avolume
element of the aerosol. This may be expressed in terms of the size distribution
of the dry aerosol particles, the humidity and the complex refractive index of the
dry aerosol. These parameters may vary over a wide range and the refractive
index is not well known even in the shortwave region. These uncertainties in
the physical parameters of the aerosol particles may give rise to errors of
100% in computed hea~ing rates for the shortwave region and of more than that
for the longwave region.
For any computation of the aerosol heating rate the following data
set is needed
(i)

size distribution of the dry particles

(ii) complex refractive indices of the dry aerosol.
In reality both parameters may change vertically, but for practical reasons we
may assume that both parameters are constant and in addition that only the
variation of the total number density with height is needed.
A special aspect of this problem is the possibility that industrial
emissions may already now contribute significantly to the aerosol number
density of the atmosphere. For this reason the main problems of atmospheric
aerosols were taken up in detail by groups of scientists at two recent
conferences: Study of Critical Environmental Problems (SCEP) 1970 and Study
of Man's Impact on Climate (SMIC) 1971.
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One outstanding feature at this stage is our very poor quantitative
and qualitative knowledge of aerosol particles. There is a total uncertainty
of a factor of about 2-3 in the production of both natural and man-made aerosols.
Consequently, estimates of the relative amounts of man-made aerosol emissions
into the atmosphere vary from about 10% to 50%. Large uncertainties also
exist with regard to their composition and therefore scattering and absorption
characteristics (complex index of refraction).
Probably most of the atmospheric aerosol particles are formed from
gases introduced into the atmosphere, especially H2S, S02, NO, NH3. The
residence time of such gases in the atmosphere varies from a few days to a
few weeks. They undergo chemical reactions with the active participation of
several catalysts and solar ultraviolet radiation •.

It is essential that the numerical modellers should know how sensitive
the variation of radiation is to the state of the atmosphere, and how it may
depend for example on the vertical resolution of the model and the accuracy
with which clouds are specified. This can 'best be done by numerical experimentation
with the particular model chosen. The summary of the results set forth below
and obtained by Avaste et a1. (1969), Dmitrieva-Arrago (1968; 1910 a,b; 1912
a,b), Feigelson (1910), Kondratyev (1912), Kargin et al. (1912), Niylisk (1969),
Timanovskaja and Feigelson (1970) and others represents typical variation of
radiative quantities depending on variation of atmospheric parameters.
a. Under cloudless conditions with a temperature change up to 2°C and
humidity up to 10 percent ( Z & 10 km) longwave radiation divergence R (Z)
varies up to 25 percent, and that of shortwave radiation Rs(Z) up to 15 percent.
Under extreme temperature and humidity changes, R(Z) varies within
tens of percent, but not more than 70-80 percent.
The global radiation flux Q varies 15 percent when humidity
fluctuates between the extreme climatological values and 30 percent under the
same fluctuation of atmospheric transparency.
b. Variability of Q under the condition of cumulus clouds can be
expressed in terms of the relative standard deviation - v.
The following table shows how this depends on cloud amount - n.
n

~

0.8

55
45
38

0.5 - 0.1
0.2 - 0.4
0.2

25
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If the amount of stratified clouds varies from 0.5 to 1.0, Q varies
up to 30-50 percent and Rs varies up to 25 percent. If the number of strata
or layers increases from 1 to 3, the Rs value changes by a factor of 2 to 3
and R values by 10-30 %.
c. If the average cosine of scattering function of the cloud particles
changes from 0.8 to 0.9, albedo of the cloud changes up to 30 percent.
d. Variation of optical thickness of clouds (i.e. coefficient of
scattering, or thickness of cloud layer) from q: = 10 to
q; .. 50 results
in albedo variation up to 3 times. Variation of ~ up to 30 percent results
in Rs change of up to 15 percent.
e. When the solar elevation (h) changes from 10° to 75° albedo decreases
approximately to 20 per cent or more (in the case of thin layers). Absorbing
capacity of clouds is of the order of 10% - 20%. It is slightly dependent on h
and increases by a factor of 2 while humidity changes by a factor of 10.
f. Long-wave radiation divergence in the boundary layer mainly depends
upon the temperature difference AT between the surface and the lowest layers
of the air. With 0~T~200, for the 0-50 rri layer the divergence varies froiD.
-O.loC/hr to +2°C/hr. In the 500-550 m layer,vari&tions of the influx are between
-0.055°C/hr and +O.OloC/hr.
-Flux divergence of the whole cloud and of the layer above the cloud
decreases by a factor of 2 when the cloud level changes from 1 km to 1 km. The
divergence in the layer under the cloud decreases about 1-2 orders of magnitude but seems to be significant only when Z > 6 km.
g. Variation of albedo of the underlying surface from 0.15 to 0.8
causes changes of Rs in all the atmospheric layers of up to 10 percent.
Variations of cloud albedo to 20 percent almost do not change the
flux divergenoe in the above-oloud layer.
h. Aerosol absorption with optioal thickness ~b = 0.1 results in Rs
correction by 50-70 percent, while variations- of optical thickness scattering
up to 50 percent changes Rs by 10 percent.

(a) Climate Models. The SMIC Report (1971) discusses how one can use a
mathematical model of the atmosphere to evaluate man's impaot on climate. For
example, one can speculate upon the effects of future increase of carbon
dioxide by comparing a model climate with the present level of C02 concentration with that of the future C02 oontent. In order to oarry outmch a
study it is necessary to construct a realistic model of climate with oorrect
sensitivity. An accurate radiation model is indispensable for such purpose.
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Two of the most fundamental quantities computed by the radiation
model are the net downward solar radiation and the net upward long wave
radiation at the top of the atmosphere. According to the preliminary estimates
by so-called global average models (Manabe and Wetherald 1967, Budyko 1970),
one percent change in the solar constant may affect the global average
temperature by about 1.2 - 1.5°C. If one takes into consideration the positive
feedback effect of snow cover and sea ice upon the temperature of the earth's
surface, this value may be larger, particularly in higher latitudes. These
studies suggest that it is necessary to calibrate a radiative model such
that it yields a mean flux of net radiation at the top of the atmosphere which
has a realistic distribution of temperature and absorbers. Otherwise, it may
not be possible to obtain a realistic climatic equilibrium with a mathematical
model.
It has been known that the latitudinal gradient of net radiative
flux at the top of the atmosphere controls the meridional temperature
gradient which, in turn, determines the baroclinic instability or the
magnitude of eddy kinetic energy in the atmosphere. In short, it controls
the energetics of the general circulation of the atmosphere. The poleward
flux of energy required for compensating the annual mean radiative imbalance
has been estimated by various authors, e.g., Houghton (1954), London (1957).
Smagorinsky (196~) pointed out that the two estimates cited here differ
from one another by as much as twenty percent. Obviously, it is desirable
to construct a radiation model which yields an accurate estimate of this
quantity. The poleward flux computed from satellite data may be used as a
verification data, although further improvement of satellite measurement
of radiative fluxes may be required for this purpose.
In order to determine the magnitude of tolerable error in the computation
of radiative transfer, it is desirable to perform long term integrations of a
mathematical model of climate with and without distortion in the radiation
field. By comparing the two climates which emerge from these two integrations,
one should be able to determine the magnitude of error that can be tolerated
in the radiation computation.
(b) Forecasting Models. The vertical average value of standard deviation
of temperature in the atmosphere is approximately 8°C. According to Smagorinsky
(1969) the standard deviation of the error in temperature forecast by a
dynamical model usually reaches this level after the third week of prediction.
In order to maintain the level of error which is less than 3°C during the
period of the two week forecast, it is desirable to construct a radiative
model with the systematic error less than 0.2°C/day. Here, the maximum permissible error was divided by the number of forecast days because radiative
temperature change tends to accumulate more consistently than the temperature
change due to dynamical causes. It may be acceptable to have larger error
because of the negative feed-back effect of radiative damping. Also, the
localised error could be larger inasmuch as moist convection tends to spread
the error in a thicker layer of the troposphere. However, we shall choose
0.2°C/day as a tentative target of accuracy for the model of radiative
transfer for short range forecasting. In order to obtain a more definite
limit of error, it is desirable to compare the results from two time integrationsof a forecasting model with and without distortion in a computed rate
of radiative temperature change. (The magnitude of distortion should be
varied because of the various non-linear process of the model.) Kasahara
pointed out that a preliminary experiment of this kind has already been
started 'at NCAR.
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Standard Radiation Atmosphere. There has been no systematic intercomparison
between the various simplified methods of calculation that have been suggested
and used in numerical modelling and the theory of climate. It would aid
intercomparison of present and future models if a Standard Radiation Atmosphere
were available for this purpose. This standard would consist of:

(i)

Standard Atmospheric Data

(ii)

Standard Spectra Data

(iii)

Radiation calculations performed by the best available method.

As far as the standard set of atmospheric data is concerned it must
contain the following information relating to various climatic conditions and
incorporate seasonal variations :
(a)
Vertical profiles of standard ~eteorological parameters
(temperature, pressure, humidity, ozone concentration) which may be· taken
from accepted models of the standard atmosphere
(b)

Composition of the atmosphere (minor components)

(c)
Cloud cover characteristics (the number of layers and location
of their boundaries, droplet size distribution, amount of clouds of various
layers, etc.)
(d)

Vertical profiles of aerosol concentration and size distribution.
The spectral data would consist of :

(a)

The solar constant and spectral distribution

(b)

Optical properties of aerosol and cloud particles

(c)

Optical properties of the surface

(d)

Transmission data for atmospheric gases.

The spectral data could consist of both the best available laboratory
measurements and tabulations of line positions, intensities, etc. For the
purposes of intercomparison it is not necessary that the spectral data be
absolutely accurate; although accuracy is desirable, it is only necessary
that it be standard. The provision of standard spectral data allows both
the accuracy of the mathematical model to be verified, and the accuracy of
other sources of spectral data to be compared.
Complete Radiation Experiments. Associated with the problem of verification
is the concept of the complete radiation experiment. This consists of simultaneous accurate measurements of radiation fields and all the atmospheric
quantities that determine them. Analysis of the resul~may then be used to
improve. our knowledge of the spectral data and to identify areas of uncertainty
as to radiatively active constitu~nts of the atmosphere. Two such experiments
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gathered during experiments of this type be published, together-;Ith estimations of acouracy, so that comparisons may be made with methods of calculation, and modifications made if necessary.
This will also allow the standard speotral data discussed above to
be improved.
2.2

Summary of Reoommendations

The reoommendations set forth below reiterate the proposals made
on several occasions. in the Report of the Study Conference on GARP (1967),
GARP Publioation No.5 "The Problem of Atmospherio Radiation in GARP" (1970) and
the Report of the American Radiation Working Group (1971). They are as
follows:

It is still not entirely clear just how acourately radiation must
be caloulated. Further numerical work by modellers is required to establish
this, both in the long term and the short term integration. Some of the absolute
errors oan be removed by oalibration (i.e. making the global radiation-balanoe
correct) but the effeot of systematio errors must be investigated.
Associated with this is the problem of sensitivity of radiation to
atmospheric data~ Numerical modellers should use their radiation models to
ascertain the accuracy with which they must represent the atmospheric state
(especially cloud) in the radiation model.

Atmospheric radiation is most sensitive to oloud. It is essential
that cloud parameterization should be accurate. The quantities required are
cloud height, thickness, cloud amount, liquid water content, and dropsize
spectrum. It may be possible to parameterize the latter in terms of oloud
type, etc.

Considerable attention should be direoted towards determining
(a)

the optical properties of the most oommon types of aerosols,

(b) the global production rates of natural and industrial aerosol
and aerosol forming gases,
(c) the localisation of the source regions for aerosol and the establishment of a network to determine the qualitative and quantitative characteristics of aerosols-under differing meteorological conditions. This programme
oould possibly provide the first step in the parameterization for dynamical
models,'
(d)

the ohemical processes leading to the formation of aerosols.
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Interesting results on complete radiation experiments have been
reported by Kondratyev (1972). This study has brought attention to the
important role played by radiation in the boundary layer. It is necessary
that this type of experiment can be continued, and repeated by other scientific
groups in order to identify remaining areas of uncertainty with regard to the
radiatively active constituents of the earth atmosphere system. In particular,
we must refine our knowledge of the basic spectral data and identify important
phenomena which have hitherto been ignored or unnoticed.
2.2.5

Satellite measurements

Observations of outgoing radiation from satellites should be
compared with those computed by dynamic models. This will enable the initial
state of the atmosphere to be defined more accurately, and may also be used to
adjust the radiation model, if necessary •. Climatology of outgoing radiation
can be used in the calibration process mentioned in Section 2.2.1.'

The creation of a Standard Radiation Atmosphere is needed for
of experimental verification of various calculational techniques
and intercomparisons.
p~rposes

•
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3.
3.1.

CLOUDS AND CONVECTION

Introduction

There are three roles in which clouds and convection are relevant
to the GARP programme :

(i)

As mechanisms for the vertical transport of heat, water and momentum;

(ii)

As generators of precipitation;

(iii)

As reflectors and modifiers of shortwave radiation and as emitters
and absorbers of longwave radiation.

The parameterization of clouds in a numerical circulation model may have to be
done differently, even independently, for the three roles. From the point of
view of (i), active ascending cumuli are of the greatest relevance; for (ii),
extensive deep cloud layers must also be treated; while for (iii), thin
layers, cirrus and cumulus debris are effective.
Increasing attention is being given to the collective effect of
cumulus clouds on the development of most large-scale disturbances in the
tropics and also some in middle latitudes. The combined vertical exchange
of energy, momentum and water by extensive groups of cumuli is a significant
factor in the evolution of large-scale systems. The horizontal scale of each
cumulus cloud is at most a few kilometre~much smaller than a synoptic scale
(~1,000 km) or even me so-scale (~100 km) weather system.
Each individual
cloud cannot therefore be included in a numerical model of large-scale
atmospheric phenomena and i t is for this reason that "parameterization" has
been introduced to attempt to describe the statistical characteristics of
the various·fluxes associated with a group of clouds. As a first step,
however, a realistic model of an individual isolated cloud is needed.
To describe radiation effects a model is needed which is adequate
to. describe the formation of extended (even if thin) stratified layers.
Because of limited spatial resolution widespread cloud layers may occur even
though saturation (with respect to water or ice, as the case may be) may not
necessarily exist at any of the levels at which, numerically, the state of
the atmosphere is described.
3.2

Isolated Cumulus Cloud Models

Since the concept of lateral entrainment was first introduced,
many different single cloud models have been described. A review paper
for work before 1960 was given by Squires (1960). With the advance of
computer technology, attempts began to integrate a complete set of governing
equations describing the evolution of a dry bubble in a two-dimensional
space (Malkus and Witt (1959), Lilly (1962, 1964), Ogura (1962».

The final version of this section has been prepared by Prof. Y. Ogura

- 21 -

The release of latent heat of condensation is the major driving
force in cumulus clouds. The first numerical integration of the anelastic
system for axisymmetric moist convection (Ogura, 1963) was followed by
many papers including those listed in Table 1. The classification in the
Table is according to space dimensions and the degree of complexity of
modelling the microphysical processes.

Table 1.
--

List of recent papers dealing with moist cloud modelling

_..-

Parameterization

Space dimensions
steady-state
or bubble

i

Size-spectrum

J

Weinstein and Davis (1968)
Simpson and Wiggert (1969, 1971)
Cotton ~1970~
Warner 1970 .
Simpson (1972)

I-Dim.
timedependent

Wang ~1968) ~Non-preciPitating)
Asai 1969) Non-precipitating)
Weinstein (1970)
Ogura and Takahashi (1971)
Wisner et al· (1972)
Lee (1972)

Danielsen et al. (1972)
Ogura and Takahashi
(1972)

--

2-Dim.

Amirov (1968)(Non-precipitating)
Arnason et al. (1968, 1969)
Orville (1968)
Orville and Sloan (1970)
Liu and Orville (1969)
Murray (1970), et al.~1971~
Wilhelmson and Ogura 1972

Takeda (1971)
Arnason et al. (1972)
(non-precipitating)

(i)
One-dimensional models. One-dimensional models involve crude
assumptions concerning the dynamics but are less demanding on computer
time and also allow fairly detailed treatment of microphysical processes.
There are some varieties in the formulation of these models. In the steady
state formulation a cloud is envisaged as a continuous jet (or plume) or as
a bubble (or thermal) entraining air from the sides, the entrainment rate
being
1 .2:!i
M dt

i!
R

where M is the mass flux of a cloud of radius R.
tionality at can only be determined empirically.

The constant of propor-
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In the time-dependent formulations the governing equations are
averaged horizontally. In the models of Asai and Kasahara (1967) and of
Ogura and Takahashi (1971, 1972) a cylindrical cloud with a time-independent
radius is used; entrainment is expressed in two terms: inflow or outflow
to satisfy mass continuity and mass-conserving lateral mixing at the sidewalls. In Lee's (1972) model cloud radius is permitted to vary in time and
height. In all these formulations lateral mixing is represented by eddy
diffusion with a proportionality constant unspecified.
(ii)
Two-dimensional model. These models assume axial- or slabsymmetry. The axisymmetric model grows more vigorously and is believed
to be more realistic in giving updraft, downdraft, shape and other cloud
characteristics (Ogura (1963), Murray (1970)).
(iii) Three-dimensional model. The largest and fastest modern computers
make practical the use of three-dimensional models. Several groups are
engaged in such studies but no results are available at the time of writing.

A number of microphysical processes may occur in clouds, namely the
initial formation of cloud drops by condensation, the growth of cloud drops
by water vapour diffusion and by coalescence (leading to the production o£
precipitation), the freezing of cloud drops and the formation of ice particles
by direct sublimation from the vapour phase. There is considerable uncertainty
about the initiation of the ice phase and the formation of large ice or snow
particles and quantitative modelling involving details of the formation of the
ice phase m~st await clarification of these fundamental points.
The importance of microphysical processes lies in the limitation of
the life cycle by the production of precipitation and in the role of precipitation in the production of sensible heat.
Das (1964), Takeda (1965, 1966),
Lebedev (1966), and Srivastava (1967) demonstrated that the fallout of precipitation particles is important in the decay of a thunderstorm cell; Orville
and Sloan (1970), Weinstein (1970)and Ogura and Takahashi (1971) showed that
the lifetime of a cloud is to a considerable extent controlled by the rate of
conversion of cloud water into precipitation. It may be noted that precipitation
in the amount of 1 gm kg- l produces a drag force comparable to the buoyancy
produced by about 0.25°C temperature difference.
(a) Parameterization.· of initial condensation. The ini tial condensation
process may be parameterized fairly well if the liquid water content can be
prescribed (note however that neither cumulus clouds nor stratiform clouds
contain the "adiabatic" liquid water content which would result if saturated
air at cloud base temperature was lifted adiabatically and undiluted to
higher levels): the derivation of liquid water content is not a trivial
matter, but it is a question of dynamics and not of microphysics. Observations (Warner, 1969) show that the initial relative dispersion of the drop
size distribution is about 0.2; the number concentration of drops in the
cloud can be determined from nuclei measurements, enough of which have been
done to enable reasonable estimates to be given for various situations. For
tropical oceanic cumuli, for example, a number concentration of about
70-100 cm- 3 is appropriate. This number, combined with the liquid water
content and a relative dispersion of 0.2, will describe the initial size
distribution adequately enough for most purposes.
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(b) Parameterization of coalescence. The growth of cloud drops and
the eventual formation of precipitation (by the warm rain process) is
described by a system of integro-differential equations which have been
solved numerically for a closed domain (constant liquid water) by a number
of investigators. The results of such a detailed solution was parameterized
by Berry (1968) who proposed the following equation;
gm-3

~

dt

sec

-1

Here M refers to water in the form of large drops (>lOOpm radius), Nand
m are the number concentration and mass of cloud water and D the relative
dispersion of the size spectrum. Such a parameterization, a parameterization
containing no arbitrary parameters, is of obvious value. Further checks
both against more detailed computations and against actual observational
data are however needed before this or any similar scheme is accepted
unreservedly to describe the so-called autoconversion process.
Once drops become large their further growth takes place by
collection of smaller cloud drops. This somewhat more simple phase has
been conveniently parameterized by Kessler (1969) in the equation
dM
dt
where n

o

6.98

%

10-4 En 0.125 mM0 • 875 gm-3 sec- l
0

is empirically derived and E is a collection efficiency.

No model of cloud or precipitation formation can be accepted
without reservation until its predictions have been compared with observations. Some comparisons have been made but further and more exacting
tests are very much needed, especially where arbitrary parameters are
available to bring the computations into line with reality. Weinstein
and MacCready (1969) and Lavoie (1970) used the Weinstein and Davis (1968)
model to compute cloud depth and precipitation amount and duration and
indicated good agreement of computed and observed cloud top height;
similar good agreement was reported by Simpson and Wiggert (1971) for
cumulus tops over the Cari~bean. Warner (1970) on the other hand showed
that such models were unable simultaneously to predict correctly both
liquid water content and cloud top height; if the entrainment constant used
was large enough to keep the liquid water content as low as it is observed
to be, the computed cloud heights fell below those actually attained; if
on the other hand the entrainment was adjusted to correctly predict cloud
height, then the computed liquid water content became unrealistically high.
It is highly desirable that all existing and future models be
subject to exacting comparison with observations before they are used as
a basis for parame~erization.
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There are still important questions which remain unanswered and
which demand further investigation :

(i)
It has been customary in many models to initiate motion in a
conditionally unstable atmosphere by an arbitrary initial perturbation,
either in the form of an excess temperature impulse or a vertical velocity
impulse. The horizontal size of the initial disturbance will affect significantly the subsequent evolution. An important question is, therefore: what
controls the horizontal size of a cloud in the real atmosphere ?
(ii)

A similar problem is the height at which a cloud originates.

(iii) Successive clouds grow and dissipate in the real atmosphere.
Studies are needed to determine the typical time scale of successive generation and to ascertain what determines this.
(iv)
Further clarification is needed of the nature and extent of
mixing processes between cumuli and their environment.
(v)
There are indications that the active convective area agrees
with the area of meso-scale mass convergence. The effect of larger-scale
behaviour on individual cloud development should be clarified.

3.3

Dynamics of Cloud Groups

As mentioned earlier the needs of large-scale modellers would not
be satisfied by even a complete description of an isolated cumulus. What
is required is an average, over an area much larger than that of a single
cloud, of the vertical fluxes transported by clouds in terms of meteorological variables specified at grid points some hundreds of kilometres
apart. The assumption that such a relationship even exists needs verification and, if verified, the relationship must be elucidated. The dynamics
of cloud groups are much more complex than those of an isolated cloud and
as yet very little work has been done on the subject.

At the onset of instability for Benard-Rayleigh convection, a
particular wave-number is preferred but the pattern which the convection
cells exhibit is completely unspecified. Cellular clouds, transverse rolls
(axes perpendicular to the mean wind) and longitudinal rolls have been observed
in the real atmosphere. Both open cells with ascending motion in the walls
and descending motion in the centres and closed cells, with the opposite
configuration, are found. Although much research has been devoted to the
question of flow patterns, very often the physical situation has to be so
simplified that the meteorological implications are not always clear.
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Satellite observations and high-altitude aircraft have revealed that
cloud streets are a common feature in the atmosphere. Kuettner (1971) suggests
as typical characteristics of such cloud streets: length 20 to 500 km;
spacing 2 to 8 km; layer height 0.8 km to 2 km; width-to-height ratio 2 to 4;
little change of direction with height, alignment along the mean wind in the
convective layer.
A dynamically originated spiral band structure can occur in a
neutrally buoyant fluid owing to Ekman boundary layer flow instability.
Such bands were found in laboratory experiments by Faller (1963) and their
dynamic origin was clarified by Barcilon (1965), Faller and Kaylor (1966)
and Lilly (1966).
The vertical transport of horizontal momentum associated with
convection takes place in the atmosphere with a vertical shear. The importance of the transport of this sort was emphasised by Newton (1969) for the
angular momentum balance on the global scale, by Gray (1968) for hurricanes,
by Newton (1966), Matsumoto et al. (1970) and Ninomiya (1970) for meso-scale
disturb~nces and by Ingersoll (1966) for convection in laboratory experiments.
Based on the perturbation analysis of an unstablystratifiedshear flow,
Asai (1970) showed that the vertical transfer of horizontal momentum depends
crucially on the three-dimensional structure of the perturbation.
In his model (with two main layers) for tropical cyclone development, Ooyama (1969) included vertical transport of horizontal momentum due
to diabatic mass flux. The results of the model integrations showed that
this kind of transport of kinetic energy as well as of angular momentum
from the lower to the upper layer in the inner (convectively active) region
was the only major process that could keep a cyclonic circulation going in
the upper layer where the outflow must proceed against the pressure gradient
force thus causing an effective conversion of kinetic to potential energy.
Rosenthal (1970) also discusses the role of vertical transport of horizontal
momentum by cumuli in his hurricane model. He did not introduce any explicit
diffusion terms to account for these transports however, but showed that the
truncation due to upstream differencing of the advective terms results in a
computational diffusion that acts in the same sense as the convectively
produced diffusion. The quantitative results from several experiments with
different finite-difference approximations of the advective terms also showed that
the above mentioned scheme produces a vertical distribution of horizontal
momentum in the core region that is in markedly closer agreement with observations than is the distribution produced by centered finite-difference schemes,
which do not contain the property of a computational diffusion, simulating
that due to cumuli in nature.
Meso-scale disturbances
Organised meso-scale disturbances (~100 km scale) are frequently
observed, but not much is known about the dynamic processes involved. Many
descriptions exist of meso-scale disturbances in the tropics but they are
also observed in other latitudes, for example in the northwesterly winter
monsoon flowing over the Sea of Japan and also in cold air flowing over
the Great Lakes. Analysis of surfac~ wind and pressure fields indicate
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mass convergence of the order of 10-4 to 10-5 sec- l (Matsumoto et al. 1967)
but the question of whether there is a threshold value of convergence for
the enhancement of convective activity has not been decided.
Meso-scale disturbances are also found over land (Palmen and
Newton, 1969; Gutman, 1969). Fankhauser (1969), using data
from specially establisned upper-air stations in the U.S. Midwest, found
that temporal variations in the spatial distribution of computed divergence
and kinematic vertical motion were in good qualitative agreement with the
location and intensity of thunderstorms. The maximum horizontal diver~ence
was of the order of 10-4 sec-I. Lewis (1911) found agreement between surface
water vapour convergence in the Midwest and the active convective areas.

Powerful cloud systems are connected with atmospheric fronts.
It follows from the recent investigations (Bykova and Matveev, 1966;
Manabe et aI, 1970) that condensation plays an important role in the formation of fronts. Physically it is obvious that i f the air mass ris9s,the
temperature in the cloud will decrease more slowly than under the cloud,
as a result of heat condensation. Consequently, the vertical gradient of
temperature decreases and an inversion may form. The vertical temperature
gradient is larger near the upper surface of the cloud system. It is such
temperature distribution that is observed in real conditions of the atmosphere.
The numerical modelling of the general circulation showed that
if the humidity and cloud formation are not included in the model we can
model only the longwave type of movement. The finer details of the motions
and especially the fronts can be modelled satisfactorily only after including
condensation. By using the numerical model one can explain such an interesting fact as a continuous replenishment of water stored in the frontal
cloud system. This conclusion was obtained for the first time by Fedorov
and Mamina (1957) on the basis of analyses of experimental data. The
numerical calculations showed that the ratio of the total precipitation
produced from the cloud to the water quantity instantaneously stored in
the cloud may range from 7 to 40; it depends on the vertical velocity,
the turbulent exchange etc.
With the help of numerical modelling, Matveev (1967) has stated
that
(a) the time of the formation of cloud systems in a moving air mass
varies from 6-7 hours to 30-40 hours in dependence on the vertical velocity,
relative humidity and temperature;
(b) the vertical velocity, condensation heat, turbulent exchange and
advection cause the changes of temperature, humidity and water content which
are fully comparable one with the other;
(c) the water content of the cloud varies over a wide range (from 0.010.02 g/m3 to 3-4 g/m3 and more); the maximum water content (with height)
is observed, as a rule, in the lower part of clouds and in the upper part
of clouds.
Numerical computations (on a fine mesh) of frontal development
including condensation and evaporation have also been reported by Benwell
et al.(1971).
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3.4

The Parameterization Problem

The following two types of oumulus parameterization are ourrently
used in numerical models for large-soale motions.
(a)

Hypothesis of oonveotive adjustment

One of the simplest ways of parameterizing oumulus oonveotions is
the oonveotive adjustment whioh was introduoed by Manabe et al,(1965) into
their general oiroulation models. The idea of the oonveotive adjustment is
based on the fact that thermal conveotion develops when the lapse rate of
temperature exoeeds a oertain neutral value. Manabe et al. assumed that
whenever the vertioal temperature distribution exoeeds the moist adiabatio
lapse rate and the humidity reaohes saturation, the temperature distribution
is adjusted instantaneously to the moist adiabatio lapse rate under the
oonstraint that the total energy remains unohanged. All the water .oondensed
is assumed to fallout instantaneously. Subsequently, Miyakoda (1969)
modified this approaoh to the extent that water in exoess of 80% of saturation
was removed; this lower figure gave a better simulation of the water balanoe
of the real atmosphere.
These prooedures were able to simulate surprisingly well many gross
features of the global oiroulation, though some minor shortoomings are
notioed in its applioation. When it is applied, in partioular to a fine
grid-mesh, it tends to produoe "shooks" during oomputation beoause of the
instantaneous temperature adjustment over a limited region.
Several alternative methods have been proposed to avoid the shortoomings. Introduoing a threshold relative humidity ro smaller than 100%,
Bushbl et al.(1967) adopted the following definition of the oritioal lapse
rater o instead of the moist adiabatio lapse rate ~s
for

r ~ ro

where r is the relative humidity and ~d is the dry adiabatio lapse rate.
The value of ro is taken to be 0.5 in the experiments so far conducted by
Bushby et al. The physioal justifioation of the above relationship is that
saturation may occur locally within a oertain domain even though r<l.
Physical meaning of parameters suoh as rc and ~ is, however, still ambiguous because of bypassing physioal problems ooncerning oumulus ensemble.
Another ambiguity in the conveotive adjustment is related to the relaxation
time, ~, required to adjust an unstable stratifioation. The relaxation
time is not an important faotor in a general oirculation of the atmosphere,
while it may play a signifioant role in disturbances of a shorter life
time. Gambo (1969) regarded ~as the ratio of the depth of oonveotion
layer to the representative velooity of oumulus updraft which was determined as a funotion of the statio stability under the energy conservation
prinoiple.
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(b)

Hypothesis of penetrative convection

A cumulus parameterization based on the hypothesis of penetrative
convection was proposed by Ooyama (1964) and Charney and Elias~n (1964)
and has been used mainly in tropical cyclone models (Yamasaki, 1968;
Ooyama, 1969). The application of this method to tropical cyclones has
established the concept of the CISK and simulated quite well the development of tropical cyclones. In this method cumulus clouds are permitted
to penetrate deeply into the unsaturated atmosphere in areas of low level
mass convergence. The basic formulation of Ooyama in his two layer model
is that the vertical mass flux (fQ) at the interface between the two fluid
layers is proportional to the vertical motion at the top of the boundary
layer (wo):

JQ

=

Y 1 wo

where '1. is a non-dimensjonal parameter (later users of this formulation
regarded
as a parameter describing the vertical profile of diabatic
heating in their multi-level models). Ooyama determined Q from energy
considerations and by taking into account the variation ot q with time
due to the increase of temperature in the upper layer produced by convection, he was able to prevent the unchecked growth of the vortex from which
previous models (Ooyama, 1964 and Ogura, 1964) suffered.

?

Kuo (1965) proposed a somewhat different scheme. He considers that
cumulus convection always occurs in regions of deep layers of conditionally
unstable stratification and mean low level convergence and that the vertical
profiles of temperature and water vapour inside the cloud follow those of a
moist adiabat. He then postulate.s the heat exchange between clouds and the
environmental atmosphere due to mixing so that the net rate of heating of the
environmental atmosphere is proportional to the temperature difference
between the· cloud and the surrounding atmosphere. Modified versions of
Kuo's scheme have been applied by Krishnamurti (1969) in a numerical experiment of the tropical circulation, and by Rosenthal (1970a) and Sundquist
(1970) in hurricane models.
Quite recently Arakawa (1971b) revised his own previous formulation
,(1968, 1971a) and Ooyama (1971) also proposed a parameterization theory.
In all these formulations moist cloud air and the large-scale environmental
air are distinguished, more facts on an isolated cumulus cloud are incorporated as the basis of parameterization and the net effect of convective
heating is explicitly represented in the prognostic equations for the
large-scale variables. In these equations the physical interpretation
of Q as representing the vertical distribution of cloud mass flux is
further clarified.
To make the discussion concrete Ooyama applied the bubble model
of the Simpsons in his formulation. Suppose a large number of bubbles
with different sizes are released from some prescribed altitudes. As these
bubbles rise they entrain the surrounding air or detrain their own air to
the environment, thus continuously changing the environmental variables.
The subsequent evolution of bubbles is determined by the cloud model.
Small bubbles may cease ascent at the lower level, becoming completely
detrained there, while large bubbles may go up higher. Therefore, the
size distribution of clouds is quite important in determining the vertical
profile of heating in the environmental atmosphere. By assuming no interaction between neighbouring bubbles, the prognostic equations for velocity,
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the ensemble average of the entrainment and detrainment of corresponding
variables which in turn are determined by the environmental variables.
Thus the system is closed once proportions of the bubbles at their origins
(size, excess temperature, velocitY,etc.) are given.
In concept, Arakawa's formulation is similar to that described
above, except that instead of a bubble model he used several conservation
equations and some empirical relations. He has further attempted to
determine the properties of clouds at their origins in such a way that the
end result of long-term integration for a large-scale system gives the
observed climatic fields.
The most difficult point in their applications is that the above
schemes require cloud properties at their origins and successive generation
of clouds which determine ~ describing the vertical distribution of heating
rate due to cumulus convection.

There are a few recent proposals to the parameterization of moist
convection (Kasahara and Asai 1967, Arakawa 1971b, and Ooyama 1971), which
have not yet been applied to numerical models. Since these new schemes
appear to have a more satisfactory foundation with respect to the convective
activity than the earlier approaches it is desirable to test these new hypotheses in large-scale models.
Nevertheless, there are possible extensions or improvements that
can be made in the presently used parameterization schemes.
(a)

The hypothesis of convective adjustment.

Attempts to introduce the characteristics of cumulus convection
into this scheme should be encouraged in order to elucidate the physical
processes in the adjustment hypothesis. Specifically, problems to be
examined in this context are :

(b)

(i)

to relate rc, f c , and tC to the physical properties of a cumulus
ensemble for obtaining values of those quantities;

(ii)

to clarify how to deal with cloud water content.

The hypothesis of penetrative convection.

In view of recently presented works on parameterization of moist
convection, it seems that the scheme based on the hypothesis of penetrative
convection can be improved and extended. Problems to be examined in association with this hypothesis are :
(i)

to find a more confident relation between the quantities of
the large-scale flow and the parameter 'l which determines
the vertical distribution of the heating rate due to cumulus
convection.

(ii)

to determine the precipitation efficiency of water vapour
supplied to the domain in question;
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(iii)

(c)

to formulate the water vapour and momentum vertical transports
resulting from convective activity. This is of particular
interest in middle latitudes where a vertical shear prevails.

Recent approaches to the parameterization of cumulus convection which
have not yet been employed in large-scale numerical models.

Kasahara and Asai's (1967) proposal for inclusion of moist convection into large-scale models is not really a true parameterization
scheme. In principle they suggested that the preferred scale (or percentage
coverage) is computed in a separate, detailed cumulus model at appropriate
time intervals using the quantities of the large scale model. This procedure
therefore, requires a computer of large capacity. Nevertheless, it would
'
be of interest to apply this scheme in a limited test. Results from such
a test could be of great value as a guidance in connection with an extended
work on Kasahara and Asai's cumulus model, which raises the following
specific problems :
(i)

The selection hypothesis ·of a preferred mode of cumulus convection
is not justified yet. Different approaches such as imposing a
constraint to satisfy the heat and moisture budgets should be
examined.

(ii)

In order to avoid the necessity of employing a detailed cumulus
model as mentioned above, an investigation should be undertaken
to find simpler alternatives for relating the preferred mode to
large-scale atmospheric conditions, e.g., horizontal convergence,
heat supply from underlying surface.

(iii)

An interesting alternative to the approach of a preferred mode
is a treatment of mUltiple modes of convection, hence obtaining
. a preferred size distribution.

Layer clouds have not yet been parameterized in large-scale
numerical computations, but the need to do so is recognised, particularly
for long-range and climatic-scale studies where radiation effects must be
considered. The difficulty is again the limited spatial resolution in
the large-scale numerical models, which permits a saturated layer to be
"missed" if it happens to fall between the levels at which the variables
are computed.
Matveev (1959, 1961, 1967) has considered theoretically the
production of saturated layer by atmospheric motions over periods of tens
of hours. He has been able to produce realistic cloud layers using a
turbulent mixing parameter K derived empirically from aircraft accelerometer
measurements but an assumed value for vertical velocity. The two crucial
parameters in this treatment are the large-scale vertical velocity and the
turbulent diffusivity. Any attempt to parameterize Matveev's result would
rely on the former being given with sufficient accuracy by the large-scale
numerical model with which it was incorporated. In a climate model the
applicability of the same diffusion parameter (based on observations in
our present climate) would pose an additional difficulty. Numerical forecasting of humidity, cloudiness and precipitation has been undertaken also
by Duskin et al. (1960), Meleshko et al. (1960), Meleshko (1964) and Lushev
and Matveev (1966).
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The only other approach to the layer cloud problem seems to be a
statistical one, in which observational records are used to give a probabilistic estimate of percent cloud cover in terms of, for example, humidity at
a grid point (Smagorinsky, 1960). With the dearth of alternatives it seems
desirable to pursue this approach further through the acquisition of better
data and through the use of more refined statistical techniques.
Kuznetsov (1962) and others suggested forecasting methods of dew
point temperature making use of its conservative property along motion
trajectories. Gandin and Dubov (1968) further proceeded to forecast humidity,
cloud amount and precipitation using some correlation techniques. The
evaluation of the forecast (cloud cover, clear sky, precipitation) against
observed data indicates the verification score of 80%.
The problem of cirrus cloud is closely allied to the general
layer cloud problem but it is even more uncertain owing to our poor knowledge
of the microphysics of higher level clouds. The acquisition of basic microphysical data on higher level clouds will be necessary to enable the modelling or parameterization of their radiative properties.
Since the turbulent exchange plays the important role in the
formation of clouds, it is necessary to carry out experimental and theoretical studies of turbulent heat and moisture fluxes, and pulsation
components of motion velocity inside clouds and out of them.
Under construction of forecast schemes it is very important to
know not only the temperature and humidity of air, but also the water content
of clouds, as well as measurements of visibility range within clouds which
gives the average coefficient of light scattering. The latter is necessary
for calculating the solar radiation transfer. It is necessary to set the
task - to organise the measurements of water content of clouds both during
expeditions and during routine observations. Statistical investigations
on cumulus clouds and radiation fluxes have been made recently by Feigelson
et a~, 1972 and Mulmaa et aL, 1972.

3.5

Recommendations

(a)
Numerical experiments on the interaction between clouds and on
the collective dynamics of.groups of clouds are needed to complement any
single cloud model. It is the overall, averaged transport by all the cloud
which is needed for the large-scale circulation model.
Before or in parallel with this experiment, it is recommended that:
(i)
Numerical predictions from an axisymmetric or three-dimensional
cloud models without using a parameterization of the coalescence process be
done for comparison with observations (3.2.3).
(ii) Sensitivity tests be done for each parameter or empirical relation
in the model to examine how the overall prediction of large-scale motions are
sensitive to each of them.

- 32 -

(iii) Numerical experiments be done to ascertain the significance of
micro-physical processes in parameterizing cumulus ensemble. Sensi tivi t.y
analysis of various parameters involved in the formulation of microphysical
processes is needed.
(iv) Numerical experiments be done in which cloud diameter is not
initially prescribed, to try to answer the important question of what
controls the initial size of a cloud in the real atmosphere.
(v)
Investigate the possible influence from the large-scale grid
size upon the parameterization of the convective activity in models treating
clouds of different sizes.
(b)
The same large-scale model be run using the same initial conditions
and computational schemes but using different cloud parameterizations
(ranging from convective adjustment through the more complex procedures).
This should be done for initial conditions representative of different
latitudes and regions.

(c)
Further theoretical studies using the methods such as those introduced by Matveev (1961, 1964, 1967) are needed to elucidate the process
of lar~e-scale stratified cloud formation. Such methods would be espec~a.uy
useful in the case of numerical climate experiments where parameterization
based on statistics evidently cannot be utilised.
(d)
Further theoretical studies are needed to examine the possible
role of radiation in the formation and maintenance of stratiform cloud
layers.

(i)
For repres.entative regions of the globe, surveys should be carried
out to as.certain the statistics. of cloud characteristics, especially cloud
diameter. In conjunction with such studies, simultaneous measurements of
the atmospheric fields of temperature, moisture and wind. are essential.
(H) For comparisons of predictions by cloud models with observations,
case studies are needed in which aircraft penetrations. are made at several
levels in rising clouds to measure water content, cloud radius, and cloud
base conditions in addition to ambient soundings; these are minimum
requirements to provide basic data for the comparison of predictions with
obs.ervations. To make more detailed comparison, vertical velocity, temperature, water vapour and liquid and solid particle content should also be
measured; it would also be desirable to make every effort to establish
the age of the cloud (Le. , the time at which condensation began), for only
then could detailed comparison with predictions from time dependent models
be made.
(Hi) An observational programme is needed to investigate the relationship of large-scale stratified clouds. Such a programme would have two aims,
firstly to understand better the physical processes involved and secondly to
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terms of relative humidity, temperature,etc. This kind of cloud is most
relevant from the point of view of radiation effects and it would be needed
to observe cloud height and thickness, initially, at least but again accurate measurements of the liquid water content, temperature, moisture and
wind fields would be required.
If extensive stratified cloud layers can be predicted in a numerical
circulation model, the formation of cirrus clouds would possibly be tractable
in the same way. However, basic microphysical information (i.e., particle
number, ice content) on cirrus cloud would still be needed to give an
adequate description of the cloud e.g. as it affects radiation processes.
Observational programmes are needed to obtain this basic information in
different geographic or climatic regions.
(iv) Improvement in the accuracy with which temperature and humidity
are given by routine measurements; if possible, accuracy of better than 1°C
would be desirable. Attention should also be given to the accuracy of
measurement in the case of special expedition-type studies.
(v) Statistical studies are needed to investigate the relationship
of large-scale stratified cloud to the coarse meteorological fields such
as are available in global numerical models. More advanced statistical
methods such as component analysis might be expected to improve the
accuracy with which cloud layers are diagnosed, especially when the data
also have been improved •.
(vi) From the diagnostic viewpoint, attempts were made by Matsumoto
(1967) and Ninomiya (1968) to estimate the vertical transport of water
vapour and sensible heat by convective clouds.
For tropical disturbances, Reed and Recker (1971) and Nitta (1972)
obtained the vertical profile of diabatic heating from heat budget computations. Reed deduced the diabatic heating by condensation by taking into
account the cumulus updraft, the saturation downdraft and the slow descent
in the environment. Recently Yanai (1971) demonstrated that much information
on cloud ensemble properties can be extracted from the mass, energy, and
moisture analysis for tropical cloud clusters. The information gained from
these lines of the diagnostic study will be very useful in improving the
parameterization scheme and further studies are recommended.
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4.
4.1

INTERNAL TURBULENCE AND VERTICAL MOMENTUM TRANSFER

Introduction

Fifty years ago L.F. Richardson recognised clearly that small
unresolved scales of motion in the atmosphere would have a diffusive and
dissipative effect on the larger resolved scales for which a numerical
forecast might be attempted. Although the simple theories of eddy viscosity and diffusion formulated by Richardson have been extended and applied
more or less satisfactorily to numerical models of the atmosphere, there
remain two important questions. First, what is the most accurate way of
taking into account (by parameterization) the average influence of unresolved scales on resolved scales, and second, how much error is introduced
by even the best parameterization? These two questions are not completely
answered. It is the purpose of this paper to give one view, at least, of
their present status.
Any estimate of the influence of unresolved on resolved scales
requires at least some estimate of the intensity of the unresolved motions,
and this is described most usefully by a specification of the energy spectrum over the unresolved range of wavenumbers. Our direct knowledge of
this range is fragmentary; it is hoped that the Eole dispersion experiments
will add a large fragment to this knowledge. The spectrum of- the unresolved
motions is determined in large part by frontal systems and convection. For
the important scales that are just smaller than those resolved, however, the
spectrum is largely determined by nonlinear coupling to resolved scales,
and we may hope to estimate this part of the spectrum through extrapolation
with a turbulence theory. This particular approach is described in a short
note written about three years ago and which is here quoted in its entirety.
I~ has long been recognised that a fundamental problem exists in
the use of finite difference models to predict the evolution of geophysical
fluid motions. In such models only the larger scales of motion can be described-explicitly yet their evolution is influenced by scales too small to
be resolved. Since detailed knowledge of the small scales is not available,
one can only hope to describe their average behaviour and for this one turns
to the ideas of turbulence theory. One of the simplest of these ideas is
that of energy cascading from larger to smaller scales to be finally dissipated by molecular viscosity at very small scales. In a finite difference
model of a three-dimensional turbulent flow the energy transfer between
large scales -will be computed more or less correctly, but at the scale of
the grid interval Phillips (1959) showed that aliasing errors can transfer
energy erratically to all of the larger scales destroying the sense of the
calculation. He also showed that this nonlinear instability could be cured
by the removing of energy from scales near the grid scale. The energy
removed should be that which would cascade to smaller scales in the real
flow.

In this paper there will be derived artificial or eddy viscosity
coefficients designed to simulate this cascade process. The derivation of
section 4.2 is based on the assumption that the grid scale lies within an
inertial range of three-dimensional homogeneous isotropic turbulence. This
assumption is of dubious validity in global numerical models of the atmosThe final version of this section has been prepared by Dr. C. Leith
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phere or of the ocean, for in such models the horizontal grid scale is
hundreds of kilometers and the vertical dimension of the fluid is too small
to permit three-dimensional isotropy. Instead, it seems more reasonable to
treat the grid scale motions as being two-dimensional and to apply some
recent ideas of two-dimensional turbulence theory.
These ideas will be
described in section 4.3, and in section 4.4 the form of two-dimensional
eddy viscosity coefficients will be deduced.
4.2

Three-Dimensional Theory

To make the notion of scale more precise in homogeneous turbuis convenient to use Fourier components of velocity fields and
to describe the distribution of energy among scales as a spectral distribution among wave numbers k. In these terms the three-dimensional inertial
range energy spectrum is completely characterised by the assumed constant
energy cascade rate cand must on dimensional grounds have the well known
form
lence~it

wi th at ~ 1.5, the dimensionless Kolmogorov constant. The fundame"ntal
assumption of the three-dimensional theory is that the truncation wave
number k* =9.I/AJClies within an inertial range with the -5/3 power spectrum
of Eq.(4.1). Then the artificial or eddy viscosity coefficient V* must on
dimensional grounds have the form

.J{ = PC V3 1C-.-%

(4.2)

An asterisk subscript is used to indicate a truncation dependent variable.
The coefficient JB is dimensionless.
Equation (4.2) provides an order of magnitude estimate of the
viscosity coefficient of a viscous term to be added to the model equations
to avoid nonlinear instability but requires some prior knowledge of the
magnitude of the energy cascading and dissipation rate ~. In practice,
experiments with a particular model are carried out to determine the
smallest constant viscosity coefficient V* that can be used to avoid nonlinear instability.
A more satisfactory procedure is that introduced by Smagorinsky
(1963) in which a local estimate of the energy cascade rate ~ is made from
the calculation itself. Whatever the viscosity coefficient the computed
local energy dissipation rate will be

D_/:l.

where J
is the square magnitude of the deformation tensor in finite
difference approximation. The variable c: is eliminated between Eqs. (4.2)
and (4.3) to find for the eddy viscosity coefficient the value
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Since the viscosity coefficient depends on the structure of the flow through
the factor /D*I the resulting viscosity term is nonlinear. The local
dissipation rate is obtained by substitution of Eq. (4.4) into Eq. (4.3) to
give

(4.5)
As

mesh interval ~x is changed the finite difference approximation
will change, but if this approach is valid the average value of
1D* ,.-3 is proportional to kf so that the average value of c£ remains
unchanged.
t~

ID*I

4.3

Two-dimensional Turbulence

It has been realised for many years that two-dimensional flows
have essentially different statistical properties than those in three
dimensions. Restriction of the flow to two dimensions introduces a
constraint that prevents the stretching of vortex tubes so often appealed
to as a physical explanation for energy cascade in three dimensions. On
the contrary two-dimensionality induces a tendency for motions to be
organised into large eddies as described by Onsager (1949) or for energy
to be transferred to larger scales as shown by Fjortoft (1953.).
Although all powers of vorticity ~ are individually conserved
under turbulent advection the second power is singled out as having a simple
spectral representation. Two-dimensional turbulence is characterised by
having a conservation law not only for energy, but also for enstrophy
defined as G =~~.~~ This additional constraint on the nonlinear interactions has been shown by Kraichnan (1967) and by Leith (1968) to lead to
two inertial ranges. One of these has a -5/3 power spectrum just as in
the three-dimensional case with the important difference that the constant
energy cascade rate through this spectrum is from small scale to large
scale,exactly contrary to the three-dimensional case. In this spectrum the
enstrophy cascade rate is zero.
The other inertial range has a -3 power spectrum

E(k)

=

ol~,?.z4K-3

(4.6)

in which the-enstrophy cascade rate ~ is constant but the energy cascade
rate is zero. In an inertial range completely characterised by constant
4 ) Eq. (4.6) is the spectrum required
enstrophy cascade 'I
(of dimension
on dimensional grounds.

r-

In observations (1963, 1967) of the energy spectrum of atmospheric
motions in the scales of global wave numbers greater than 10 there is evidence
of a tendency toward a -3 power law. Unfortunately no simultaneous estimate
of
~
has been obtained to permit an evaluation of the dimensionless
coefficient
~
However Lilly (1968) has carried out a numerical simultation of two-dimensional turbulence, has observed a -3 power law, and has
made a preliminary estimate of ot£ = 4.5±0.5.
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4.4

Two-dimensional Eddy Viscosity

We examine next the consequences of assuming that for global models
the truncation wave number k* lies within a -3 power inertial range as
suggested by observations. To do this we must translate the arguments of
section 4.2 replacing energy by enstrophy.
Corresponding to Eg. (4.2) we now have for the dimensionally
consistent form of the eddy viscosity coefficient

Again a linear viscosity term has a coefficient determined in practice by
experiment and Eq. (4.7) can only provide an estimate based on some knowledge of the expected magnitude of ~
It is only in the nonlinear formulation that practical differenoes appear.
Corresponding to Eq. (4.3) the computed local enstrophy dissipation rate is

where V~~ is the finite difference approximation to the vorticity gradient.
We eliminate ~ between Eqs. (4.7) and (4.8) to find for the nonlinear eddy
viscosity coeffioient the value

In terms of the mesh interval dJr this may be written

with

,~

a dimensionless coeffioient to be determined by experiment.

The artificial viscosity ooefficient of Eq. (4.10) has been used
by Crowley in an ocean circulation model. With r~ = 0.37 there was evidence
of nonlinear instability, but with ~~ = 3.7 there was not.
We find the enstrophy dissipation rate
. (4.10) to be

~

from Eqs. (4.8) and

The average value of '2 will be indeyend~nt of A.x only if the average .
value of J V-/fWf' is proportional to (.dX)::J. This corresponds to the mean
magnitude of the cubed difference of vorticity at two adjacent mesh points
being independent of ~~, a peculiar property of the -3 power spectrum.
Because of the more rapid decrease with the wave number in the -3
power spectrum it is likely that the artificial treatment of the grid scales
has less effect on the large scales than if we were dealing with a -5/3
power law spectrum. The fact also that energy is :trapped in large scales
and does not cascade through the -3 power spectrum makes the problem less
serious than in three dimensions. The ens trophy cascade can however still
lead to nonlinear instability unless simulated by an artificial viscosity
such as that of Eg. (4.10).
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Preliminary results from the Eole dispersion experiments appear
to be consistent with a -3 power extension of the atmospheric energy
spectrum although there is some possibility of an excess of energy in
scales about 700 km (Morel, 1972, private communication). This possibility
is, of course, important and should be investigated further. The use of
recordings of the navigation systems of the Boeing 747 commercial aircraft
to obtain another estimate of the horizontal energy spectrum in this range
should be seriously considered.
The two-dimensional eddy viscosity coefficients described in the
note have since been used successfully in atmospheric models at GFDL,
Princeton and at NCAR, Boulder. As compared with earlier three-dimensional
coefficients the two~dimensional coefficients seem to give more realistic
behaviour in mid-latitudes but have some trouble controlling convective
instability in the tropics. The parameterization of convective processes
is, however, an important but separate problem, the solution to which may
come from a statistical theory of convection but not from the simple turbulence theories used to deduce horizontal eddy diffusion coefficients.
In a recent paper Charney (1971) has shown that the scaling laws
of two-dimensional turbulence are also appropriate for the more general and
more realistic geostrophic turbulence. Geostrophic turbulence is threedimensional but with geostrophic advection of temperature and velocity
components which are coupled through the thermal wind relation. Since geostrophic turbulence relates vertical and horizontal statistics it should
provide a prescription for vertical as well as horizontal nonlinear eddy
diffusion coefficients. A prescription for eddy viscosity and diffusion
coefficients appropriate for geostrophic turbulence has yet to be worked
out in detail and tried in a numerical simulation.
4.5

Recent Turbulence Theories

In recent years there have been devised (Orszag, 1970 and Leith,
1971) a class of Markovian turbulence approximations based on Brownian
motion stochastic models and avoiding the non-physical behaviour,discovered
by Ogura (1963), of the quasinormal approximation. The latest and most
satisfactory member of this class is the test field model (Kraichnan, 1971).
These turbulence approximations permit the direct calculation of nonlinear
energy transfer among different scales of motion for any assumed spectral
shape. ~They have been applied to both three- and two-dimensional homogeneous
isotropic turbulence and are easily applicable also to homogeneous geostrophical turbulence.
Any such turbulence approximation leads to an eddy viscosity
prescription for any inertial range. If we assume, for example, an infinitely long -5/3 power law stationary energy cascading inertial range for
three-dimensional turbulence, the turbulence approximation would compute
a vanishing nonlinear transfer T(k) at any wavenumber k. If now, however,
we truncate the spectrum at a particular wavenumber k the turbulence
approximation would predict a nonlinear transfer T*(kj > 0 for k somewhat
smaller than k* inasmuch as the nonlinear transfer of energy to wavenumbers
k> k* is now missing. In the general energy balance equation

~dE(k)/dt = T(k) -2Vk~E(k)
we may restore stationarity and preserve the truncated -5/3 power law
spectrum by introducing a k dependent viscosity coefficient V*(k)
a
T*(k)/2k E(k) for k~ k*.
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The programme for determining an eddy viscosity function has so
far been carried out only for a -3 power spectrum for two-dimensional
turbulence using a rather severely localised form of the eddy-damped
Markovian approximation (Leith, 1971). The results are shown in Fig. 1
in which are plotted the dissipation function

and the corresponding function for constant
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The dissipation function predicted by the eddy-damped Markovian
approximation has its influence more localised to wavenumbers near k than
does a constant eddy viscosity. The range of slightly unstable wave~umbers
with f(k/k*) ~ 0 is required for energy balance since there must be no net
dissipation of energy but only a dissipation of enstrophy. A k-dependent
eddy viscosity

has yet to be tried in a numerical simulation. For an assumed constant ~
and a wavenu~ber space simulation, such a trial is rather straightforward;
a correspond~ng prescription for a finite difference simulation with a
local estimate of ~ has not yet been derived.
Recent turbulence approximations have also been applied (Kraichnan,
1970 and Leith, 1971) to the predictability problem for they may be used to
estimate the average rate at which pairs of solutions of the equations of
motion, initially nearly identical, will diverge from each other. A predictability experiment with the eddy-damped Markovian approximation (Leith, 1971)
was made with a truncated range of wavenumbers and showed that the error
arising from the use of the eddy viscosity prescription based on f(k/k*) was
negligible compared to that arising from reasonably expected errors in the
determination of initial conditions for the large resolved scales of motion.
Although an improved turbulence approximation, namely the test
field model (Kraichnan, 1971), is being used to recompute the dissipation
function f(k/k*) and the predictability of the atmosphere, there seems to
be no qualitative change from the results already reported.
In conclusion then, it would seem that our tentative answers to
the questions posed in the first paragraph are: Although we may not yet
know the most accurate way of parameterizing the influence of unresolved
scales on resolved scales, the schemes that we do know lead to errors
with effects small 'compared to those of errors of observation of the
resolved scales. The problem of parameterization of sub-grid scale
processes seems, therefore, to be much less serious at present for internal
turbulence than for other processes such as convection and cloud physics.

4.6

Vertical Fluxes Induced by Clear-Air Turbulence

There is now considerable agreement that most clear-air turbulence (CAT) is found in regions of small Richardson numbers. Both theory'
and detailed observations suggest that the limiting Richardson number is
close to 0.25; presumably higher values reported in the literature are
due to insufficient resolution. When the local Richardson number falls
below 0.25, Kelvin-Helmholtz instability develops and turbulence results.
The observed fact that significant CAT is practically absent in regions
of small vertical wind shear suggests that Kelvin-Helmholtz instability
is the dominant mechanism for the production of CAT.
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Low Richardson numbers are frequently produced in fronts.
Turbulence develops when fronts become sufficiently sharp, and is required
to prevent the production of discontinuities. CAT is common over mountains
where it is initiated by gravity waves. At present it is not known what
fraction of CAT away from mountains is not associated with fronts; but
case studies show that CAT in the upper troposphere may exist in strongly
anticyclonic flow with moderate horizontal temperature gradients, where
large vertical wind shear and low Richardson numbers are produced by the
supergeostrophic winds.
Case studies suggest that stratospheric CAT is not associated
with synoptically detectable horizontal temperature gradients. Still1low
Richardson numbers are found in CAT regions, associated with gravity waves
and strong mesoscale horizontal temperature gradients.
There exists a multitude of statistics based on subjective pilot
estimates compiled for example by Vinnichenko in the Soviet Union and by
Colson in the USA. The overall probability of CAT between 8 and 12 km is
of order 10%, of which half or 5% is moderate. The probability is less
above and below (excluding, of course, convective clouds and the boundary
layer). Typical horizontal dimensions are of order 10-100 km, and vertical
dimensions 100-1000 m. Turbulent regions frequently slant and follow fronts
as mentioned before. CAT patches are persistent at a given location
typically up to about 5 hours. Even inside of patches,CAT is probably not
homogeneous but intermittent.
CAT statistics are clearly related to a number of large-scale
synoptic parameters. Thus the probability of CAT is greatest when vertical
wind shear and horizontal temperature gradients are large and the synopticscale Richardson number is small. It also appears more frequently with
curved stream lines than straight stream lines and more frequently in
confluent and diffluent flow than with parallel stream lines.
Many of the statistical properties can be explained in terms of
the physics involved.
The studies can be used to localise the parameterization of CAT.
There have been no direct estimates of fluxes of momentum and heat
due to CAT. Instead, order-of-magnitude estimates of dissipation in CAT and
vertical momentum flux have been made indirectly, suggesting that it may be
the principal conveyor of momentum in the neighbourhood of the tropopause,
and that the dissipation produced by CAT in this region is of order of 25%
of the total dissipation. The estimates of dissipation of energy have been
made in two ways, with quite consistent results; Kung (1966) computed
dissipation from the large-scale kinetic energy budget in atmospheric
layers; Vinnichenko (1910) and separately Trout and Panofsky (1969) used
case studies to calibrate subjective CAT intensity reports in terms of
dissipation, and evaluated total dissipation in various layers by making
use of extensive CAT statistics collected by Colson (1968).
From additional case studies, Trout (1969) could then translate
dissipation estimates into standard deviation of vertical velocities;
assuming that the ,friction velocity in CAT is proportional to this standard
deviation, as it is in the surface layer, an average vertical flux of
momentum in middle latitudes was calculated to be '0.3 dynes/cm 2 , a number
which is a considerable fraction of the total flux near the tropopause.
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fluxes must be much larger. In fact, the few case studies in which momentum flux
was measured directly show that .frictional forces dae to CAT can locally exceed t~le
Coriolis force.
4~6.2

Parameterization

CAT has never been parameterized intentionally. in geI18cra.l cir-·_
culation models. However, the vertical eddy viscosities used in many
models in a sense re.flect the effect of CAT, especially in regions near
the tropopause, away from mountains. However, the non-uniform distribution
of CAT suggests that the accuracy of general circulation models, especially
near jet streams, can be improved by varying eddy viscosities or more
sophisticated parameterization parameters in space and time according to
the distribution of CAT, which is now understood in general terms.
(a)

Numerical experiments

It is recommended that a numerical experiment be undertaken to
compare the behaviour of a general circulation model with a uniform
vertical eddy diffusivity KZ with one in which KZ in the upper troposphere
is allocated according to our present knowledge. In particular it is
suggested that KZ between 8 and 12 km be set equal to 5.\'10 5 cm 2 jsec wherever the Richardson number as determined by the model resolution is less
than 2. Elsewhere in this range KZ should be set equal to zero. This is
to be compared with a computation in which KZ equals the spatial and
temporal average value of the KZ's in the previous computation.
If this experiement indicates a significant difference between
the two computations, rigorous parameterization should be attempted only
after the gathering of statistical information sugge.sted in the next
section.
(b)

Observational studies

(i) It is recommended that fuller use be made of some existing
turbulence records to evaluate the distribution of different intensities
of CAT relative to large-scale and mesoscale atmospheric features. When
possible, vertical fluxes of heat and momentum should be measured, and
the relation. between friction velocity and root mean square vertical
velocity should be estimated, as well as eddy viscosities, if possible.
(ii) More case studies are needed to understand better the life
cycle of CAT and its effect on modifying its environment. This will
require several well-instrumented aircraft
which should have the
capability to measure vertical fluxes.
(Hi) CAT information from routine flights in the past has either
been subjective or almost inaccessible. It is recommended that CAT
statistics relative to synoptic features be obtained in the future from
routine flights carrying recorders producing easily acceptable quantitative CAT information for statistical and synoptic analysis.
Relativeiy little is known about the probability of finding thin
layers of low Richardson numbers embedded in thicker layers of larger average Richardson numbers. It is proposed to study such probability distributions on the basis of radar-tracked balloons capable of measuring wind and
temperature with a vertical resolution of 50 m or better.
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4.7

Upper Air Fronts and Assooiated Turbulenoe

The primitive equations whioh are solved in numerioal models have
the property that under oertain oiroumstanoes sharp disoontinuities will
form,embedded within large soale baroolinio zones. In aotual oomputations
this tendenoy is inhibited by finite model resolution and imposed eddy
diffusivity. In the atmosphere the limiting factor appears to be Clear Air
Turbulenoe associated with regions of small Riohardson number. In the upper
troposphere frontal zones about 1 km thiok often extend down from the tropopause below jet streams.
Analyses by Reed and Danie1son (1959) and others have shown how
stratospherio air with large potential vortioity desoends within the frontal
zone deep into troposphere. Reoent aircraft observations and analyses by
Shapiro (unpublished) have added more details to this pioture, and the high
ozone ooncentration there oonfirms that a major influx of stratospheric air
is taking place. Theoretioa1 studies using the primitive equations of
motion (Hoskins, 1971; Hoskins and Bretherton 1972) and numerical .studies
using isentropio coordinates (Shapiro and Blook) have reproduced well the
observed cross sections of frontal zones and jet streams and ·the primary
dynamics leading to the formation of thin shear zones with low Richardson
number apparently fairly well understood.
Other case studies using radar aircraft and high resolution radiosondes by Browning (1971) have established the olose association of clear
air turbu1enoe with such frontal zones wherever the Richardson number falls
below .25, and have shown qualitatively how this limits the sharpness of
the discontinuity. The effects of such turbulence on the surrounding mesoscale circulation, in particular in limiting the descent of stratospheric
air, have not yet been investigated and such studies are of high priority.

(i)
Current general circulation models simulate frontal zones only
to the extent that their development is permitted by the finite resolution
and eddy diffusivity inherent in the model. The true frontal zone isa
sub-grid soa1e struoture with large vertical disp1acements and exchanges of
momentum, and will remain so for all global models contemplated in the near
future. The extent to whioh the modelling of large soale features suoh as
the jet stream is affeoted by tneifai1ure to resolve this fine struoture
has not been determined, nor is it immediately olear that the inadequaoies
would be made good simply by adding the exoess momentum and heat f1uxes
assooiated with the unresolved meso-sca1e motion. Theoretical studies of
this question are highly required. The need for parameterization does not
appear to be sensitive to the time scale over which predictions are being
made.
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(ii) The present state of' understanding of' this process would appear
to be sufficient for a serious theoretical study of possible parameterization
methods to be undertaken, and this should be given high priority.
(iii)Further detailed case studies of the dynamics of frontal zone
formation are needed, particularly in relationm the effects of clear air
turbulence on the vertical displacements of air parcels in the cross frontal
circulation, and of variations of large scale flow along the front.
(iv) A general circulation model should be adapted to determine the
effects of increasing resolution in a frontal zone on the baroclinic development of a cyclone. This experiment should be performed in a channel with
the minimum of eddy viscosity and greatest resolution in the upper troposphere
and lower stratosphere using initial data corresponding to a wavelength of
an unstable growing baroclinic wave.
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5•

5.1.

GRAVITY WAVES

Introduction

Numerical models of the atmosphere which integrate the equations
of motion are affected by the finite resolution of the grid in two different
ways. First, aliassing and truncation errorS arise in the representation of
all dynamical variables, even if their distribution is initiall~- very smooth.
_::';:::."c":,:"~::-;=='= ,,:Tlti?s'''"'i s-;:be-c~use~:co:f';;"t"h:e'" -"t'enaehC'Y''''1:ff''''non';;'l-Hi,Hh'''':iht'erac't fo rrs"':"\ii:,trr"'t"he:::V e::rcii:-:Ft:f <:-"';';'",,,",,;,,~,,=:~;::,,,,,:":~ ,; "":"
field to induce smaller scale structure with increasingly complex detail
which eventually cannot be described by any finite number of degrees of
freedom. Some smoothing is inevitably imposed in any numerical scheme, even
if none is explicitly programmed. Its form depends sensitively on the
finite differences or spectral representation adopted in the model. The
deleterious consequences of such arbitrary smoothing are usually controlled
by the introduction of an artificial eddy viscosity, designed to simulate
the average effect in the physical system of the non-linear transfer between
the known components on larger scales and the unknown components on subgrid scales. The statistics of the latter are inferred by extrapolation
from the spectrum at larger scales.
The second consequence of finite resolution is that certain
physical and dynamical processes (e.g. gravity waves,_ cumulus convection)
which occur predominantly on a small scale are completely unrepresented in
the finite difference formulation of the equations of motion unless explicitly incorporated in parameterized form by the addition of specially
designed terms. In this case the influence of each process on the synoptic
scale of motion which is resolved in the model must be expressed in terms
solely of the modei variables plus certain constants. This "influence" is
usually conveyed by vertical transports of one or more of mass, momentum,
heat and mo;isture. It is with this type of paramete,rization that this
paper is concerned.
5.2

A Review of the Theory of Gravity Waves

The gravity waves induced in a stably stratified airstream flowing
over a mountain have been studied extensively since the pioneering work of
Lyra (1943). If the ,waves are of small amplitude and the mountain geometry
simple, thei~ dynamics is qUite well understood, though observational confirmation has been somewhat fragmentary. For such comparisons see Aarnason et
al. (1961), Vergeiner and Lilly (1970) and for recent observations Lilly
(1971).
The usual approach has been to suppose the flow pattern steady,
to ignore tuxbulent friction and heat transfer, make the Boussinesq approximation and to consider small perturbations about a horizontally uniform
basic velocity U( ~) (assumed positive). Fourier transforming in the
horizontal dixection, each Fourier component may be treated separately.
A
The transform W (~J CC ) of the vertical velocity W(..:r,. ~) satisfies the
equation

d~w

-- +

d2~

The final version of this section has been prepared by Dr. F.P. Bretherton

~

- 53 where N ( if!.) is the Brunt Vaisala frequency of the basic flow, also assumed
to be horizontally uniform. The requirement that the total velocity near
the ground be parallel to the mountain suface is linearised and transformed
to
~=o

/

1

where h ( 1<.) is the Fourier transform of the mountain height
upper boundary condition appropriate to equation (5.1) is
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Equation (5.3a) is appropriate for wavelengths too short to propagate
vertically and implies that the disturbances decay exponentially upwards.
For sufficiently long wavelengths, however, equation (5.3b) applies,
selecting only waves with an upward component of group velocity.
Streamliqe patternshave been calculated in this way for.simple
mountain profiles h (X) and a variety of basic flows Lt ( ~ ), N (.:c )
Sawyer (1960),displaying somewhat wave-like disturbances extending upwards
indefinitely over and behind the mountain but decaying downwind. Sometimes
also a periodic train of shorter lee waves concentrated at low levels
extends indefinitely far downwind. The former disturbances are associated
with the continuous spectrum of upward propagating waves allowed by
boundary condition (5.3b).All wavelengths are excited by the mountain, but
with intensities and phases which vary with the profiles and the streamline
pattern is formed by the superposition of all of them. Although certain
qualitative features are usually discernable (like a tendency for the
apparent phase to advance upwind with increasing height) dramatic quasiperiodic patterns are not normally observed at high altitudes. On the
other hand, at low levels the periodic lee waves correspond to gravity waves
trapped in a natural wave guide formed by a region of large Scorer parameter

Il

near the ground, with smaller values of ~ above. Waves of wavenumber ~
intermediate between the maximum and minimum of L propagate upwards
initially but are reflected down again where L;/. < KC! ,up again by the
ground at r =0 and so on, to form a standing wave pattern given by the
eigen-solutions of equation (5.1~subject to boundary conditions (5.3a) and
......

~ =0

W=o
02

(5.4)

Depending on the profile of ~(B) only a discrete finite set (usually one
or zero) eigenvalues k 2 are possible, defining the wavelengths .27V1 KI (usually
10-20 km) of possible wave trains which could exist as free oscillations
stationary in the wind field. The amplitude of oscillations excited in this
waveguide mode depends on the Fourier transform h(k) of the mountain profile
for the corresponding wave-number. Circumstances favourable to the existence
of this waveguide mode are large static stability in the lowest few kilometres
with the wind steadily increasing with height. The extensive trains of lee
wave clouds seen in satellite pictures are presumably of this type.
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It was pointed out by Eliassen and Palm (1960) that the Reynolds
stress

associated with each Fourier component satisfyingAequation (5.1) is independent of height 2. P is the basic density and uJ It the complex conjugate of
~. For disturbances satisfying the radiation condition (5.3b) this Reynolds
stress is negative, implying an upward transfer of negative momentum by the
wave to great heights. Furthermore by Parceval's theorem. the total upward
momentum flux at any level is merely the sum of that due to the individual
Fourier components,
00
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so that there is associated with the continuous spectrum of gravity waves
excited by a mountain a definite total downward flux of momentum. This wave
drag on the airstream is associated with higher pressures on the upwind slope
of the mountain than on the downwind slope. For shorter wavelengths satisfying boundary condition (5.3a). On the other hand, the Reynolds stress vanishes
and there is no systematic upward transfer of momentum. Nevertheless, as
pointed out by Bretherton (1969), closer investigation shows that there is
also a net wave drag associated with the periodic lee wave trains in the
waveguide mode, the discrete spectrum, but its effect is not propagated
indefinitely upwards.
Following contributions by Sawyer (1959) and Blumen (1965). Bretherton (1969) suggested that this approach may be used to compute the total
vertical transfers of momentum by gravity waves in synoptic scale airstreams
flowing over topography in the actual geographical area corresponding to a
grid square in a numerical model. The theory is readily extended to include
winds (U(z), V(z» which veer with height and disturbances which are Fourier
trans£ormed in two horizontal dimensions. For each component the component
of wind parallel to the vector (k, t) is all that is important. Only the
two dimensional spectrum
i..
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of the surface elevation h(x, y) is needed in estimating the total Reynolds
stress, together with numerical integrations of an equation similar to equation(5.1) for a large number of different values of (k,~). Takin~ a re~ion
of North Wales which is hilly, but not mountainous, and a wind profile
slightly smoothed from a nearby rawindsonde ascent, he inferred a wave drag
of 4 dynes/cm 2 over the area considered.
Before this method could be used to parameterize vertical momentum
transfers in a numerical model various points need to be cleared up. Several
of these were discussed in more detail in the study referred to.

- 55 -

Because the spectrum of topography has greatest power at long wavelengths, a rational basis is required for the cut-off distinguishing those
components resolved explicitly in the numerical model from the shorter wavelengths included in the parameterization. This may be achieved by including
in A (k,t ) only the difference between the actual and the model topography.
If the latter has been well ohosen the power in A (k,t) should fall to zero
for wavelengths greater than twice the grid spacing.
For wavelengths greater than about 300 km, the influence of the
Coriolis force becomes important. This also is readily included in the theory
with minimal extra complexity. However, the vertical momentum transfer between
different layers of air is no longer given by the Eeynolds stress, and a calculable correction depending on the vertical displacements in the waves must
be added. If a strictly Eulerian viewpoint is adopted and the Reynolds stress
is used, then a vertical mass transfer associated with the waves must be
included in the parameterization as well.
The validity of the Boussinesq and steady state assumptions made in
deriving equation (5.1) may also be questioned. Arguments based on theWKB
approximation suggest that if L2 in the lowest few kilometres is greater than
about .25km- 2 (Le.,L-l is small compared to a scale height) the Bo:ussinesq
approximation introduces little error, provided the amplitude of the velocity
fluctuations predicted by equation (5.l):is increased by the ratio [p(o)/P(e)J~
where 9 (c) is the air density. This factor expresses the important effect
that, other things being equal, the wave energy density of an upward propagating wave tends to be constant with height. As the background air density
decreases, the perturbations associated with the wave increase, until ultimately
wave breaking and dissipation are to be expected. Again non-Boussinesq corrections are readily included in the theory.
The steady state theory is probably reasonable if the mean windU(e),
and stratification N2(2) in the lowest few kilometres do not change significantly in the time it takes an air parcel to traverse distance equal to a horizontal-wavelength divided by 29r. This establishes the eneration of the waves
by the topography. The details of the further upward propagation particularly
phases) are likely to be sensitive to temporal variations in the mean wind but
the overall momentum transfer is probably not. Numerical experiments would be
appropriate to investigate this point.

V(?)

Similarly. horizontal homogeneity of the basic winds U (i;), V(-a)
over the area of individual grid squares is probably a reasonable approximation.
Much more troublesome are questions concerning the linearisation used
as the whole basis for this theoretical treatment. Perturbations of substantial
magnitude associated with different Fourier components can n2i be treated
independently of each other. In two dimensional flows a mountain more than a
kilometre high often so obstructs the airstream that in the lowest layers the
flow is completely reduced to rest, and a blocked stagnant pool of air extends
large distances upwind and/or downwind from the mountain. This phenomenon is
imperfectly understood (c.f. the laboratory experiment of Martin and Long (1968),
Davis (1969), theory of Miles (1968), Brooke Benjamin (1970) and field observations of Lilly (1971). At heights greater than that of the mountain, the
streamlines normally follow a smooth pattern appropriate to more or less linear
theory but over an-equivalent surface h* (x, y) different from that of the true
topography. A major programme of field observations and theoretical study is
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terrain and in areas of rolling hills (such as the Alleghenies), and to determine workable rules for estimating h* (x, y) in given conditions of wind and
static stability.
Another problem is the non-linear interactions between the waves once
they have been generated. As the waves propagate many wavelengths upwards, the
cumulative effect of these interactions on the wave spectrum must be important,
particularly as the wave amplitude (and hence the non-linearities) tends to
increase with height as the air density diminishes. In extreme case, these
interactions are strong even at low levels, leading to wave breaking and turbulent dissipation. The average distribution of this turbulent dissipation is
of critical importance, because it determines the vertical divergence of the
momentum transfer, i.e. the location of the body force whereby the wavedrag acts
to change the synoptic scale mean flow. In the study by Bretherton (1969) this
wave breaking was ignored, unless for the component under consideration the
effective mean normal component wind [k·U (2;) + LV( t:.)J / I i<2.+~27 vanished at
some altitude ~/~ in the lowest 20 km. Below such critical levels the shears
involved in an upward propagating wave are so magnified by an interaction with
the mean flow that a breakdown to turbulence and dissipation is inevitable.
However, turbulent breakdowns will also occur randomly due to interactions
between perturbations with different wave numbers (k,t), and this p~ocedure
almost certainly underestimated the Reynolds stress divergence which occurred
in the troposphere and lower stratosphere, i.e. the proportion of the wavedrag
(about 75%) which was regarded as acting on the atmosphere above 20 km was
overestimated.
Another ambiguity concerns the identification of those features in an
individual radiosonde profile which are properly attributed to the mean flow,
and those which should be regarded as waves. If the fine scale details are
really waves, they sho~ld be smoothed out prior to solving equation (5.1).
Unfortunately current indications are that the details of the calculations are
fairly sensitive to this fine structure, suggesting that wave-wave interactions
are significant. Further investigation is needed on this point.
5.3

Further Research

It is believed that a quantitative treatment of these
questions may be accessible (except in extreme cases) by a combination of two
recent theoretical developments. An extensive theory of weak interactions of
a random waVe field. in a stationary homogeneous medium has been used in many
branches of physics (Hasselmann, 1966) and may be extended to include a slowly
varying mean wind field along the lines indicated by Bretherton (1969b). The
problems which have so far prevented the application of this theory to gravity
waves in the atmosphere appear to lie mainly in the algebraic complexity of the
interaction coefficients. A programme aimed at computing the changes in the
spectrum as gravity waves generated by random topography propagate upwards is
currently under way at The Johns Hopkins University. Munk and Garrett (1971)
have estimated the proportion of time that certain critical limits (e.g. the local
Richardson number is less than 1/4) are exceeded in a random Gaussian field
of internal gravity waves, and have predicted the frequency of occurrence of
turbulent patches and the energy dissipation in the ocean thermocline. These
studies match naturally together, and should allow quantitative predictions
of the type needed to estimate a priori the divergence of the vertical momentum
transport due to orographically generated gravity waves, rather than merely the
total wave drag.
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observations before it could be used with confidence. Such a field programme
would best be carried out by a number of aircraft (well instrumented with
inertial platforms and gust probes) in conjunction with ground based facilities
such as high powered steerable radar for tracking high resolution balloon
ascents and for mapping the fields of turbulence and gravity waves directly.
At least two locations, one over mountainous, the other over hilly terrain
would be necessary. The objectives would be direct measurement of the Reynolds
stress 2U'W' over a distance of 200 km at a number of levels coupled with a
simultaneous estimate of the distribution and intensity of turbulent patches.
The gravity wave field would be mapped simultaneously and flow separation near
the surface boundary identified. All would be compared with theoretical predictions - both from the statistical theory and from detailed computations for the
given flow configuration.

5.4.

The Parameterization Problem

This process should be parameterized explicitly above all land
surfaces where there is significant small scale topography. The requirement
is probably insensitive to the duration of the numerical integration concerned.
It is probably unnecessary to compute the momentum flux wave more frequently
than once an hour.
In current models this process is ignored completely, or subsumed
(in a very unrea~istic manner) into a constant vertical eddy diffusivity. In
some models the surface drag coefficient is increased in mountainous areas,
perhaps partially to ailow for the wave drag (though the latter is then incorrectly applied to the surface layeD3only).
The approach described by Bretherton (1969) is as yet untested
against obs~rvation. The basic hypotheses are
(a) that linear theory may be in conjunction with random terra~n to
predict the magnitude and direction of the total wave drag (the pred1cted magnitude is likely to be too high by an unknown factor because of flow separation),
and
(b) that wave dissipation and momentum flux divergence at various heights
above the mountains occur in proportion to the probability either that the local
random velocity should exceed the mean, or that the local Richardson number
should be less than. a critical value. Using crude estimates for the latter,
inertia transfers should be computed in a similar manner for a wide variety of
wind profiles and topography spectra. Using this library of cases as calibration,
standard simplified or less time consuming methods for approximating these
results in GeMs should be tested. Such a study should establish reliably the
climatology of this process and the feasibility of its explicit parameterization
within fairly wellknown error bounds. This should be given equal priority with
the observational programme.
A high resol~tion simulation of the complete flow in a limited area
should be compared with the above hypotheses (particularly testing linearity in
hypothesis (a» and both compared with observational data.
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The effects should be examined of inserting in~o GeMs prescribed
body forces equivalent to a total drag of a few dynes/cm distributed over a
range of heights around the tropopause. One such study has been completed by
Lilly (1972). When the above parameterization scheme is reaRy it should be
tested in a GCM.
5.5

Non-Orographic Gravity Waves
5.5.1

General Considerations

It is known that the atmosphere responds to forcing over a time scale
from minutes to hours by gravity wave oscillations, more or less modified by
compressibility and rotation effects. Except in the vicinity of mountains
the amplitude of these gravity waves is usually too small for them to be
readily detected from conventional meteorological observations. As mechanisms
for propagating momentum and energy without mixing they have frequently been
proposed as important elements of atmospheric circulation in the troposphere
and especially in the stratosphere and above. Atmospheric simulation models
using the primitive equations of horizontal motion are capable of generating
and maintaining such waves within the spatial resolution limits of the models.
The waves are easily detected from the model outputs and may sometimes reach
unrealistically large amplitudes.
As with the mountain induced waves, the irreversible interaction of
gravity modes with the less transitory modes of atmospheric motion occurs in
connection with turbulence. Either the wave trains reach a large enough amplitude to induce secondary instabilities and consequent turbulent decay or else
they propagate into regions of pre-existing turbulence and are thereby disrupted and absorbed into the environment. Regions of large vertical shear
are probabl~ locations for such interactions. Other things being equal the
wave amplitudes tend to increase with increasing amplitude.
Breaking gravity waves are probably the principal cause of three
dimensional turbulence in the stratosphere and are, therefore, of major
significance for the vertical transports of ozone and other stratospheric
trace materials and pollutants.
Little or no analysed data is available which could aid in making
estimates of· the geographic or temporal distribution of non-orographic gravity
waves and their interaction with the larger scales of flow.
There is the necessity of developing a data base sufficient to allow
the assessment of their general character and importance. Among regions and
situations where a high probability exists of important wave generation are
the following:
(a) Severe storms, squall lines, and thunderstorms in shearing environments. Large cumuliform systems can simulate mountains as quasi-stationary
obstacles to a mean flow near their tops. Turbulence has been observed in
the stratosphere over such systems and their significance may equal that of
mountain ranges at some seasons and locations.
(b) Top of the tropical and subtropical moist layer. This is commonly
a region of substantial shear and ubiquitous low amplitude forcing by convective cloud tops. The mesoscale components of such forced waves will propagate
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stratosphere.
(c) Regions of rapid baroclinic development. Any region where large
ageostrophic flows exist will develop gravity wave energy. To the extent that
this energy is not absorbed immediately in turbulent shear layers it may propagate upward and outward from the generation regions.
5.5.2

The Parameterization Problem

(i)
Explicit treatment of this process in conjunction with processes
(a) and (b) would largely replace process (c). This is probably desirable in
the long run, although its importance has not yet been quantitatively demonstrated.
(ii)
It is not parameterized at present and no soundly based scheme is
expected in the near future.
(iii) An observational programme probably using high resolution sondes
and/or aircraft is needed to determine distribution of gravity wav~s and associated turbulence near the preferred generation regions described above, particularly in the stratosphere. This should be directed towards "obtaining the
necessary understanding and/or statistics needed to assess its importance
for GARP.
5.6

The Upper Boundary Condition in General Circulation Models

The upper boundary condition usually used in general circulation
modela is that either the vertioal velooity or the rate of ohange of pressure.
vanishes, aooording to whether the vertioal ooordinate in the model is based on
height or pressure respeotively. This may be a oause of oonoern for three ditferent
reasons whioh must be~olearly distinguished~
(a) P~imitive equation models exhibit -rapidly propagating gravity
waves (usually in the external Lamb mode, Bretherton, 1969) which have been
generated in a non "physioal manner by poor initialisation, abrupt changes or
other numerical artefacts. As a means of selectively controlling or dissipating such unwanted fluctuations in a realistic manner, modifications of
the upper boundary condition may be considered - though this approach should
be regarded as a numerical expedient - not parameterization.
(b) Genuine gravity waves generated near the ground on a scale resolved
by the grid should be allowed to propagate upwards out of the troposphere and
lower stratosphere if their detailed effect is to be accurately modelled.
The most important examples are the diurnal and semidiurnal tidal fluctuations. Waves in the Lamb mode mentioned above do not propagate upwards and
need not be considered.
The ene~gy in this type of motion in the atmosphere is small and,
unless one is interested in modelling the atmospheric tide, it is probably
not a serious problem.
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(c) Under certain circumstances geostrophically balanced motions on
a large scale (wavenumbers 2-8) may tend to propagate upwards into the upper
stratosphere as internal Rossby or planetary waves. Theoretical studies of
this process have been made by Charney and Drazin (1961), Dickinson (1968)
and others. Coupling of this sort between the troposphere and the stratosphere has been suggested as.a trigger for sudden warmin~and other events
at great altitudes. Synoptic studies have also suggested the occasional
transfer of energy upwards in large amounts from blocking situations.
Poor representation of this process can lead to incorrect magnitudes and phases for these wavenumbers in the troposphere, as well as failure
to allow for the average zonal torque exerted by such upward propagating
planetary waves, which systematically carry easterly momentum upwards. A
comparable effect on a smaller scale near the equator has been proposed
as part of the explanation for the quasi-biennial oscillation in the equatorial stratosphere.
The theories which exist of this process are based on linearisation
about a zonal wind, frequently itself considered to be uniform. Although
useful as an exploratory tool, such an assumption is almost certainly not
justified in the real atmosphere, and quantitative comparison between theory
and observation has so far not been achieved.
In addition to these three processes, sUb-grid scaie gravity waves
may transfer an important amount of momentum into the upper stratosphere.
However, this is of concern only in the parameterization of tho~waves themselves, not to the upper boundary condition for the numerical model.

The upper boundary condition currently used in general circulation
models does not permit upward propagation of planetary waves of the type
described in class (c) above. The effects of this deficiency on the tropospheric motions have apparently not been adequately determined, so it is not
clear how great the parameterization need really is. The need under class (a)
is model dependent and cannot be considered here.
In view of the apparent non linearity of the upward propagation in
class (c), when it 'occurs at all, it does not appear likely that analytic
formulations of a radiation condition will prove practical as an improved
boundary condition. More promising is to adopt a numerical artefact selectively to absorb in the uppermost layers of the model,perturbations on those
space and time scales which give greatest concern. Simple effective ways of
doing this have not yet been devised. One or possibly two additional levels
in the model might have to be allocated primarily for this purpose. Further
research studies are required :
(a) to compare motions in the stratosphere with observations, particularly during periods of sudden warming, taking as given the vertical velocity
at a lower boundary near the tropopause.
(b) to dete~mine the effect on the troposphere of increasing the
number of levels in the stratosphere. These should be coordinated with a
further series in which the upper boundary condition is altered in various
ways to permit energy dissipation there.
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6.
6.1

FRONTS AND SMALL SCALE OROGRAPHIC EFFECTS

Introduction

Although general circulation models contain explicit representations
of topography in their formulations, many of the physical processes involved
are sub-grid scale and must be parameterized. These meso scale processes
are of primary interest to the forecaster, but the persistence of a particular
meso-scale- ci-rcula-tion- sys.tem in a certainlocation may considerably affect. the climatology of the region and be therefore important in models of the
general circulation. A further point is that the interaction between
different sub-grid scale processes may itself give rise to me so-scale disturbances which are important. Thus the fully interactive meso scale problem
must be examined with a view to parameterization.
6.2

A Discussion of Physical Processes Considered by the Sub-group

For computational reasons the topography field in finite difference
models must be smoothed to eliminate components with wavelengths less than
four grid lengths. All physical processes forced by smaller scales must be
represented in the models in a parameterized form. It is important however
that the parameterization must be separable from the large scale flow since
there is otherwise a danger that a particular physical process will be
represented twice. This is strictly possible only if the small scale motion
depends on the large scale flow in a linear way. An example is that of nonresonant gravity for which linear theory is found to agree well with observations (c.f. chapter 5). Their effect may then be represented in terms of
the small scale departures from the smooth topography. Other processes such
as forced convection, flow separation, katabatic wind, etc. are not so
readily separable since they are dependent on the detailed flow round individual mountain elements, small scale heat transfers, valley configuration and
on the interaction of more than one physical process with the large scale flow.

One feature which seems to be common to all general circulation
models is the underestimation and excessive spread of the rainfall predicted
in mountainous regions. A further related error which often arises is the
shifting of the zone of maximum rainfall towards the leeward side of the
mountain barrier. Observations suggest that the rainfall has marked small
scale variations and tends to be concentrated on the windward slopes. This
aspect of regional rainfall concentration may be referred to as focus sing.
Apart from the obvious implications of these errors on hydrological forecasting, the incorrect positioning of the associated cloud cover and the
absence of a realistic rain shadow may have important climatic repercussions
in a general circulation model.
The final version of this section has been prepared by Dr. P.W. White.
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The effects of coasts are not sufficiently well represented by
merely having separate parameterizations for land and sea since mesoscale
circulations produced by sub-grid scale interactions between the different
physical processes frequently dominate the coastal weather. Examples of
this are forcing by frictional convergence and sea breeze induced convection.
A further point which must be borne in mind is the smoothing of the
coastline itself. This leads to the elimination of estuaries, bays and peninsulars in the model and hence to an incorrect interpretation of the nature of
the underlying surface. This is particularly true for island archipelagoes
which are excluded from general circulation models but which exert a dominant
influence on the production and intensity of convective activity. The
inverse problem, namely that of areas of land containing many lakes,can also
be important. However, many mesoscale effects associated with sharp changes
in the properties of the underlying surface (such as between cold and warm
ocean currents or between urban and agricultural land) are probably of
secondary importance, although their effect must not be ignored completely.

It has ·been shown theoretically (Hoskins and Bretherton, 1972)
that the primitive equations are capable, under suitable circumstances, of
producing singularitie$ whose structure resembles that of fronts. Numerical
studies using multi-level atmospheric models have shown that it is possible
to predict the formation of fronts despite the fact that the grid length is
too coarse to permit the representation of detailed frontal structure.
Nevertheless the predicted rainfall usually amounts to only about 2/3 of the
observed frontal rain (Benwell and Bushby 1970) indicating that a large part
of the rainfall is initiated by mesoscale circulations not represented
directly in the model.
Observational studies using meso-networks of raingauges have
indicated persistent meso scale patterns in the frontal rain. Synoptic and
radar studies by Browning and Harrold (1969, 1970) have established the
existence of.a mesoscale banded structure and this has been confirmed by a
series of experiments using radar targets dropped from aircraft in the
Scilly Islands, south west of the British Isles. (Hardman, James and
Goldsmith 1972).
There have been a number of theoretical studies on the stability of
frontal discontinuities. It was explored extensively in the USSR in the
thirties (Kotschin 1931, Dorodnitsin 1936, B1inova 1938, Yudin 1937) and the
most recent investigation is that of Kasahara (1972). These have indicated
physical reasons for expecting meso-scale cells within frontal zones, but the
theoretical results and the experimental observations have not yet been tied
up and it is not yet possible to confirm that they are describing the same
phenomena.

6.3

The Parameterization Problem

Very few attempts have been made to parameterize the sub-grid scale
effects discussed by this sub-group in current general circulation models.
However, several groups associated with operational numerical weather prediction in the national weather services (e.g. Canada, Sweden and .the United
States) have developed statistical techniques which go some way towards .
parameterizing the processes. These methods are based on deriving empirically
simple formulae giving, for example, the local rainfall as a function of the
wind speed and direction, the large scale rain and the topography of the
neighbourhood. Suoh empirical formulae are very useful as forecasting tools,
but they have rarely been used in a form which provides feedback into the
large-scale flow, and thus they cannot be called parameterizations in the
true sense of the word. Even if parameterizations were devised in this
manner, considerable care would have to be taken in their use in general
circulation models since they would depend strongly on the nature of the
present climate and could not be used, for example, in models designed to
investigate the cause of the general circulation of the atmosphere .or of
climatic change.

The problem of extraction and smoothing of topography for general
circulation models is not as straightforward as it appears at first sight.
A process of .t'orIlla.lly eliminating the short wave Fourier components from the
topography .field is satisfactory from the point of view of separating the
e£fects of sub grid-scale linear processes from the large scale motion.
However it has disadvantages in that the position of the coastline beoomes
indeterminate and that negative values of the smoothed topographic height
field appear over the sea. An alternative procedure is to smooth the surface
of the earth above and below the ocean and then to replace all points below
sea level by sea. This has the advantage that it avoids large apparent
displacements of the coastline; however small scale components are not
entirely smoothed out due to the discontinuity in slope at the coasts. In
addition the.forIlla.l.separation of small scale linear processes from the large
scale flow becomes invalid and there is the danger that certain effects will
be represented twice in the model. It is not clear however if this latter
defect is a serious problem.
One solution is to use more than one definition in the model of
land and sea - each being chosen to be appropriate for a particular physical
process. This could be further extended to include a parameter representing
the proportion of land and water in the neighbourhood of each grid point, and
further parameters could be introduced to describe additional statistics of
the sub grid-scale mountain terrain. It seems clear however that the parameterization of topographica11y induced mesoscale phenomena must be expressed
in terms of the difference between the topography extracted on a fine scale
and the smoothed values, although further work is required to decide the
required resolution of the small scale topography. A data set which exists
in the USA with grid point values of topography over North Americaat 5 minute
intervals may be used as a basis for such investigations.
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6.3.3.1

Parameterization by subsidiary sub grid-scale computation.

Egger (1910, 1911).has examined the possibility of integrating
equations of motion for meso-scale disturbances on a sub grid-scale mesh
by separating the large scale motion and the perturbations and retaining
only terms which are linear in the perturbation quantities. The resulting
linear equations, which express the sub grid-scale tendencies in terms of
the large scale flow, can be integrated forwards in time to give the perturbed values of the physical variables at the next time step. These are
then averaged over a grid square to give the feedback into the large scale
flow. A comparison of the parameterization with a direct computation on a
fine mesh gave good agreement for both a barotropic model and a multi-level
model using an idealised mountain profile. The technique has the restriction
that no information about the perturbations is carried from one grid point to
the next or from one time step to the next, except indirectly by way of the
large scale equations. It is not yet known, however, how well the method
would perform in an integration with real data involving irreversible
processes such as the production of rainfall or the triggering of convective
rainfall.
6.3.3.2

Rainfall due to sub grid scale vertical displacements

Breth~rton and White (unpublished) have suggested a possible method
of parameterizing the production of rainfall formed by the vertical displacement of the airflow over small scale mountain elements within a grid square.
As with the discussion in 6.3.3.1 each grid square and time step is considered
independently from its neighbours. Furthermore, for convenience, the large
scale wind is assigned to one of two directions, namely within + 45° of the
x-axis or within + 45° of the y-axis, although this could be generalised by
having a division-into smaller sectors if required.

A preliminary calculation which must be performed is to assess the
statistical character of the topography for each of the wind direction
sectors. This is done by first extracting the height of the ground on a
fine mesh, and then computing probability distributions oi(Jr) of the maximum
positive displacement ~ of the small scale topography from its smoothed
value for the grid square for the ensemble of straight line trajectories
with directions within each'of the wind sectors. The resulting probability
distributions may then be consolidated into quantiles with the mean value
of f for each quantile being taken as completely representing it. This
set of four values of f for each wind direction category is then stored
as data for the grid point concerned.
At each time step during the computation the surface wind is
examined to determine the appropriate wind direction sector. The effect
on the relative humidity and temperature of vertically displacing the layers
of the model a distance C is then considered, where C is a 'displacement
efficiency coefficient" measuring the effectiveness of the sub grid-scale
mountain elements as barriers to the flow. (In general C will be a decreasing function of the height above ground level, but it may also be useful
to regard it as a function of the large scale flow as well.) The displaced
column is examined for supersaturation and static instabilitY'and appropriate adjustments are made according to the physioal formulation of the
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model to give a rainfall rate R
at the ground. The net increase in the
rate of rainfall ~R over the grid square due to sub grid-scale displacements during one time step is then taken to be
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The net changes in the heat and water vapour content due to condensation
and evaporation within the column are calculated in a similar way.
Although this "method of parameterization has not been tried in
a general circulation model it seemed to be a novel approach which may be
useful and which probably does not involve too much additional computation.

6.4

Parameterization of Coastal Effects

In order to communicate to the general circulation model some
information about the nature of the coastal, island and lake distribution
it is necessary for the model to carry a parameter which indicates the
proportion of land and sea within a grid square. This parameter can then
be used to determine an appropriate representation for coastal values of
surface friction and surface heat and moisture transfers. However, forcing
effects such as sea breezes cannot be included so easily since they depend
essentially on the nature of the discontinuity between land and sea. This
is particularly true for forced convection over groups of islands which may
give rise to significant vertical fluxes of heat and water vapour even when
the large scale environment is statically stable. The examination of geostationary satellite photographs is useful in assessing regions where this
effect is important.
In the absence of a satisfactory theory of sea breezes one may be
able to use simple parameterizations which involve a limited number of free
parameters. These are then evaluated according to locality and weather
type by comparing observations and predictions by meso-scale numerical
models for a carefully selected sequence of case studies. The results
could then be stored in the programme as a table and a necessary preliminary
to a forecast would then be to objectively classify the synoptic situation
and use the table to 'calibrate' the sub-grid scale parameterization.
Recalibration would be necessary at intervals during the integration. A
disadvantage of this technique is that it relies heavily on climatology and
would theref~re be unsuitable in models designed for studies of long"term
climatic variation.
6.5

Mesoscale Motion in Fronts

One of the difficulties in devising a parameterization for frontal
me so-scale disturbances is that of objectively determining the position of
the front itself. It may, however, be possible to develop pattern recognition techniques which will enable the computer to identify, say by sudden
changes in the wind direction or by changes in air mass characteristics,
the important troughs or fronts which intensify, move and decay during the
progress of the forecast. Alternatively, predictors such as the Laplacian
of the temperature may be useful. Even if this were possible we are still
left with the problem of parameterizing the meso-scale effects themselves.
Since there is still insufficient knowledge about the detailed nature of
the frontal motion it is not possible to make any'definite recommendations,
although a method based on simulated sub-grid scale displacements in the
frontal zone could perhaps be used.
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Few (if any) general circulation models attempt to make explicit
forecasts of the cloud distribution associated with fronts. More usually
the cloud cover is assessed from a single empirically determined function
of the relative humidities of the layers in the model (Smagorinsky 1960,
Gadd and Keers 1910). Mention should be made however, of the work of
Matveev (1964) who devised a scheme for the representation of frontal
cloud in numerical models with which he obtained a number of 24 hour
predictions which showed an encouraging agreement with observations.

6.6

Suggestions for Future Research

The following recommendations on this particular subject were
made at the Leningrad Conference for increasing our knowledge of mesoscale motion.
a.

Frequent upper air soundings with a dense station network in specially
selected regions, together with aircraft and helicopter observations
in the same regions.

b.

Observations on meteorological me so-networks and on high masts of
cloud cover, radiation, vertical temperature profiles, and a study
of wind and humidity with the aim of obtaining temporal and spatial
distributions of me so-scale inhomogeneities of these elements, as
well as fluxes of heat and moisture.

c.

Radar measurements of precipitation over large areas together with
routine precipitation measurements and detailed surveys of the
same regions.

d.

The use of meteorological satellite information of such quantities
as the nature of the underlying surface, cloud albedo, spatial
cloud st~cture and vertical temperature and humidity profiles.

e.

Numerical experiments with full general circulation models with a
variety of mesh sizes using real data.

f.

Investigations in simultaneous short range forecastin~ of largescale and meso-scale phenomena, as proposed by Kibel (1961).

g.

Comparison" of different methods of parameterization of fronts in
hydrodynamical/statistical models of the atmosphere depending on
a limited number of parameters. (Yudin 1968, Shvets 1911).

h.

Numerical experiments of simplified models of fronts to extend the
linear stability theory to include finite amplitude effects.

i.

A study of methods of assessing observed rainfall in a way which
is appropriate for comparison with the grid point predictions of
the general circulation models.
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7.
1.1

TURBULENT BOUNDARY LAYER

Introduction

The interaction between the atmosphere and the underlying surface
results in a boundary layer where turbulence is the basic tool of momentum
and moisture exchange and, along with radiation, the basic mechanism of airsurface heat exchange. The vertical fluxes of these quantities assume, as a .
rule, maximum values close to the surface and decrease more or less monotonically above. The small-scale turbulence proves to be intermittent beyond
the boundary layer (whose thickness is of the order of 1 km at an average).
Therefore the planetary boundary layer (PBL) may be treated as a separate
entity for many purposes.
The transport of substances to the upper atmospheric layers, i.e.
the boundary layer - free atmosphere exchange, is carried out mainly by
large-scale vertical motions, by convective cloudiness and isolated thermals
and, in the case of momentum, also by internal gravity waves. Because of
such exchanges, the earth's surface must form the lower boundary of a global
circulation model (GCM) , and the surface values of momentum-flux components
'Lx and ~. ,sensible heat flux H and moisture flux E must be estimated
by some kina of parameterization. They are to be calculated .on the basis
of averaged values of wind, temperature and humidity evaluated within a
GCM, and from estimated values of surface properties such as surface roughness and temperature.
When the number of levels within a GCM is small, and the lowest
vertical grid interval exceeds about 1 km, the vertical structure of the
PBL cannot in any way be revealed within the GCM. A turbulent transport
term in the governing equations for the lowest layer then simply represents
the difference between the turbulent flux at the surface and its muoh smaller
"free-atmospheric" value at the top of the layer. GCM values of variables
for th~ lower layer must be taken to represent values at or near the top of
the PBL. Some competing methods for the heavy parameterization necessary
in this case are described in a following section.
When the number of levels within the model is large, with several
of the lowest levels being contained within the thickness of the PBL, the
vertical turbulent transport should be parameterized in a manner consistent
with knowledge of vertical structure of the PBL. Then a more detailed parameterization is possible which makes use of GCM values of mean wind, temperature and humidity with the PBL. One of the more promising methods, which
involves an eddy coefficient derived from the turbulence energy equation and
an associated mixing length, will later be described in detail.
1.2

Present Methods of

Paramete~ization of

the Planetary Boundary Layer

Methods of obtaining the surface fluxes (with or without explicit
recognition of a PBL) in some of the existing large GCM's are described briefly
below.

The final version of this section has been prepared by Dr. S.S. Zilitinkevich
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a. Mintz-Arakawa iUCLA*2 Model. The PBL in this model (Arakawa,
Katayama and-gInti;-19b8J-was not-Inoluded, although work is underway to
inolude it. Mean values of U, V, T and q from the lowest two levels (about
800 mb and 500 mb) of the three-level model were extrapolated downwards to
give values at the surfaoe. These values were inserted into the usual bulktransfer formulas for estimation of the surfaoe fluxes. This method negleots
the ourvature ooourring in aotual mean profiles in the PBL above the surfaoe
layer. It furthermore leaves ambiguous the preoise height above the surfaoe
to whioh the extrapolate~ values apply although the bulk-transfer ooeffioients (e.g. the drag ooeffioient) depend upon this height.
b. IOAN** Model. This two-layer model (Chalikov, Monin, Turikov and
ZilitinkevIch;-197li- Turikov and Chalikov, 1971) was applied to the oiroulation of Venus. Values of wind and potential temperature (8) oentred in
the lower of the two layers were assumed to apply at the top of a surfaoe
layer of height of order 1 km (or of order 100 m if applied to the earth's
atmosphere). Flux-profile relationships obeying Monin-Obukhov type soaling
were used within the surfaoe layer in obtaining the surfaoe fluxes. This
method therefore negleots variations in U, V and B ooourring between the top
of the surfaoe layer and the top of the PBL or higher.
o. NCAR*** Model. In this model (Kasahara and Washington, 1971) the
PBL was also-not-explIoitly inoluded. Bulk transfer formulas of the type

were employed, where subsoript b refers to the 10-m level within the surfaoe
layer. A different set of equations for ~ and ~ was also used involving
an eddy ooeffioient Kb

where subsoript 1 refers to the lowest level (of 6 level~ in the GCM at a
height near 1 km. These expressions were solved for Ub and Vb and, finally,
~x and~. Similar sets of expressions were then solved for the heat and
moisture fluxes. In addition to a oonsiderable unoertainty in the speoifioation of Kb' the method suffers from the replaoement of a vertioal derivative at Z = 10 m with a finite differenoe taken over nearly 1 km. Work is
under way to inolude the PBL explioitly in the model.
d. GFDL**** Model. This model (Miyakoda, Smagorinsky, Striokler and
Hembree, I9b9J-has-been used with either 9 or 18 levels of graduated thiokness, the lowest level oorresponding to a height of either 72 m or 36 m.
Vertioal turbulent transports were given eddy-coefficient representation:

K=t2/~Y{
*

UCLA - University of California, Los Angeles

** lOAN - Institute of Ooeanology,USSR Aoademy of Soiences
*** NCAR - National Center for Atmospheric Researoh, Boulder
**** GFDL - Geophysical Fluid Dynamics Laboratory, Prinoeton

(7.3)

- 71 with K being the same for all properties, and with the mixing length especified to be 0.4Z below the lowest level, decreasing to zero at the 700 mb
level. Thus the surface layer was assumed to be 72 m (or 36 m) thick and the
PBL to extend upwards to the 700 mb level, in a sense. Two versions of essentially this formulation were recently compared against an improved version
using Monin-Obukhov similarity scaling below 72 m, and assuming a constant
mixing length of 30 m above. The PBL was explicitly included in the model,
therefore, to the extent that a 30 m mixing length applies. Very significant differences in surface fluxes were apparent between the three different
numerical integrations, although differences in the main circulation patterns
seemed minor up to 6 days.
In all of the above GCM's except the lOAN model, equality of the
"roughness" lengths for momentum, heat and moisture was assumed. As discussed later, there is no justification for this assumption over land.
Also, they all a.sumed spatially constant values, except usually for a much
larger value over land than sea.· The only justification has been uncertainty in
Zo over irregular terrain.
Survey of Theoretical Approaches to Boundary Layer Parameterization

7.3

A.
The mo.st general approach to the atmospheric boundary layer parameterization is based on the use of similarity and dimensional considerations.
There are two different sets of similarity arguments applicable to the investigation of the PBL. The first of them is a well-known Monin-Obukhov
similarity for the surface layer of the atmosphere which has been already
mentioned in the previous section in connection with the works of Chalikov
et al.(1971) and Turikov and Chalikov (1971). More detailed discussion of
the use of this type of similarity argument for parameterization of the
PBL can be found in the paper by Delsol, Miyakoda and Clarke (1971). The
.
general description of the Monin-Obukhov similarity can be found in a number
of books (e.g. Lumley and Panofsky 1964; Monin and Yaglom 1971; Zilitinkevich 1970). The similarity is formulated for a steady and homogeous
surface layrr of constant vert~cal fluxes ~=~o' H = Ho and E = Eo where
UJf=:1.t[o/~IY.2 l-Io/CpfJ;,
E..IF
and buoyancy parameter ~ = g/T o
are tHe oniy)relevant dimensional parameters. Its main deductJ.on is the
representati~n of all the one-point characteristics of the turbulent fields
in the surface layer of the atmosphere as the universal functions of a
dimensionless length
= Z/L where L= -U;/fKj3i!o/C/Y) is the Monin-Obukhov
length scale, k is von Karman's constant and Ho/cp~ = (U1'eJ)s is the value
of the flux of virtual potential temperature within the constant flux layer.
The existing observational data on turbulence characteristics above a flat
and nearly homogeneous surface agree with satisfactory accuracy with the
predictions of similarity theory up to a height of the order of 50 m.
However, the earth'S surface is quite often non-homogeneous and this may
preclude the use of the theory. It is not clear what errors will be introduced by the application of the same theory to moderately non-homogeneous
terrain and how to determine the roughness length Zo in such a case. (It is
worth recalling that the attempts to use the Monin-Obukhov theory at the
relatively non-homogeneous location of Round-Hill were not unsuccessful).
Moreover the values of the universal constants and functions entering the
Monin-Obukhov theory are not yet known with sufficient accuracy. Also, the
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values of the von Karman constant k found by different authors have 20 per
cent variations - from 0.35 (Businger et al.,1911) to 0.43 (Zilitinkevich,
1910). The situation is even worse with all the other parameters. The best
recent data on the universal wind and temperature profile functions 5Pn(~
and
~~(if)are probably that of the Kansas 1968 expedition (Businger et
al.,1971) ~ut independent verification of their value is essential. It must
also be remembered that the Kansas data were obtained in the relatively thin
5-25 m layer and refer mainly to the stability range - -2.5< ~ <: 2.5
which can be insufficient for numerical modelling of the general circulation.

--------Tse(~i~~~S:~e~:m;~~t;~p~~~;~~s
f~~C;;~~~~\ru;: ~n~:~:~ty~~~:~~~~:lf:; .--these two functions.

The other set of similarity arguments for the entire planetary
boundary layer was introduced by Kasanskii and Monin (1960, 1961) and was
also discussed recently by Csanady (1967), Gill (1968), Blackadar and
Tennekes (1968) and Zilitinkevich (1969, 1970). This similarity theory
is not so widely known as the Monin-Obukhov theory and we shall describe
it here in more detail (see also the book by Zilitinkevich, 1970). The
theory is based on the hypothesis that all the local characteristics of
the boundary layer are determined by the following dimensional ~arameters:
U*, .ft, Ho/cpJ ' Eol'p, .f = 2W..~/n~) • The description of the profiles
of wind, temperature and humidity w1thin the PBL requires also the determination of the roughness length Zo' and temperature and humidity values
Bc) and lfo at the height ZOo For the neutrally stratified PBL the theory
implies the following form of resistance law

.g, ~* = kll*~;):t -A~' +.B -!r,R

c )

where Ro = GhflZo is the Rossby number, G is the geostrophic wind velocity,
et is the angle between the surface and geostrophic wind and A and Bare
universal constants. The existing data in middle latitudes (but not in the
equatorial zone) do not contradict this law if the values A = 4.5 and
B = 1 are used (Wippermann, 1970). The same arguments applied to the diabatic
PBL yield the resistance law of the same form (1.4) but with constants A and
B.replaced by the functions A
and B (~) of the stratification parameter
}1 = J(~Ji:HL. (see Zilitinkevich, 1969, 1910). The heat and humidity transfer
laws for dlabatic PBL implied by the similarity theory have the forms

CM)

Ho

KotJ.lI./i'/C;
- CrjGre - fr,(ReU-JI/G) - C (~)

J>rYGCf - i:JJ(l(oU4cI(;)-])(~)

(1.6)

where Ho is now the heat flux containing the usual potential temperature,
~ =$- eo and ~ ~= 9-- ~o are differences of the potential temperature
and specific humidity va1ues at the top of the boundary layer and at the
roughness level Zo and C (jl1) and D (jI) are the supplementary universal
functions. 01.14 and o/,JJ are the inverse values of the turbulent Prandtl
and Schmidt numbers within the logarithmic layer; the best neutral estimates
of these values are apparently olH -cl»
= 1.2 (Kader and Yaglom, 1912) or
1.35 (Businger et al., 1911), but the low accuracy of the equations (1.5)
and(1.6) makes quite reasonable the use of the simplified estimates oG N =
cl1> = 1. The data on the "universal" functions A <.J1), B <.fl), C V-t) and
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(1972) and some other sources. The data are very scattered, which can be
partially explained by the poor quality of observational data, but quite
probably the deviation of a real PBL from the simplified model used in the
formulation of the similarity hypotheses cannot be neglected. The most important deficiency of the similarity model is apparently connected with the fact
that, for constant jtA and constant u*l/fI, the height o:f the PBL is predicted
to be constant, whereas temperature soundings, especially with unstable stratification, suggest that even under these conditions the PBL height tends to
increase with time. Moreover horizontal inhomogenity is fully ignored in the
similarity model and :for this reason or because it uses u*4~1 it is evidently
invalid in tropical regions, where the Coriolis parameter}' is negligibly
small. Therefore it is highly desirable to consider more sophisticated theoretical models o:f the PBL simultaneously with attempts to determine more
accurately the functions A (,}f), B (.fl), C (}I), D (fI)·

There are several theories of the PBL which take into account the
effects o:f nonstationarity and inhomogeneity neglected in the similarity
approach to the PBL. Allthese theories are based on some specific approximate hypotheses o:f limited accuracy. (There are also many attempts to use
semi- empirical hypotheses :for determination o:f :functions A (fI), B (/"1),
C (~) and D (JI) o:f the PBL similarity theory as well as universal f"unctions
of1ionin-Obukhov sur:face layer similarity.) The review o:f manyo:f them can be
:found in Zilitinkevich (1970) and Monin and Yag,lom (1971).
The simplest approach is based on closing the equation :for momentum,
temperature and humidity with the aid of semi-empirical relations

where ~x,Z;, H, E are vertical :fluxes o:f two momentum components, temperature
and humidity, and KM, KH and KD are eddy di:f:fusivities :for momentum, heat and
water vapour (it is reasonable to suppose that KH - KD). It is clear that
further hypotheses are needed for the closing of the equations related to
dependence of eddy diffusivities upon height and meteorological conditions.
Quite often these further hypotheses are based on the KOlmo~o~~n~tl
:formulation which considers turbulent energy ''<'-(~+2f1 .j-/)fl )/~
and vertical length scale ("mixing length") tas two :fundamental parameters
and on the use o:f a semi-empirical version o:f the energy budget equation ; the
semi-empirical :forms o:f the temperature and humidity variance budgets may be
used also :for the same aim. The description o:f some o:f the existing semiempirical approaches to PBL theory can be :found in Laikhtman (1970) and
Zilitinkevich (1970); some other comments on the method are included in
Sections 7.2 and 7.4. It should be noted however that semi-empirical equations (7.7) are based on the non-rigorous assumption on the dependence o:f
turbulent :fluxes on local values o:f mean gradients only. The assumption is
invalid in many cases (e.g. in the case o:f penetrative convection) which
makes the usual semi-empirical approach quite inaccurate.
Another method o:f parameterization of an unsteady PBL was recently
recommended by Deardorff (1972a). The method stresses the :fact that the height,
h, of the planetary boundary layer is generally time dependent and must be

- 14 obtained from an equation for its time derivative. Analogously to the usual
similarity theory, (G - Us)/U* is found to be a function of h/L while Us/U*
is prescribed from surface-layer theory to be a function of Zs/Zo and Zs/L,
where Us is a wind component in the surface layer at Z ~ Zs and G is the value
at Z ~ h. Upon addition, G/U* is seen to become a function of h/Z o and of h/L
when Zs is defined to be a small, fixed fraction of h. Similar reasoning
applies to temperature and humidity. From numerical integrations of a threedimensional model, it is found (Deardorff, 1912a) that h/ILj must be an undetermined amount smaller than 1.5 in order that the length scale U*/jd/ becomes
important in determining h.
The rate equation for h incorporates the influence of large-scale
horizontal advection and vertical motion at Z = h. In the unstable case it also
includes the growth effect of entrainment by the term (w'Bj)s/h oe-t/tJ-rl)
where (~)s is the surface kinematic heat flux containing virtual potential
temperature, and '1ley~ 2- is {)e~ ~ shortly above Z = h. The effect upon h of
clouds with bases at the top of the mixed layer is not yet known, although the
lifting condensation level commonly signifies the approximate level of h. For
the stable boundary layer the rate-of-growth term is different and is typically
much smaller but less well known. It is suggested to be proportional to U*
with a proportionality constant between .03 and .07. Whenever the surface
layer switches from stable to unstable, or vice versa, neardorff (1972b)
recommends that h be set to a small value, such as 100 ill, and then allowed to
grow with time according to its rate equation.
The model recommended by Fortak (1967, 1968) should also be mentioned.
In this model of the PBL,vertical integration of the relevant dynamical and
energetical equation from the earth's surface up to the upper boundary of the
PBL is applied instead of fine vertical resolution. The problem of parameterization of small-scale turbulent fluxes at the earth's surface is not touched
by vertical integration, and the vertical structure of variables is modelled,
e.g.,by means of a simp~e loca~ Ekman-type wind structure. The resulting twodimensional equations for large-scale behaviour of the PBL are matched to the
free atmospheric equations by proper kinematic, dynamic and energetic boundary
conditions.
7.4

Recommended Methods of Boundary Layer Parameterization

For the models with rough vertical resolution, excluding the vicinity
of the equator, the very simple method based on similarity theory for the steady
state PBL may be recommended. The method uses the resistance and exchange laws
(7.4) - (7.6). In a GCM averaged values of wind velocity G, Fotential tempera ture
and humidity q are available. Therefore, regarding f::}(j and qo as known
we can obtain U*, ~, Ho and Eo by means of eq. (7.1) - (7.3) on the condition
that the A, B, C and D functions are known. As has been already pointed out
in Section 7.3, our knowledge of all these functions is rather poor, but nevertheless PBL parameterization based on existing approximation of the functions
seems worth examination. Concrete recommendations can be found in Clarke (1970)
and Zilitinkevich and Monin (1971).

e

The parameterization method suggested by Deardorff (1972b) requires
calculation and storage of the PBL height h(x, y, t). However, the formulations
for U*/G, etc. for use in models of coarse vertical resolution are no more
complex than in the steady-state similarity theory, and have the same form upon
replacing U*/IJI
everywhere with h. For models of good vertical resolution or
at grid points where h is large, Deardorff recommends for the unstable case that
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surface values and their smaller, "free-atmospheric" values existing at Z .. h.
In the case of strictly neutral or of stable stratification, the vertical fluxes
of momentum are assumed to take on the shapes associated with the lower portion
of an Ekman spiral for O<Z<h. In this manner, finite momentum and heat fluxes
can be obtained in the unstable PBL with vanishingly small vertical gradients of
wind and potential temperature within the PBL. However, this method for GCMs of
high resolution has not yet been tested, and it may be necessary to include a
relatively small eddy-coefficient term to suppress vertical irregularities for
Z «h. The method also suffers from the necessity of numerical inspection of
the air-surface potential temperature difference at each grid point to determine
if a change in sign has occurred at the preceding time step (or exists
between adjacent grid points). If such occurs, h must be set to a small value
at that grid point (or at the downstream grid point) in order to simulate the
initiation of a new (or internal) boundary layer and the decay of the original,
elevated boundary layer.
Let us now describe another approach to PBL, calculations in a multilevel GCM. First of all the lowest level is to be selected at a height of a
few dozen metres. The layer below it can be regarded as quasi-stationary and
quasi-homogeneous horizontally, therefore the surface values of tu~bulent
fluxes can easily be found by means of the Monin-Obukhov similarity theory
using empirical universal wind and temperature profiles. The problem now
lies in the calculation of fluxes at all upper levels. This aim is obtained
by closing the dynamical equations on the basis of the semi-empirical turbulence theory. In addition to usual relations (7.4) the equation of turbulent
energy budget is used in the form

2 .
where b is turbulent kinetic energy; KQ is the eddy diffusivity for turbulent
energy and c: is the energy dissipation rate. Further, the values KM, KH, Kn,
KQ andc: are assumed to be dependent 'only on two basic turbulence characteristics: fluctuation energy b 2 and vertical length scale~. Therefore the
.
dimensional analysis leads to the formulae

whereotH' cL,olQ' Co and C~ are known dimensional constants.
Finally the turbulent length scale ~can be found with the aid of
the generalised von Karman equation

The major deficiency of the approach should at once be noted: the
ratios KH/KM and KD/KM are regarded as constant, whereas experimental data
indicate pronounced dependence of these ratios on stratification. Another
problem is associated with (1.5) under conditions of upward heat flux and
vanishly small values of ~ero z, 'Dun Z and 'OVjC Z. Then the estimate
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PEL theory taking into aooount the mentioned phenomena seems to be quite
worthwhile. The first attempt in this direotion was made by Monin (1970).
Finally it should be noted that use of the Reynolds analogy for
determining
(i.e., the identifioation of real surfaoe temperature with
the temperature extrapolated from the surfaoe layer downward to the roup-hness level) strongly disagrees with laboratory measurements (see, for example,Owen
and Thomson, 1963). Henoe the inolusion of the differenoe between surfaoe
temperature and roughness level temperature in GCM seems to be important.
However, it is also probable. that the radiation flux divergenoe affeoted
this differenoe signifioantly and henoe laboratory experiments in wind
tunnels are insuffioient for its determination.

eo

7.5

General Circulation Experiments with Different PEL Parameterizations

As stated above, at present there are several approaohes to PEL parameterization aimed at taking into acoount PEL processes in GCMs. The number of
formulations will inorease with time and therefore oomparison of various parameterization schemes seems to be desirable in order to select the best approaohes
and to estimate errors of the paramet.erizations.
The suggested oomparisons should also indioate the "degree of aoceptability of the simplifioations in evaluation of turbulent fluxes of heat,
moisture and momentum for GCMs.
As is well known there are at present great differenoes in sophistioation of the parameterization of radiation and turbulent transfer in the
atmosphere. The radiation computations in a number of numerioal experiments
are rather detailed and take muoh oomputer time; moreover the oaloulations
of turbulent-f~ux parameters are usually very rough. Probably, it is quite
natural at "this stage in the deve~opment of GCMs, sinoe radiation prooesses
have no simple parameterization and turbulenoe is usually parameterized rather
simply. However, it is necessary to be convinoed that the applioation of
simple methods of eval~ation of turbulenoe is to be justified in GCMs. For
this aim the oomparison of the simplified sohemes with more sophisticated models
in a wide range of stabilities is strongly needed.
The suggested oomparison should be performed in relation to three
groups of parameters:

a)

values of turbulent fluxes of heat, moisture and momentum at the
underlying surfaoe,

b)

vertical velooities at the top of the boundary layer,

c)

vertioal profiles of the meteorologioal parameters within a manylevel PEL inoluding oharaote:dstics of turbulenoe (turbUlent fluxes,
eddy viscosity eto.).

It is quite important to oompare the results of including different
PEL parameterizations in the integration of the GCM equations. As nonadiabatio prooesses play a negligible role in meteorologioal element ohanges
for 1-2 days and the aoouracy of numerical foreoasts for 5-10 days is very
poor, it is reasonable to oompare results of different oaloulations for 3-4
days. The general prognostio scheme and initial conditions must be fixed
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parameterization to be varied in this case. The comparison of calculated
changes of meteorological elements with real changes with careful analysis
may characterise the parameterization quality.
It is also possible to compare calculated values of meteorological
elements (including turbulent fluxes) between different parameterizations
(Delsol, Miyakoda and Clarke, 1971). In this case it is possible to use
calculations for longer periods.
Finally, the third method is the comparison of calculated climatology
between the various parameterizations and real climatology (climatology of
surface heat fluxes, satellite observation,etc.).
Available data allow us to draw the conclusion that the calculation
of turbulent fluxes at the underlying surface using difference of wind velocity,
temperature and humidity at the boundaries of the PBL are not accurate enough,
especially under stable conditions. Therefore, this procedure can be recommended only for the calculations in very simplified schemes. For the more
accurate calculations it is desirable to have at least one level corresponding
to a surface layer (i.e., constant flux layer) in GCMs.

7.6

Observational Experiments

Further experimental data are necessary to verify the theoretical
approaches for parameterization of boundary layer effects, to determine the
shape of the universal functions and the values of empirical constants in
the theories, and to obtain new empirical relationships,. which may be useful
for parameterization of boundary layer effects.
a.
Measurements of the eddy fluxes of heat, moisture and momentum
near the surface, by profile methods and especially by the eddy correlation
technique should be used to investigate these quantities systematically as
functions of external parameters in order to check and perhaps extend present
results.
In this connectio~ series of such measurements are suggested to be
carried out to determine the horizontal structure of the distribution of
these boundary layer quantities and their grid soale mean values, which are
needed for parameterization. Complex boundary layer observation experiments
such as BOMEX (Holland 1970) or CAENEX (Kondratyev 1972), also should be
planned, including the determination of radiation heat exchange within the
boundary layer, heat exchange with the soil and taking into account the
effects of baroclinicity and acceleration of the boundary layer flow.
b.
The large-scale and the mesoscale distribution of "effective"
roughness parameter over land should be studied to construct global maps
of roughness length, appropriate to the problem of parameterization of
boundary layer fluxes.
c.
Data from routinerawinsonde ascents should be used for determination
of large-scale surface stress and of characteristic values of geostrophic drag
coefficient by application of the ageostrophic method. The deviations of the
wind vector at anemometer level from the geostrophic wind vector, which may be
deduced from routine synoptic observations, also allow an evaluation of
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dynamic interaction between the atmosphere and underlying surface and should
be subjected to parameterization.
d.
Rawinsonde data and results of special wind observations within the
boundary layer, carried out by the help of towers, balloon flights and airplanes, should be treated to establish detailed vertical wind distributions
in the stratified boundary layer.
e.
More detailed boundary layer parameterization models are required
for the numerical simulation of some relevant meteorological processes within
the boundary layer, for example low cloud development and formation.
Since the vertical distribution of eddy fluxes of heat, moisture and momentum
must be included into these models, empirical confirmation is required of the
corresponding boundary layer models and new data will allow such models to be
improved. Therefore, grid scale eddy flux measurements are suggested to be
carried out from towers, airplanes or balloons in the boundary layer over
homogeneous and non-homogeneous underlying surfaces.
f.
Attention should be directed to experimental investigation of boundary layer processes needed for parameterization, over non-homogeneous
surfaces and in the surroundings of discontinuity lines, as for example, coast
lines especially. Corresponding measurements should include all the above
mentioned boundary layer characteristics, such as roughness length, surface
stress, sensible and latent heat flux, wind deviation at anemometer level from
the geostrophic one, vertical distribution of wind shear and of eddy fluxes of
heat, water vapour and momentum.
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8.

8.1

OCEAN COUPLING AND RESPONSE TIMES

Introduotion

As viewed by the atmospherio soientist, the ooeans are great repositories of water vapour and oarbon.dioxide and possess enormous thermal and
meohanioal inertia. The influenoe of the ooean on large-scale atmospheric
motions depends on the degree of coupling - on the transfer rates of heat,
momentum and water vapour. The atmosphere, in turn, drives ooeanio motions
and the GARP effort should be conoerned with questions such as the rapidity
with whioh the ooean responds to ohanges in atmospherio conditions, with the
subsequent influence on transfer rates and the effects of ooean ourrents
both steady and transient, which, though of regional importanoe are generated
by the aotion of the wind field on the whole ocean basin. The extent of our
understanding of the prooesses involved in interfacial transport of momentum,
heat and water vapour is imperfeot and the reliability of empirical information varies greatly. As indicated in more detail below, we believe that
our knowledge of the momentum transfer (if not our understanding of it) is
probably adequate for GARP, while for heat and water vapour, very serious
defioienoies remain.
8.2

Looal Momentum Transfer

Despite more than ten years' extensive effort, it oannot be olaimed
that the meohanisms responsible for the transfer of momentum between wind and
water are oompletely understood. The best evidenoe to date (Stewart, 1961;
Wu, 1968) suggests that a substantial fraction, not less than 20%, of the
total wind stress ooours by momentum input into surfaoe waves, partioularly
at wind speeds in exoess of 10 metres per seoond, measured at a height of
10 metres •. The remainder is apparently supported by direot surfaoe shear
or aerodynamio drag on short, rapidly dissipated oapillary waves.
Momentum transferred to waves is oapable of propagation along the
ooean surfaoe, but if these oomponents are olose to saturation, the momentum
losses by wave breaking will, over soales of kilometres, balance the input
from the wind. From the point of view of the GARP then, momentum
transfer oan, in all likelihood, be regarded as a spatially looal prooess.
In the laboratory or in the field (if averages of, say, 10 minutes
or more are taken) the stress oan be related to the wind speed Uto by means
of a drag ooeffioient:

where CIO is a drag ooeffioient, determined experimentally. Field results
are shown by Phillips (1966) and by Kitaigorodsky (1970); as a result of
many independent measurements the drag ooeffioient oan be regarded as known

The final version of this section has been prepared by Dr. O.M. Phillips.
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to good accuracy over a substantial range of wind speeds and sea states. The
scatter in the best sets of measurements may be ~~O% but mean values can be
regarded as reliable to within ~10% except in very strong winds. No convincing
evidence has been found to indicate a significant dependence on the air-sea
temperature difference, except possibly at very low wind speeds.
Although from the purely empirical point of view our knowledge of
the drag coefficient of wind over water is probably adequate (at any rate
for the purposes of GARP and at wind speeds below 20m/sec), important scientific questions remain. These become crucial in a consideration of the surface
exchange coefficients for heat and momentum where the correct parameterization
of empirical data depends on an appreciation of the physics of the flow field
over moving waves, now largely lacking.
For example, momentum is transferred rapidly to the short components
of the wave field exceeded by the wind, those whose phase speed is less than
about 10u*. These appear to serve, in essence, as moving roughness elements;
the momentum exchange between air and water is local, either in the form of
tangential shear, profile drag on short, capillary waves or momentum flux to
short gravity waves. Wave momentum is lost by sporadic breaking of waves
larger than about 30 cm or by the formation of parasitic capillary waves where
the wavelength of the primary gravity wave is less than this. Themomentum
flux to longer wave components (10 <: c/U*<: 20, say) appears to be significant
but not well understood theoretically. It is possible that the processes
involved in this range are not local to the surface but entail organised
turbulent motions, coupled with those of the waves.
The proper development of a correctly argued and well verified
theory is far from complete. Nevertheless from the purely empirical point
of view of establishing relations between wind speed at a given (low) height
and surface stress, present knowledge seems adequate except again at high
wind speed •.
8.3

Heat and Water Vapour Exchange

Our knowledge of heat and water vapour transfer between ocean and
atmosphere is less satisfactory. Theoretical studies have to date served
only as a rough guide to the analysis of experimental data and the considerable
scatter in the latter is certainly indicative of our present lack of awareness
of all the factors involved. Extant studies (Sverdrup, 1937; Kitaigorodsky
and Volkov, 1965) consider a diffusive layer very near the water surface
matched to a turbulent layer above; proper account has still to be taken of
the detailed nature of the air flow over the waves, the disturbance of the
diffusive layer by sporadic wave breaking, the possibility of Kelvin-Helmholtz
instability in the generation of spindrift in high winds and so forth.

- 8:5" -

The heat flux H and evaporation rate E (mass flux area time) are
generally expressed in terms of exchange coeffioients CH and Cq for heat
and humidity, defined by
H

where the mean velooity U, temperature T and specific humidity q (mass/mass)
are measured at a specified reference height (10 metres conveniently), and
Ts , qs are the surface values. qs is assumed to correspond to the saturated
vapour pressure for water. Since in the lower atmospheric boundary layer at
non-negligible wind speeds, heat and water vapour are dynamically passive,
CH and CE are usually assumed to be the same. However, the effect of spray
will be quite different on evaporation and heat transport so there remains
some possibility that the two coefficients may differ, particularly at high
wind speeds.
Results of Measurements

The most extensive data available today are those of Kitaigorodsky
and Volkov (1965). From profile measurements they found a large variation of
CH and CE (a factor of 30) under variouB wind-wave conditions (though not
stability conditions,since they worked only with logarithmic profiles). Their
data were best expressed in terms of the roughness length Reynolds number
Y*70 /V - RZ · in the approximate form
0

0

CH ....... CE ........ 2 x 10- 3

~* J/V)

over a wide range of R~o (10- 3 to 10 3 ). The scatter of the data is perhaps
a factor of 2. The quality of the profile measurements they used was not
high so that the existence of such a strong variation in CH and CE may be
questioned. ·Nevertheless, even if it is not as strong as this, this variation
does suggest that the Reynolds analogy Cf r - CH fails at the ocean-atmosphere
interface, since the stress coefficient varies by at most a factor of 2 or 3.
More recent laboratory results by Mangarella et al. (1911) using
profile measurements give some support to a relation of the type CH - CH (Rlu ) .
When these results are expressed in a way similar to Kitaigorodsky and Volkov
(1965), they find general agreement in magnitude but a less rapid variation
withp* /

The scatter in the laboratory data is also considerable so that the question
of the variation of CE , CH with R~~ remains open.
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The most reliable estimates of CH,:CE come from direct flux measurements of qHand ,qc' but unfortunately only two sets aTe available (Pond et a 1.,
1971; Hasse, 1~68) and these cover only a very narrow range of wind speeds
(t'-' 7 to 10 m/sec) andunspecif.ied wave condl tions • They do show that CH and
CEdo not differ strongly and are under these conditions near the value of
the drag coefi"icient. Hassets mean value for CH is 1 x 10- 3 (ranging from
0.52 to 1.20). Pond et al. find Cq .-1.23 x 10- 3 ; CH ......... 1.52x 10-3 •
Unfortunately the range of -conditions covered by this direct data is too
small either to confirm or deny the strong dependence indicated by Kitaigorodsky and Vo1kov. In any event, special attention is needed for specifying
the heat and moisture flux under strong wind conditions where spray and spindrift may well contribute to a considerable extent (c.f.Borchikovsky, 1972,
who calculates a doubling of Cq from UIO - 10 m/sec to 20 m/sec.
In summary, then, the expeximental situation is much less satisfactory than it is for drag measurements. We cannot be certain about the variability of CH, CE over a wide range of wind-wave conditions (even in normal
winds U10 of 3 to 10 m/sec). The difficulties that arise in accurate determinations of CH' Ce primarily involve accurate measurements of the turbulent
f1uxes qH and qe; secondarily the accurate specification of the sea surface
temperature (the radiation temperature provides the best approximation, not
the mean temperature of the top 0.5 m).
Together with the lack of experimental data, there is also the lack
of a clear understanding of the mechanisms of water vapour and heat exchange
across the surface. The simple idea ofa close analogy with a rough solid
surface may wel1'be inadequate because of the interactions between the waveperturbation motions in the atmospheric boundary layer and the mean profiles
of T and q.
Accordingly, tbe prob.lemremains not only to acqu.ire the data but
to systemat.ize it in the best mannex.
Oceanic .Response Times
Oceanic Processes Involved

--------------------------

For numerica1.modelsof the atmosphere itself, no matter what the
spatial or time scale involved, the only oceanographic parameter required
is the surface temperattlredistribution in space and time. There are many
physical processes that influence the surface temperature, but the extent
to which they are impoxtant depends on the time interval covered by the
model. The processes include:
(a)

Responses to thermal input and wind forcing of a local nature.

The surface temperature responds most rapidly (within hours) to
changes in the thermal balance when there is little wind and a net thermal
input to the surface. Astable density structure (diurnal thermocline)
develops at the surface,the temperature at depths below a few metres being
comparatively little affected. Wind action leads to mechanical st.irring and
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reduces the rise in surface temperature. Surface cooling tends to produce a
gravitationally unstable layer below the surfaoe - even in the absence of
wind, vertical mixing is generated convectively and the surface temperature
remains only slightly less than the temperature of a depth of a few metres.
The magnitude of these differences was measured by Mangarella et al. (1971)
to be about 0.4°C at U*~ 20 cm/sec. and 0.8°C at U*~80 cm/sec. Ooeanic
values are of a similar order of magnitude (Kitaigorodsky, 1971).
These processes are possibly understood well enough, at least
qualitatively, to permit a systematic classifioation of data, expressing the
temperature differenoe between the sea surface and the mixed layer below as
a function of net surfaoe heat flux (evaporative, conductive and radiated).
wind speed, eto. The problem appears tractable but more work needs to be
done.
The sea surface temperature is influenced directly by the wind,
not only as described above, but also by modifioation of the depth of the
mixed layer with the scales of order a day. Continued wind action agitates
the upper layer and the turbulenoe entrains cooler water from below. Laboratory experiments (Kato and Phillips, 1969) on entrainment suggest that the
depth h of the well-mixed layer inoreases as a result of wind stress according
to
3

fW W~
Jayh

where Jw is the water density and w* is the friotion velooity in the water
(about 1/30 of the air friction velooity) while ~~ is the density jump at
the thermooline aoross whioh the entrainm~nt takes place. This expression
has not been tested in the field, and would have to be modified when the
depth h approaches the Ekman soale w*/f. Theoretical analyses by Kraus and
Turner (1967) and Miropolsky (1967) make rather different assumptions concerning the energy partition between what goes into dissipation and into the
rate of change of potential energy on seasonal scales.
If the previous equation holds for ooeanic oonditions with a
relatively shallow thermocline across which the density difference is the
-result of temperature (not salinity) change, the rate of change of surface
layer temperature as the result of wind stress is easily shown to be
3
dT
w*
-d t .. -2·5 ---,..".
&:;,(,. h c;
where 00 is the thermal expansion coefficient. Typically, w*~ 1 om/sec
(u*<"'-' 30 om/sec),
~. 10-5 per °C. If h .--100 m, a reasonable winter
value for much of the ooean. then
dT ..
at

-6 / sec .. -0.2°C per day
-2·5 x 10°C

an effect that may be significant in prolonged high winds over a substantial
region. In the summer, h may be much smaller so that ~ may be an order of
magnitude larger. and 80 of consequence even within oneqaay.
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(b)

Indirect responses to wind forcing.

Effects of this kind include coastal and equatorial upwelling produced by the action of the wind over a large area of the sea. The time scale
for a response of this kind may be as short as one pendulum day in moderate
latitudes. Wind blowing parallel to the coast (blowing to the left looking
seaward in the Northern Hemisphere) tends to remove warm surface water from
along the coastline, which is replaced by cooler underlying water. The
magnitude of the temperature difference involved may be substantial (50C
possibly), the lateral scale of order 100 km and the longitudinal scale the
length of the coastline influenced (up to 3.10 3 km). There is evidence of
microstructure in this kind of upwelling with local variability on much
smaller scales.
(c) "Free" Oscillations
Ocean surface temperatures at a fixed point are also influenced by
variations in current strength and pattern that are apparently essentially
independent of the regional weather. Examples include meanders of the Gulf
Stream, which are probably the result of an intrinsic instability of this
current system and the topography that influences it. The time scales of
these meanders are of the order 1-3 weeks; spatial scales 300 km, scales
of temperature difference 5° or more.
Idealised theoretical studies by Veronis and Stommel (1956) (see
also Fofonoff, 1962) indicate that the response of the ocean for wind stress
variations with periods between 1 and 7 weeks is primarily in the form of
barotropic Rossby waves, which move westward and presumably interact with
the boundary current. These studies are -grossly over-simplified and the
theoretical description of the response characteristics of a partially or
fully enclosed ocean is far from complete. The USA MODE Programme and the
array experiment of Institute of Oceanology in Moscow should shed light on
some aspects of the low frequency oceanic motions at depth; it is hoped
that this can be interpreted in terms of oceanic scale wind stress variations.
(d)

Heat storage variation of the upper active layer.

Seasonal variations result in changes with a time scale of the order
1 year in heat storage and the temperature distribution of the mixed layer,
whose vertical depth is variable but of order 100 m. In moderate latitudes,
cold water is entrainedimDthe upper layer by turbulence particularly following storms, as described earlier.
Little is known about the mechanism of the transport processes that
provide transport of heat in the upper (seasonal) thermocline.
There have been a number of observations by Woods of microstructure
in the strongly stratified thermocline as a series of more or less homogeneous
layers separated by steps. In certain cases such as under arctic ice island
T3 this microstructure is probably the result of double diffusion of heat and
salt, while in others it almost certainly is not. Garrett and Munk, and
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produce these layers. A first attempt to develop a theoretical model to
estimate the heat transfer in the thermocline was made by Long. Clearly
these structures strongly influence the rate of vertical heat transfer at
great depths but the quantitative relations remain unknown.
(e)

General oceanic circulation.

The wind driven ocean circulation is contained almost entirely in
the upper active layer. Boundary currents such as the Gulf Stream have
fluxes of order 107 to 10 8 m3/ sec and are associated with temperature anomalies up to 10°C over distances of 3.103km and widths of order 100 km. Deep
water is entrained into the upper layer by detailed processes described
earlier and is lost from the surface layer by local sinking at high latitudes.
An overall balance to the net vertical transport averaged over a long time
is associated with the Ekman pumping into the surface layer specified by the
wind stress curl. A time scale for replacement of the water in the surface
layer, estimated on this basisgis of the order 30 years.
The time scale for the abyssal circulation appears to be of the
order 10 3 years, whether estimated as a vertical diffusion time over the
ocean depth or from the overall heat budget. Little is known with certainty
about the structure of fluctuating motions at great depths that provide
vertical mixing of heat and salt and vertical transfer of momentum. Internal
waves are certainly involved; the mechanisms may have some analogy with the
atmospheric case-but almost no data are available.

The extent to which these prooesses are important in atmospherio
modelling depends oh the time interval for whioh the model is to be construoted.
Over a period of a few days to perhaps a week~evidence from numerical
experiments by Miyakoda suggests that the differenoes from the initial values
of heat and water vapour transports during the time interval appear to be
unimportant.
If, however, the time interval of interest is up to two weeks, then
the rate of change of ooean surfaoe temperature as a result of atmospherio
influenoes with short time scales becomes important. These are the local effects
(Seotion 8.4.1a), mainly the influence on surfaoe temperature of looal winds,
net heating and oooling. When the wind velocity is sufficiently large or when
there is a net heat loss from the surface, the upper layer can probably be
regarded as well-mixed. In statioally stable conditions, the vertical mixing
is much reduced and the distribution with depth of radiant heat input can be
of some consequence. There are no reliable data for the temperature profiles
in the water under these conditions. Efforts to obtain such data would be
well warranted. The influence of upwelling may be important locally.

_ 88 _

When the forecasting model is to be used for time scales of 1 year
or longer, both the dynamics and the heat balance of the upper ocean must be
considered. Although completely quantitative proof is lacking, studies by
Namias and Bjerknes indicate a strong connection between large-scale sea
surface temperature departures from the seasonal norm and anomalies in Northern
Hemisphere weather patterns. Evidence indicates an association between these
large-scale surface temperatures, and the longitudinal phase of the standing
atmospheric waves of very low wave-number. The sea surface temperature
anomalies may persist for 9-10 months, or longer, although they are somewhat
obscured during the summer season.
The proper treatment of these temperature anomalies will require a
model with the dynamics of deep ocean, but it may be possible to simplify the
thermal and salinity equations of the model. If serial observations of temperature taken at various depths in open ocean areas confirm that temperature
anomalies from the mean are very small, below 300-400 metres, it may be best
to keep all temperatures and salinities below these levels fixed during the
forecast period. Models must be formulated with care so that all factors
such as radiation penetration, advection and mixing are taken into account
in a consistent manner, since significant trends in the temperature of the
mixed layer may be due to relatively small differences in large terms of
opposite sign.
Next we consider the model requirements for consideration of time
scales of the order of decades and centuries. As the time scale of anomalies
increases, our present knowledge of ocean circulation lea~us to believe that
the horizontal and vertical scales increase correspondingly until the entire
volume of the World Ocean is involved.

8.5

Summary and Recommendations
8.5.1

Momentum Transfer

(a) The relations between local wind speed and surface stress are probably established sufficiently well (except in strong wind conditions) for the
purposes of GARP. The detailed mechanisms involved however
remain elusive, and require further study. Observational work is also needed
to measure the drag coefficient at high wind speeds.
(b) Care must be taken in the transition between local results for
momentum transfer and relations for grid scales, because of meso-scale structure in the wind field. Efforts are needed to establish the characteristic
intensity of sub-grid scale meteorological variations in wind speed in
different oceanic conditions.

(a) Our understanding of the transfer of heat and water vapour from the
ocean surface to the atmosphere is seriously deficient and we are unlikely to
obtain improvement in empirical correlations until this is remedied. This is
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clearly a strongly recommended area for theoretical research that includes more
realistic descriptions of the processes involved. Careful laboratory and field
measurements that include flow visualisation techniques near the water surface
may offer substantial rewards. Also,combined flux and wind wave measurements
over a wide range of conditions are needed to provide an empirical basis for
parameterization. Some guidance with respect to the magnitude of these transfers can be obtained by taking account of climatology, which will impose both
upper and lower bounds upon the values of transfer coefficients which may be
assumed.
(b) The same problem exists in relating local measurements to quantities
averaged over grid scales as noted in the case of momentum transfer. Not only
is the variability of the wind field involved but also the air-sea temperature
variability.

(a) Careful laboratory and field measurements are needed for determining
quantitative relations for the vertical temperature and salinity g~adients in
the upper mixed layer in terms of the external parameters such as heat and
vapour fluxes through the sea surface,and wave conditions. The influence of
surface wave breaking and entrainment phenomena should be included.
(b) It would be of great help to make direct measurements of the character of turbulence in the upper mixed layer itself. The influence of radiative
fluxes must be confirmed by direct measurement.

Oceanographic studies are needed to estimate characteristic times,
structures and spatial scales of upwelling areas and their life-time, as well
as to characterise oceanic regions from this point of view.

To develop a correct parameterization of the vertical exchange
processes through the seasonal thermocline, we need a clear understanding, now
largely lacking, of the physics of the processes. Systematic and detailed
observations of the step-like microstructure, internal waves (including breaking, or the development of small local instability) and small-scale intermittent
turbulence are of high importance. These should accompany realistic theoretical
studies of turbulence and structure in very stable conditions.

It is necessary t·o make a series of numerical experiments' for
madelTing: the g.eneral ocean circulation.
For this reason,. the folloWing processes must be simulated
Ca.)

General circulation of the world oceans.

(b)

Seasonal variations of the upper (about 0'.5 km) ocean layer
characteristics·.

(c)

Two-week variations of sea-surface temperature.

The models of! these processes can enrich our knowledge of ocean
response times and help to continue investigations of large scale sea-air
interaction, of the type of Hanabe and Bryan.
In constructing numerical. models to deal with the scales of decades
and centuries, several formidable obstacles exist. Quit.e aside frOm the very
large amount of computa.tion involved, more knowledge is needed of the physics
of lateral exchange on the scale of 10-100 km of heat and. momentum, as well as
vertical exchange of heat and salinity on the scale of 1-30 metres in the main
thermocline. Away from boundary layers the exchange of momentum in the vertical
is less important except in so· far as it affects vertical mixing of salinity and
temperature. Another obstacle is the lack of appropriate data on abyssal
currents for verification of ocean circulation models. Serial data on currents
and temperatures for a period of several. years are needed, if only for a
limited number of sites.
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9.

9.1

HYDROLOGIC AND CRYOSPHERIC COUPLING

Introduction

Several numerical prediction and general circulation models which
include a complex treatment of physical processes near the earth's surface are
currently under development. The purpose of this paper is to outline the
methods presently used and to suggest improvements. We will not go into detail
on anyone model of the many being used, but try to give an overall view of
the basic methods.
We shall consider here mainly the parameterization of hydrological
processes on continents and of ice cover on oceans whi.ch have considerable
influence on the climate and weather. Parameterization of processes under
study is founded on the use of equations of the surface balances of energy
and water.
9.2

The Surface Balances of Energy and Water

A surface energy balance equation can be presented in the form
F - (1 - A) Q + P + LE + M +

where

F

=

F

l

- F
F

2
l

F2

=

0

- net longwave radiation at the ground
- upward longwave radiation from surface
- downward longwave radiation from atmosphere

(1 - A)Q
-A

ism

absorbed solar flux at surface
- albedo of ground surface

Q

- solar flux arriving at surface

P

- sensible heat flux to atmosphere

LE

- latent heat flux to atmosphere

M - conduction of heat to sub-surface
Sm

- melting of snow and ice

t L

latent heat of fusion

- latent heat of evaporation L
sublimation L

e

+

t

e

or latent heat of

The equation of water balance for land surface is the expression of
the condition when the algebraic sum of all forms of gain and loss of solid,
fluid and gaseous water received by a horizontal surface· from the ambient space
during certain time intervals is equal to zero.

The final version of this section has been prepared by Prof. M.I. Budyko.

This equation will be

r-

I

E + fw + G

where , is precipitation,
E

- the difference between the evaporation and
condensation on the earth's surface (usually
oalled just evaporation),

f w - the surface run-off,
G - the inflow of moisture from the earth's surface
to the underlying layers.
The last value (G) is the algebraic sum of the gravitational flux
of fluid moisture from the soil surfaoe into the deeper layers, the vertical
flux of the film moisture, the vertical flux of water vapour, flux of water
which is raised by the roots of plants, etc., obtained when summing up these
fluxes for the analysed period of time.
Equation (9.2) is more often used in a modified form, which could be
derived by considering the fact that the vertical flux of moisture G is equal
to the sum of the underground run-off f p and the change of water content in
the upper layers of the lithosphere ~ (this equality corresponds to the
equation of water balance of the vert~cal column that extends through the
upper layer of-the lithosphere down to the depths where moisture exchange
is practically absent).
Bearing in mind the fact that the sum of the surface run-off f w
and underground run-off f p is equal to the full run-off f, we find I

r9.-3

~w

E + f +'"bt

Evaporation and Run-off

At the beginning of this century it was known that the process of
evaporation from the soil surface is defined by several different phases. In
the first phase of evaporation, with the availability of a considerable amount
of moisture in soil, the evaporation rate depends little on the soil humidity
and is determined, in general, by external meteorological factors.
In this case, evaporation is equal to the value of potential evaporation, which is defined by meteorological conditions and, to a limited extent,
depends on the properties of evaporating surface.
When the soil is getting dry, beginning with its critical humidity,
evaporation passes to its second phase, when the evaporation rate rapidly
decreases together with the decrease of soil humidity. There is a lot of experimental data showing that, in this case, the dependence of the rate of evaporation
from the soil moisture could be considered as being close to linear.
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On the basis of these considerations and taking into account the
relations of river run-off with other components of wa"ter balance of land,
we could construct a quantitative s'cheme, .permitting the calculation of evaporation for single periods, depending on some meteorological elements observed
at the network of stations (Budyko 1956).
Let us assume that, with the humidity of the upper soil layer W
being equal to or more than a certain critical value Wo, the evaporation E is
equal to the potential evaporation Eo. At W~ Wo the evaporation reduces
with the decrease of humidity by the f'ormula :

(9.4)

E - EoW
!L
o
the values Wand Wo characterising the amount of productive
for plants) humidity in the soil.

(i.e.

accessible

When determining the values of critical soil humidity it has been
established that for the upper soil layer of one metre the value Wo is,
usually, equal to the layer of productive moisture of 10-20 cm - its value
varying slightly, depending on geographical conditions and season.
Variations of the value Wo are associated with the.changes in the
state of vegetative cover and, to some extent, show the activity of the root
system of plants. The more developed the root system and the more efficiently
it extracts water from soil, the less is the value of Wo'
Since the value of the soil humidity for most regions cannot be
obtained from observational data, in order to calculate evaporation for single
months one could .use the water balance equation (9.3) as an additional ratio.
It must be noted that the value f in this equation by no means
coincides with the value of the channel run-off for the given period, since
the formation of channel run-off is rather a long process. The horizontal
run-off comprised in equation (9.3) approaches the value of channel run-off
only for the annual mean period.
Calculation of evaporation by formulae (9.3) and (9.4) becomes
noticeably simplified under the conditions of a climate with insufficient
humidification, when horizontal run-off is not available. In this connection
we shall first set forth the calculation scheme for this simpler case.
Under the conditions of extremely insufficient humidification the
water balance equation has the following f'orm:

r- E +'dw
-it

(9.5 )

To calculate the evaporation for short periods of time one could
use the method of continual approximations (:Budyko, 1956).
Such a calculation method could be used for the conditions of insufficient humidification, when for each month the amount of precipitation is much
less than potential evaporation.

- 95 It must be indicated that this Bimplifiedscheme can be used for the
determination of evaporation when the run-off is known. In general, the runoff occurs as a result of a spring snow melting and its annual mean is known
from observational data. Calculation of evaporation and soil humidity is
carried out, in this case, for the warm season, with the mean temperatures
for each month being above zero. When determining evaporation for the first
month with the temperature above zero, the total sum of precipitation for the
cold season with the temperature below zero should be added to the sum of
precipitation at a given month and the same quantity should be extracted from
the annual run-off value.
The above stated schemes for the calculation of values of evaporation
do not solve the problem of evaporation determination in cases when the annual
sums of precipitation are close to the values of potential evaporation and when
the run-off occurs in different seasons.
To determine the evaporation under different conditions of humidification one could use a more general scheme, in which the formula of water
balance for each month is taken into account in the form of a full equation

(9.3).

The problem of determination of run-off is complicated by· the fact
that horizontal run-off is, to a considerable extent, associated with the
extreme values of the elements of hydrometeorological regime and depends less
on the monthly means used in our calculations.
However, taking into account the availability of certain dependences
between the mean and the extreme values of the regime elements, we can offer
an approximate scheme for keeping account of the run-off values, which is based
on the following considerations.
f

For each month the run-off coefficient rhas the values from 0 to 1
(when calculating the run-off coefficient during a period of melting snow one
must add to the sum of precipitation for this period the sum of solid precipitation for the cold season).
It is evident that the run-off coefficient depends on the soil
humidity. I t is self-evident that for a completely dry soil (Le.,at \I\/;iW",=-O)
the run-off is also equal to zero (Wk designates the greatest supply of
efficient moisture which can remain in the upper layers of soil without
any connection with ground water). With an increase of humidity the runoff coefficient grows reaching its maximum atVV/vV~=~. This dependence can
be presented in the following form

where ~ _ the dimensionless coefficient of proportionality. It is evident
that the value )1 will depend on the intensity of precipitation and will
increase in reg~ons characteristic of frequent showers.
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Fb:rmula (9.6) could be used for an est;imation of the run-off under
the conditIons of insufficient humidification when the monthly mean of potential
evaporation is greater than the precipitation (Eo>r). Under the conditions of
surplus humidification when precipitation is greater than potential evaporation
the run""off is immediately influenced by the value of the difference r - Eo.
With a complete humidification o·f soil, (Le.,when W/W~·:i), the value of run-off
will be approaching its final value f- Eo, that is in this case, the run-o·ff
coefficient will be close to the value 1.- c"/I'" • With W/WI(":I. and r> Eo the
run-off coefficient will be less than the indicated value - its value being
dependent both on the parameter}.. = d-E,,/r and on the intensity of precipitation.

r

We shall present this dependence in the form

Thus we obtain an equation for. the calculation of the horizontal run-off

j =,...~ VJll.1. -J)+J~i

(9. 8 )

j =Jtfr ~1<1.
We must mention that in these equations. the availability of two
forms of run-off having different physical meanings is taken into account.
The first one, taking place at r ~ Eo, is a consequence of a short-time fall
of abundant precipitation that creates short over-humidification of soil and,
is to some extent, spent on run-off. The sum of this form of run-off is
equal to p;lr~. In the cases when r-> Eo, t~e second :orm of ::un-of:f, which
appears as a result of a surplus amount of mOJ.sture avaJ.lable, J.S added to the
first one. Such run""off does not depend on the character of precipitation and
approximates the difference between the precipitation and the potential evaporation at a considerable humidificat·ion of soil.
It must be indicated that formulae (9.6), (9.7), (9.8) and (9.9)
are interpolation formulae and their accuracy is limited. Application of such
formulae to calculations of evaporation is justified in those sufficiently
frequent cases when the changes in run""off are small in comparison with the
value of evaporation.
The calculations made have shown that the coefficient}1 has the
least values in high and moderate latitudes. In sub-tropical and tropical
lati tudes, as a result of frequent rain showers, the coefficient.)1 grows.
When carrying out calculations for constructing the world maps of evaporation, the mean value of ff • 0.2 has been used. for the regions northward
from 45° N and southward from 45°S. For the areas between 45°N and 45°S,
the coefficient J"1 has been assumed equal to 0.4 - 0.8 depending on the
conditions of humidification (Budyko, 1971).
The methods of parameterization of evaporation and run-off discussed
here were used in some models of the theory of climate (Manabe et al., 1969).
As a result of the application of these methods, world maps of evaporation and
run-off on the land surface have been prepared which proved to be in good
agreement with observation data (Holloway, Manabe,. 1971).
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The Snow Cover
The equation of balance of snow is

'""a S·

-= r
"l>t
.

-E-S

I

m

(9.10)

where S is the snow cover amount in liquid water equivalent (centimetres), ~
the snow precipitation rate, E the rate of sublimation, and Sm again the snowmelt rate. It is possible for the snow cover to melt and increase the soil
moisture. Also,if rain is falling on the snow, we usually assume that the
snow does not have any capacity to hold the water and it seeps through the
snow into the ground to increase the soil moisture~ Usually we do not allow for
ev~poration from the ground when it is snow-covered.
The decision as to whether
rain or snow is falling is based on the temperature of the lower model layer
above the ground.
In the section
surface albedo depending
important to·the surface
simple manner. Holloway

on snow cover we should mention a modification of the
on the snow depth. This feedback mechanism is very
heat balance equation and is parameterized in a very
and Manabe (1971) modify the surface albedo as

A .. Ag + sJ!.z (A s - Ag ),

i f S '" 1 cm

and
A .. As'

i f S ~ 1 cm

(9.12)

where Ag is the albedo of bare soil and As is the albedo of snow (0.60 for latitudes equatorward of 60 0 and 0.75 for latitudes poleward of 60 0 ) . An assumption
is used in formulae (9.11) and (9.12) that the water equivalent of liquid water
to snow depth is about one to ten. Thus, when the snow depth exceeds 10 cm or
1 cm of S, "the surface albedo over snow is independent of depth. We do not
consider the effects of types of vegetation; for example trees or forests where
the albedo-dependence on snow depth would be quite different from that over·a
prairie or treeless region. In the NCAR model, surface albedo change is
A .. 0.2 + 0.4 S
with the restriction that A cannot exceed 0.6.

9.4

Ice Cover over Oceans

Sea ice is a product of dynamic and thermal processes both in the ocean
and atmosphere and is an important regulator of the heat exchange in the oceanatmosphere system, affecting the atmospheric general circulation•. For stationary
conditions ice mass accretion in any particular area should be equal to the ice
mass discharged from the area of its formation~
The inhomogeneity of dynamic processes in the atmosphere and ocean and
irregularity of energy influx result in differences in the ice thicknesses and
ice cover extent, which lead to changes of the regime of heat exchange between
the ocean and atmosphere and finally affect the patterns of atmospheric circula-

- 98 tion. A snow layer on ioe makes the whole meohanism more oomplioated. Sea ice
is a highly dynamio medium, which is manifested in its drift, lead formation,
and ohanges of ioe surfaoe albedo. Leads extending over a oomparatively small
part of the ioe oovered ooean oan supply a oonsiderable amount of heat to the
atmosphere.
Ioe melting and aooretion in olose pack ioe depend on the heat exohange
processes at the upper and low ioe surfaoes. When the ioe oover oonoentration is
not large and there are open water areas, the additional lateral ioe melting
ooours as a result of heat flux from open water areas.
In general, numerical models describing ioe cover should oonsider the
ciroulation and interaotion of three media: ice, water and atmosphere. Thus for
numerical simulation of atmospheric prooesses it is important to parameterize
various effeots suoh as the distribution of ioe of different age oategories,
snow depth, roughness of upper and lower surfaces of ice and albedo.
In view of the faot that ice oover dynamios is greatly dependent on
the active Ocean laYer, it seems desirable for the models of atmospheric circulation also to include the parameterized prooesses in the water depths.
The general equation of snow and ice balance may be written

where m

=

is total water mass in its solid form per square area

m.l. + m-s

=l'iN)i
= t>

Nj

.lS

s

?i' JNs
A
H

r

- ice mass
- snow mass
- density and thiokness of i.ce and snow, respectively
- ice concentration (in tenths)
- coeffioient of lateral mixing
snow precipitation rate

(O~

N ~ 1)

E - sublimation rate
E
- heat flux between the atmosphere and ice
a
Ew - heat flux between ice. bottom and water

Et -

lateral heat flux between ice and water
C - ioe drift velocity

If N

= 1 for the very close pack ioe, lateral ice melting ia negligible.

Moreover, neglecting snow layer on the ice it is possible to rewrite
equation (9.14) in the farm of prediction equation for pack ice (Bryan, 1969).

where

v - surface current velocity
}.

- empirioally found parameter
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For the stationary ice melting process if ice drift is not considered and using
(9.15) the balance equation can be written in the form given by M.I. Budyko
(1971),
R .. LE + P + M' +
(9.16)

thYi

- radiation balance
- latent heat of sublimation
- sublimation from the ice surface
- turbulent heat flux between the ice surface and the
atmosphere
heat flux from ice surface to underlying water
latent heat of ice melting
- ice thickness changes due to melting
Using the balance equation components (R, LE, P and M') and (9.16) we obtain an
approximate expression for h
h

_...L

- ifi

(R - LE - P - M')

Thus, even the simplest methods of calculation of ice melting and
accretion without considering ice strains and drift require the knowledge of all
the components in the equations (9.16) and (9.17).
In order to deal with a more sophisticated model one should include
the dynamics of sea ice and some dynamic effects that can be treated only in
a parameter~zed way.

In order to estimate components of solid water and energy balances
it is necessary :
(a)

to calculate heat fluxes at the surface and bottom of the ice cover,

(b)

to determine ice cover dynamics in additionto the equation of ice
and snow mass balance and energy balance; it is necessary to use
equations describing ice cover motion.

The first point refers to the thermal interaction in the ocean-iceatmosphere system. The second point is related to the problem of mechanical
interaction in this system. It is also necessary to know the inner ice strains
as well as the coastal effect on the ice drift.
The most important questions under the first point inolude :
(i)
the verification of the methods for estimation of the heat balance
components of the bare and snow covered ice surface.
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In summer the extensive areas of ice are covered by melting water.
That is why it is important to parameterize the effects of heat exchange and
evaporation at the ice surface.
In this connection we should seek a method parameterizing the albedo
effects of the complex underlying surface and for a method determining heat
fluxes at the lower ice boundary (ice water). This is an important factor for
the calculation of winter ice accretion;
(ii) Verification of methods used to estimate ice melting and accretion
in the open ice cover. In addition to the above mentioned questions, we should
consider lateral ice melting.
(iii) Verification of some thermal and physical characteristics of sea ice
depending on its salinity and thermal regime.
The most important questions under the second point are
(iv) Determination of friction coefficients between ice and atmosphere
and between ice and water depending on the topography of both upper and lower
surfaces of ice.
(v)
Parameterization of the inner forces of ice strains included in the
equation of ice cover dynamics and determination of the coefficient
in
particular.

Aa

(vi)
cover.

Determination of parameters of strength characteristics of the ice

To solve these problems it is necessary to carry out a number of theoretical studies and observational experiments in the field.
Models describing sea ice dynamics require initial information on ice
concentration (N), ice thickness, snow depth, albedo of the underlying surface,
which is completely or partially ice covered. Information is also needed on- the
area occupied by leads in different seasons.
This information can be obtained by satellite, aircraft and drifting
ice stations.
Conclusions
In this section we have described the basic formulations concerning
parameterization of various hydrological processes which take place on and
below the earth's surface. These basic formulations consist of an energy
balance equation at the ground surface, a water balance equation at and below
the ground surface and, prediction equations of snow cover and sea-ice.
These equations include various terms (parameterizations) based on
theories and hypotheses of boundary layer, air-sea coupling, radiation, atmospheric and ground hydrology and soil mechanics.. The necessity of including
particular processes in an atmospheric model should depend on the time and
length scale of atmospheric phenomena to be predicted. Obviously, the accuracy
of resulting calculations depends upon the reliability of the parameterizations.
The formulations described in this report may be applicable, for the first
approximation, to climatic simulation and long-range prediction.
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Various forms of these parameterizations have
models of the atmospheric general calculation. Perhaps
some of the results obtained so far indicate that these
usable, but the present situation of the performance is
9.6
Recommendations

been used in advanced
it is fair to say that
parameterizations are
still far from satisfactory.

(i)
In order to improve further the accuracy of parameterizations, it
is desirable that proper field experiments and observations be conducted. For
example, a Polar Experiment is being planned in the USSR (Borisenkov, Treshnikov, 1971) and the AIDJEX Experiment in the USA and Canada (Untersteiner et
ale, 1970).
(ii) For verification of the proposed parameterization, it is essential
to have quantitative information of the following variables.
For soil moisture data: All components of water balance should be measured.
In particular, efforts should be made to improve the accuracy and density of
measurement of evaporation, run-off and solid precipitation, which are at
present poorly observed.
For snow data:
·density.

Not only the depth of snow needs to be measured but also the

For sea-ice data: The location, density, thickness, as well as snow cover
on ice should be measured.
(iii) It is required to determine the geographical distribution of the
parameters which are involved in calculations, such as albedos at the ground
and ice-covered-ocean surface and water capacity of soil, etc.
(iv) The current knowledge of the physical processes of sea-ice interaction is not sufficient. It is, therefore, encouraged that the problem be
pursued further, particularly to develop the prediction scheme of sea ice as
well as of "the topography of ice. Other areas which need further refinement
are: the relationship between the albedo and snow cover, and potential evaporation.
To get information about the range of validity of a particular parameterization and to isolate the influence of climate and other atmospheric behaviour, well
designed numerical experiments are extremely useful and should therefore be encouraged.
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APPENDIX A

BOUNDARY LAYER IN THE ATMOSPHERE
(by S.S. Zilitinkevich)
Introduction
The parameters relating to the boundary layer necessary for a mathematical description of large-scale atmospheric processes are confined to
turbulent fluxes of momentum components, t(x and -Cy , heat H and moisture E.
They are to be calculated on the basis of averaged values of wind, temperature
and humidity used in numerical models. When the number of levels is not too
large and the vertical grid-size does not exceed one kilometer, it is not
possible to consider the vertical structure of the boundary layer; we may
assume it to be fully included in the lowest layer at the top of which turbulent fluxes may be regarded as equal to zero. The boundary layer effects are
subsequently taken into account through including appropriately normalised
surface flux values into the right-hand parts of dynamio equations relating
to the lower 'estimated layer. However, in many-level atmospheric general
circulation models the vertical structure of the boundary layer may be of
special interest. In this instance the aforesaid relatively simple parameterization proves insufficient, and it becomes necessary to calculate vertical
profiles of turbulent fluxes in the boundary layer.
This paper mainly discusses two approaches developed in the studies
by Monin (1970), Zilitinkevich (1970) and Zilitinkevich and Monin (1971) and
presents as well some ideas concerning further development of the problem
concerned.
1.

Parameterization of the Ekman Boundary Layer

The sharpest vertical variations in meteorological fields caused by
the interaction with the underlying surface are confined approximately in the
region some tens of metres above the surface. The contribution of this height
range is insignificant for averaging the fields over the entire lower estimated
layer, and therefore the values of velocity components U and V, potential
temperature
and specific humidity q, present in the numerical model equations,
may be approximately identified with those of the variables at the upper boundary of the turbulent layer. Our task is to make use of the variables mentioned
above for calculation of the near surface values of the turbulent fluxes
designated as ~xo , 1;0 , Ho and Eo.

e

Let us proceed from a simplest model of a stationary and horizontally
homogeneous boundary layer. The consideration is based on application of the
similarity theory for turbulence in a stratified rotating fluid and, in particular, utilisation of the resistance and exchange laws given in the form:
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:J2 01.» t.I*'ILI

'pUfCj:::::
where U* ..:J(!:o + '(,~o)/Y2."'

e,.,(Ro U*!u)-])(jI)

)

(1)

is friction velocity;· of,.R,·o!,D are the angles
between the direotions of the horizontal veotors «("xo, tYo) and (U, V); and
where

(2)
is the surfaoe Rossby number; A, B, C and D are the non-dimensional universal
functions depending on the internal stratification parameter.
2
.fiR + 0.61' g' C E
-dl.
0 cpS'lflu~ po
(3)

.P -

In this instance, J?~ 0.4 andc:lR ·::::J,D~ 1 are universal oonstants (;)e, is the
von Karman constant,olR andJ,D are the inverse values of the turbulent Prandtl
number and the turbulent Sohmidt number for neutral stratification); ~ is the
CorioUs parameter (
2W.s.illr' , W is the angular velooi ty of the earth's
rotation, and cp- the latitude), JP and Cp are the air density and its heat
oapaoity at oonstant pressure; Zo is the roughness parameter; J3 is the
buoyancy parameter ( .f3 .. g/T o , To a oharaoteristic value of the absolute temperature); U" Vu:! + vat. is the modulus of wind velooity at the upper level
of the boundary layer;
~e and ~q are differenoes of potential temperature
and speoifio humidit~ values at the upper and lower levels of the boundary
layer ( 'b B .. f)'tiff .. q - qo,
and qo are the values at the roughness .
level). As pointed out above, the 1.1,
and q may be regarded as known,
whereas the determination of &0 and qo is subject to speoial oonsideration.

J ..

eo

Bc

e

Taking into account equations (1) - (3), it oan readily be found that
the drag coefficient C1 .. U*/Uand the Stanton numbers CH" - Ro/C~PUse
and CE .. - EO/'pUr;q depend only on the Rossby number Ro of formula t~) and the
external parameter of stratification

,
i.e.tthey can be expressed in the following relationships
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where
~
and
are funotions, explioit expressions for which
can easi~y be determined on the assumption that A, B, C and D are known. The
shape of the funotion D has been determined empirioally (Zilitinkevich, 1970,
Zilitinkevioh and Monin, 1971). Similarly, the A, Band C functions were
determined by Clarke(1970) on the basis of other experimental data over a
wider range of jU values. It should be admitted, however, that the point
scatter on all empiric~l graphs of the aforesaid functions is very large and
therefore the experimental determination of the functions seems highly urgent.

':tl. ,

2.

, 't'H

tf::

Parameterization of the Boundary Layer at Low Coriolis Parameter

In the vicinity of the equator and in the atmospheres of slowly
rotating planets, variations in height of the momentum fluxes~x,~y as well
as the heat H and moisture E fluxes are fully determined by the effects of
non-stationarity and horizontal non-homogeneity of the flow. These effects,
however, are of minor importance in the lower part of the boundary layer and,
owing to this, the fluxes are approximately constant with height there. The
structure of the "constant flux layer" (or the surface layer) is described by
the similarity theory (Monin and Oboukhov 1954) accordin~ to which the values
of U*, Ho and Eo are dependent on wind speedU .. vu~ + v~at a height hand
the .1'0tential temperature and specific humidity differences, i.e. 1, (}:::(9-eo
and 'a'J,-fjr- '10
respectively, within the layer from Zo to h ($ and q being the
values of the h-height, Se. and qo - the values at the Zo roughness level).
The relationships are presented with the following formulae :
';)?

U =.e" J -+

U~

~o

oLH?J() =~..!L

-ao

~

cI,p

'1/(

~~ = .er,!l-

CJ*

ZO
,2.. 1

-+

Clue z-) )
t]ef!f) )

+ Cfc
"

(+)

)

(6)
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Here,
U* .. V '!:xo + rcy o)/J'2. ,T* = -Ho~CppU* and q* .. - Eo~'pU* are the
scales of velocity, temperature and specific humidity, respectively; [fll YJ9
and sP q are the universal functions of the non-dimensional ratio betweeri
height h and length scale
.2.

L=

2-

U}f

\ ae2 Cfl ~ -+ a ~'.i CJ->lf)

The direction of the vector (~XOI ~yo) coincides with that of the
vector (U,

V).

It follows directly from equations (6) and (7) that the drag coefficient C:f .. U*/U and the Stanton numbers CH .. -Ho/Cp!USe and CE .. -EozpU~q
may be expressed as

where

fJl~

A =-JS9 ;Obtaifji~thelen~h 'scalecomposed
':/:'I-/and

epE

'1;;.

ioftheexternal parameters. The functions
can easily be found if only functions9?u~ ,% and ~ are known.

'There1ationshipsof the type (6) are widely used to interpret the
measurement data on the near-ground air layer and the~ ,9'" and 9'£- functions
have been more or less adequately studiedexperimentai'fy. A number of recently
published papers are also concerned with the procedure of finding turbulent
fluxes on the basis of relations of the type (8). Appropriate results can
be found, for instance, in the paper by Zilitinkevich and Monin (1971).
Let us now consider the application of the described method to
numerical models of atmospheric circulation. Proceeding from the fact that,
the lower estimated layer is at least one kilometre thick,we can again assume
that the turbulent boundary layer is fully subme-rged in it. The U, tr,e and
q values present in the model equations may be approximately identified with
the values o~ the variables considered for the upper limit of the constant
flux layer, where most vertical variations in the meteorological fields occur.
Designating the layer height as h, we can calculate pertinent turbulent fluxes
with the application of formulae of the type (8). However, the problem of
determining the height h arises, since the right-hand side of (6) or (8)
depends in general, on the height selection.
Experimental data show that h usually equals some tens of metres
for the earth's atmosphere. The variability of h can be roughly estimated
on the basis of the following simple formula derived directly from dynamic
equations: U/Lot;::::..<!u*'lh where J- is a small factor characteristic of tolerable variations of the momentum flux in~eight; Lo is the characteristic
horizontal !'lcale of synoptic processes (when the planet rotates at a moderate
or high speed, Lo - C/W, tU being the angular rotation velocity and C-sound
velocity (Oboukhov, 1949); when the planet rotates at a low speed, the planet
diameter acts as Lo ). For the earth Lo~ 3000 km and, at an average,
U Jf / U= Cft;:::. 0.03; accordingly, in order to obtain a typicalhvalue of the
order of 100 m,the above formula should be expressed as follows :(*)

(10)
Further, with the functions ~,r:p#and ~ known, formulae (8)
and (10) make up a closed system for determining the U*, Ho and Eo values,
as well as the height h. It should be noted,however, that the substitution
of the h variable by a constant value o£, let us say, h -100 m would not
strongly affect the turbulent flux calculations. As a matter of fact, the
largest flux values are observed at unstable stratification, and, in that
instance, the asymptotic behaviour of the 5!u' 5/9 and 9'9- functions makes
the right-hand parts of (6) practically independent of h.

(*) Proceeding from the heat and moisture trans,ferequations and estimating
accordingly the approximate constancy layers for H andE fluxes, the formulae
h f'J C ~..Lo and h ""CE·L.can be similarly obtained for the heights ·of these
layers. These formulae are, accordingly,in rough approximation, equivalent
to (lO).
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3.

Boundary Layer Calculations

In many-level models aimed at a detailed description of the vertical
structure of the atmosphere, including its lower layer, provision should be
made for calculating the ~~, ~~, Hand E turbulent fluxes at several levels.
It seems reasonable to set the lower estimated level at a height of some tens
of metres. The layer below can be deliberately regarded as quasi-stationary
and quasi-homogeneous horizontally, therefore the turbulent fluxes on the
surface, with which we are concerned, can easily be found with formulae of the
type (S). The problem now lies in the calculation of fluxes at all estimated
levels. This will enable us to take into account the thickness variability
of the boundary layer and possible effects of the small-scale turbulence in
the free atmosphere (for instance, convective turbulence caused by hydrostatic
instability). A possible approach to the problem consists in closing the
equations on the basis of the semi-empirical turbulence theory. Set forth
below isa closing version used lately to solve a number of problems., inclu.,.
ding those for a nonstationary and horizontally nonhomogeneous boundary layer
(Zilitinkevich 1970, Laikhtman 1970, Lykosov and Gutman 1970).
The' turbulent fluxes with which we are concerned are determined by
the formulae

(n)
where e is a vertical coordinate, J<M is the turbulent viscosity, k'H
are the turbulent heat conductivity and diffusivity.

and J<n

The turbulent energy budget equation is employed as an additional
relation describing the turbulent conditions

(12)
where -(2.is a mean kinetic energy of turbulence related to a mass unit, ILQ
is the turbulent diffusivity for kinetic energy, c:is the mean dissipation
rate of the turbulent energy into heat (the individual time derivative d~2/dt
has been omitted from the equation since experience in solving model problems
testifies that this procedure is tolerable even under conditions of pronounced
instability and horizontal nonhomogeneity of the flow).
Further, the values KM, k'H' K'n, ,&.(Q and C are presumed to be dependent
only on two basic turbulence characteristics: kinetic .~~ and turbulence
vertical scale ~. Thereupon, the dimensionality considerations provide the
following formulae

whereoLH,oLn, cJ.Q' C", andCe are known dimensionless constants.
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Finally, the turbulence soale ~can be found with the aid of the
generalised von Karmann equation

l/.l

t =-~ 4-i(1)
Considering the fact that, at heights very close to the surface,
tional to ~ , the above formula may be written as

(14)

.e is propor(14a)

The boundary conditions for turbulence energy ,(~ remain to be formu-lated. It can reasonably be presumed that the energy flux at the underlying
surfaoe is limited, changing to zero at the atmospheric upper level. Hence,
(15 )

where-2,.,is the atmospheric upper level in the numerical model.
The major defioienoy of the approach disoussed should at once be
noteds the ratios /(HlKM and J(DIKM are regarded as oonstant, whereas the
experimental data indicate that they vary as much as several factors depending
on stratification.

4.

Surface Interaction

In the preoedingsections we considered as_known magnitudes the
underlying ~urfaoe roughness height to, temperature 8 0 , and speoifio humidity qo'
The problem of determining these parameters is associated with oonsidering
the prooess of moleoular exohange in the immediate vicinity of the underlying
surfaoe and it is treated in different ways for air motion over the land andover the ocean.
Let us first discuss the atmosphere over the land. Typioal height
surface irregularities amount to at least tens of centimetres. This means that
the interaction of air flow with the land surfaoe governed by the local Reynolds
number

(16)

( V the kinematio coefficient of air viscosity) in faot always oorresponds to
the conditions of dynamically well-developed roughness. In other words, the
roughness parameter~o is a fixed charaoteristic for every landscape type
(lo making up a certain portion of h o ).

e

The relation between the
0 value and the mean value of potential
temperature s direotly upon the underlying sur.face can be expressed as

e

(17)

APPENDIX A, page 7

where Ps is a function of Heynold' r: number. In meteorological literature, the calculations of heat transfer over land arc ucually made with the aid of the Reynold's analogy implying identical equality of the PG function to zero in terms of formula (17).
Exverimental data, however, are in utter disagreement with the above statement.
It is true, observationsiri the near-ground atmospheric layer have been too scarce
to enable estimation of the Pe (Re) function, but laboratory experiments provide
sufficiently reliable data includLng Re values close to 10 4 . The data available
can be approximated by the empirical formula
(18)
Now, the parameter remaining to be found ~s potential temperature 8 s
or the surface absolute temperature Ts =8 s (p/Pc)R/Cp , where p and Po are
the actual and normal atmospheric pressures repectively, and R is the gas
constant of air. We shall consider the heat flux balance condition at the
underlying surface which may be written in the following form (neglecting for
simplicity heat flux into soil and expressing the surface self-radiation as

r; T.s"

)

Fl-

Le..I,
where ~
and . s are downward fluxes of long- and short-wave radiation assumed
to be known, f is the surface short-wave albedo, and ;;t, is the latent heat of
condensation.

As regards the qo value, its relation to the q~ specific humidity at
the surface is expressed by the formula qo - qs = q* Pq ~Re), where the P q may
be regarded as coinciding with P~. However, the qs value is not in any way
easier to find than qo' Therefore, we can hardly advance any approach more
fundamental than the traditional one of determining qo as a certain portion
of saturating specific humidity at an underlying surface with temperature Ts
and atmospheric pressure p, i.e.~use of the formula

_ r, ..B. eC~)

CftJ -

U

'R w

p.)

(20)

where ~ is the relative humidity assumed to be known; Rw is the gas constant
of water vapour; and ~(Ts) is the saturating partial pressure of water vapour
at temperature Ts •
Thus, we have three formulae (18), (19) and (20) establishing the
relations between the parameters Ts , 9 0 and qo, on the one hand, and U*, Ho
and Eo, on the other hand. In combination with the formulae (5) or (8), they
constitute a closed system for determining all parameters of the atmospheresurface interactions.
Let us now discuss the atmosphere above the ocean. Considering the
application to large-scale atmospheric processing calculations, we may assume
that the wind and wave fields are mutually adapted. The effective roughness
parameter ~o and the differences Bo - &s and qo - qs are then expressed as
2-

la: ~* Qo(Rew)) e-f9g

=

T*Q6(R~J)

1- c;.s=7j(O'f(ReJ)
0-

(21)
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where g is the acceleration of gravity; Qo, Q9 and Qq are coefficients
depending, above all, on the Reynolds numbers for water surface:
Re

w

., u~/gtJ
.

(22)

Due to the extremely lar~e heat inertia of the oceans, surface water
temperature Ts and, consequently, es may sometimes be regarded as fixed in
numerical experiments on the atmospheric circulation. In order to determine
the temperature value, use can be made, of course, of the heat flux balance
equation similar to (19) for over-land calculations. However, there is no
justification, in this instance, to neglect the heat flux into the water.
Therefore, calculations of the water surface temperature demand joint consideration of the atmosphere and ocean thermal regime (Blinova 1965, Manabe and
Bryan 1969).
As regards the qs value, it would seem natural to assume that it be
equal to the saturating specific humidity at a water temperature Ts and atmospheric pressure, i.e.yto express it with the aid of the formula
q

s

.,

Thus, formulae (22) and (23) together with (5) or (8) provide the
closed system, on the assumption that the Qo, Qe and Qq coefficients are
known. But in reality our knowledge of these coefficients is very poor and
little can be saId about their variations depending on the Reynolds number.
For practical purposes, the following values should probably be used :
Q

o

., 0.035,

Qe = Qq ., 0,

(24)

and this is in agreement with the widely known formula of Charnock (1955) for
water surface roughness and the Reynolds analogy for calculating heat transfer
and evaporation. It should be admitted, however, that the latter is to some
degree justified only in the case of weak winds (Kitaigorodsky 1970).

Conclusions
The calculations of interaction of the atmosphere and the earth's
surface are physically based on the similarity theory for plane-parallel
turbulent flows of a stratified rotating fluid with resultant resistance and
exchange laws, the semi-empirical theories of turbulent transfer, and, finally,
the similarity theory for near surface region of turbulent flows. Numerous
aspects of these theories pertaining to the atmospheric boundary layer have
been experimentally tested. It is not implied, however, that the above stated
actual recommendations for calculating turbulent fluxes are free of flaws. We
shall now briefly discuss some items which need further elucidation in this
sense.
Above all, the A, B, C and D universal functions do not insure high
accuracy of the data. They need more accurate specification, and new experimental data are required. In addition, within the framework of parameterization

APPENDIX A, page 9

based on the similarity theory, it does not seem basically too complicated
first, to consider Ekman layer thickness variations (which may obviously amount
to 10 km at a high instability) and, seoondly, to desoribe at least approximately the thermal wind effects, i.e., wind velocity and direction variations
with height stipulated by the horizontal nonhomogeneity of the temperature
field (the latter is also applicable to parameterization for boundary layer at
a low Coriolis parameter).
The g u, !:Pr; and Y'q functions are rather well known. However, the
information on them is also insufficient. It is accordingly desirable to
specify the behaviour of the funotionoLH ~ sPu/~9. It is especially advisable
to obtain reliable data on the vertical struoture of the boundary layer in the
vioinity of the equator, estimating the errors in defining turbulent fluxes
direotly by the formulae of the type (8) - (10) (so far we have only been in a
position to estimate these errors in an indirect way).
As pointed out above, closing the equations of atmospheric dynamics
with the aid of formulae (11) - (15) does not permit taking into account the
variability .of the ratioolH ~ oK Hlit M and cl D • K DI I< M. A model of the boundary layer free of this limitation is proposed by Monin (1910). This model,
however, is rather complicated (it requires making use of the Friedman-Keller
equations for each single-point secondary momentum), and prior to its application in oalculating large-scale processes, a number of model problems should
be solved.
.
As regards the interaction of the atmosphere with the land surface,
the data on the coefficients of heat transfer and diffusion for large size
irregularities forming roughness are insufficient (i.e. for very large surface
Reynolds numbers). The aspects of resistance, heat transfer and moisture diffusion over the ocean, especially with strong winds, have not been thoroughly
investigated. It should be added that, according to some preliminary estimates,
storms may account for the major portion of heat transfer and evaporation in a
global scale. The investigation of the aforesaid problem requires improved
instrumentation, accumulation of experimental data and development of the theory.
Finally, it seems highly important to develop the atmospheric boundary
layer theory with due account to me so-scale non-homogeneity of the underlying
surface: orography effects, roughness horizontal variations, albedo, etc. Recommendations on statistical description of these effects would be of substantial
interest for the purpose of applications in global process calculations. This
field is of an independent nature, however, and we are not concerned with it in
this paper.
To conclude, we wish to emphasise that the efficiency and expediency
of a detailed approach or, on the contrary, simplification of some ways of
parameterization should be tested on the basis of numerical experiments conducted
on joint circulation of the atmosphere and the ocean.
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APPENDIX B

NEAR SURFACE MESOSCALE CIRCULATION
(by L.N. Gutman)
Introduction

1.

The parameterization of the effects of mesoscale inhomogeneities of
the underlying surface in problems of large scale circulation makes it necessary to study the influence on the meteorological processes in the free atmosphere of the planetary turbulent boundary layer formed over the thermally and
orographically inhomogeneous underlying surface. Evidently, the solution of
this problem will be most successful if one perceives well the structure and
mechanism of mesometeorological processes observed in the planetary boundary
layer. The most characteristic feature of mesometeorology developments so
far has been the separate study of various processes as though they were not
related in nature. It is particularly true with respect to theoretical mesometeorology (Gutman 1969, Laikhtman 1970, Zilitinkevich 1970). For example,
the above feature can be observed in developing the models of :

(1)

the planetary turbulent boundary layer over the horizontal underlying surfaoe;

(2)

a moving air mass affected by orographic event (turbulence being
neglected) ;
lee waves;
breezes over a thermally inhomogeneous underlying surface, assuming
the basio air flow to be absent;
slope winds over an inclined thermally homogeneous underlying surfaoe, also under the above assumption;

(6)

thermals and oonvective cells;

(7)

cumulus form~ng in an unstable wet atmosphere (only recently some
attempts have been made to take into account the basic flow varying
with height).

Only those models have been cited here which appear to be directly
connected with the problem under discussion.
It is obvious that in nature mesometeorological phenomena interact
to a greater or lesser degree among themselves as well as with large-scale
motion.
The investigation of isolated mesometeorological processes has of
late been mainly caused, it seems, by difficulties in studying complex
processes, particularly in formulating complex problems.
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2.

Formulation of the Problem of Boundary Layer

Reoalling the statement of the problem of the non-stationary turbulent planetary boundary layer formed over an orographically and thermally
inhomogeneous underlying 'surface, it may be noted, above all, that disturbances with horizontal scales of the order of 10 km and less can conveniently
be regarded as turbulent. For this purpose it seems necessary to introduce
an effeotive horizontal turbulence coefficient which at first is assumed to
be constant. Then the influence of the thermal and orographic inhomogeneities
of such horizontal scales must not be manifest explicitly in the boundary
conditions of the problem. In other words, the functions describing the effect
of the underlying surface must be smoothed in a special way.
Hence, the smallest characteristic horizontal scale of the model can
be considered to be of the order of 100 km,that is, nearly 2 orders larger
than the vertical scale of the planetary boundary layer. Therefore, without
introducing any additional error one can proceed from the quasi-static
equation. It must be remembered, however, that the latter implies the filtration of lee waves, the study of which is not included into the problem to
be solved. As to the return effect of such waves on large-scale processes,
it does not appear to be great.
Further, it seems reasonable to give up the quasi-statical equation
in order to evaluate the influence of the above-mentioned effects in the
models under study.
Since characteristic height differences between the orographic
irregularities of the terrain are of the order, of 1 km, the characteristic
slopes of the smoothed orography will be small. Therefore, the orthogonal
curvilinear coordinate system can be used as has been done in the boundary
layer theory (Kochin, Kibel and Roze 1963) with the x and y axes directed
along the s~rface and z upward.
Thus, the simplifications of the boundary layer and convection
theories followed by some additional transformations to correlate the equations
(Gutman 1969) yield the following system of equations which can be regarded as
basic

.~~:: - ~~. -.llll+AzJ:ft +~~J).{:I+p4211+~r

·;r

==

-.sWI+~JJ~~

U I ':' l l -

V'
J

+.}JAtJ--

S(U~+ If)J

w'= w- W·"

(1)
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-to

v~

-+-

W:{r /

S

=

d-~-J--

Here t is time; u,Vare velocity components along the x, y and z axes; oi(x,y),
jB(x,y) are angles between the x and y axes and the horizontal plane; ~ is a
value proportional to pressure disturbance; tr is temperature disturbance; ~
is the Coriolis parameter assumed to be constant;
~ is the buoyancy parameter;
V is the vertical turbulence coefficient (in the first models V is assumed to
be the known function of z); JV is a horizontal turbulence coefficient;
~
is the dry-adiabatic gradient;
is vertical temperature gradient of background
processes; IT, v, Ware velocity components (along the same axes) of large-scale
motion. The values IT and V are assumed to be known functions of x, y t the
characteristic variation scale of these functions having the order of 103 km.
The value of W is to be determined. It is evident that the effect of the largescale process on the boundary layer is described in the equations by the terms
including ll, V and W, as well as the large scale distribution of temperature.
Note that the terms including these parameters can be regarded as obtained from
the parameterization of the effect of large-scale processes. As for the feedback effect of the boundary layer on the large-scale motion, it is described by
W through whi~h such an influence can be realised.

JV

It can readily be seen that the equations suggested above include as
specific cases Ekman equations for the boundary layer, Prandtle equation of
slope winds and breeze equations over the horizontal underlying surface.
We shall now discuss initial and boundary conditions.
As to the initial conditions, a great importance must be attached to
how much actual information we can obtain about the real mesometeorological
fields at the initial moment. It is quite clear that the data coverage should
not be less than required for the large-scale forecast. Moreover, it may even
require an increase in the network density by one order. Such an increase is
seemingly possible only within limited areas. Also, one can hardly expect any
global mesoscale data from meteorological satellites.
It seems reasonable, therefore, to apply a known method in which the
initial data are replaQed by information on the temporal variation of parameters (IT, V, etc.), external for the problem under consideration and known
for the whole period of time. Many physical parameters of the underlying
surface and atmosphere (the knowledge of which is necessary in calculations),
are not always known. However, it is, in principle, possible to obtain such
information especially if these parameters vary in time more slowly than the
basic parameters. Therefore we assume that the climatic values of thermophysical parameters of soil, vegetation and snow cover, on the heat flux from
the sun and the parameters describing large-scale flow at any time are available. Then, taking as initial conditions
u =

V

If ..

v

,;f..

0 at t

=

0

(2)

we find that in about a few hours the effect of the initial condition decreases
because of the adjustment process and therefore it is not important in the
subsequent calculation run.
Thus, unlike large-scale forecast problems we are not dealing with a
Cauchy problem. So the accuracy of calculations will depend mainly on the
accuracy of external parameters rather than that of initial data.
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Turning to the formulation of the boundary conditions with respect
to x and y (that is, the conditions on the lateral boundaries of the calculation domain), we meet with a difficulty similar to that arising when the initial
conditions are stated. This difficulty consists in the almost complete lack of
meso-scale information along the domain boundaries. In trying to avoid the
above difficulties one can require that

all '=

~'

CC> 'If/=

~L9-- =- 0

7J.:x

7>X

rv l/ = r"'JV' = f)&- == 0
raJ'

where x

= X,

x

=

0,

'0 if

1:I;j

= Y,

y

y

=

0

-

are the boundaries of the calculation domain.

As is known, by approximating the above derivatives in a special way
one can prevent these boundaries from reflecting the disturbances coming there
from the calculation area.
suggested.

Other ways of formulation of the lateral boundary conditions can be
In short, this problem is to be investigated further.

Let us now discuss the boundary conditions with respect to c.
require that on the level of the underlying surface (i.e. roughness ~ )

We

o

u

= If' = w

= 0;

tJ-=j(x,

y, t )

if

r=?" o

where ~(x, y, t) - is a given function. In advanced models the surface temperature will be obtained by addition~relationships. In the free atmosphere the
deviation of the parameters from their large-scale distribution goes to zero.

if = V

3.

w

=

W
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= 0
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l

=00

(5 )

Model Development

If we proceed from the suggested system of equations as well as from
the initial and boundary conditions, the following way can be proposed for
developing models with the successive overcoming of mathematical and physical
difficulties.
Step I •

One-dimensional problems (01.., fi
- const., j =-.1(1)
in which w
0 and the solution depends only on land t.

U=[J(t); V;; V(t)

This set of problems which combines the Ekman model and the Prandtle
model of slope wind into one complex problem is necessary to understand the
character of non-stationary processes in the boundary layer depending on the
dip of the underlying surface and to work out the calculation technique ensuring the required accuracy of calculation especially in the surface boundary
layer as well as the stability of calculation independently of the presence
of physically unstable layers. Besides, this step enables one to develop a
technique which would incorporate humidity and radiation as well as the soil
as a heat conducting medium in the model instead of surface temperature. The
coefficient of turbulent energy could also be treated as an unknown function
at this step.
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step 11. Three-dimensional problems in which the characteristic
horizontal scales of processes are assumed to be of the order of 1000 km and
the processes with smaller horizontal scales are neglected.
is linear.

At this step, just as in Step I, the governing system of equations
Besides, at this step there is a possibility of calculating W.

Step Ill. Two-dimensional problems in which the horizontal scales
are assumed to be of the order of 100 km.
This set of problems helps to overcome the difficulties connected
with the non-linearity of the equations, with the presence of rapid gravitational waves with the vagueness in stating the boundary conditions with respect
to z for w~
After the above difficulties are overcome and a stable calculation
system is developed, it is useful to try to introduce into the problem, just
as at Step I, the humidity processes, the heat-conducting soil, the equations
for turbulence parameters and large-scale horizontal heat advection.
step IV. Three-dimensional problems in which the horizontal scales
are of the order of 100 km.
This step is to serve the development of numerical schemes for
solving non-linear three-dimensional problems.
Step V. Three-dimensional problems in which the horizontal scales
are assumed to be of different orders (from 100 to 1000 km).
This step appears to be final. It must permit us to study the mechanism of non-linear interaction among mesoscale processes of various horizontal
scales as well as between mesoscale and large-scale processes.
Step V can be usefully preceeded by solving a few two-dimensional
stationary problems using spectral methods. Then the problems must be gradu~
ally complicated by iniroducing three-dimensionality, non-stationary terms
and other generalisations.
It should be noted that the problem of the mechanism of energy transfer from the boundary layer to the free atmosphere requires serious investigation. For this purpose it seems useful to apply statistical methods as well.

4.

Parameterization Problem

Mesometeorological processes of various horizontal scales developing
within the planetary boundary layer and resulting from thermal and orographic
non-homogeneities of the underlying surface are apparently one of the main
mechanisms which transfer energy of the underlying surface into the free atmosphere. The cloudiness is another main mechanism. Consideration of cloud parameterization, however, does not come into this .study. This subdivision of the
problem may seem to be artificial, and probably further on these two subproblems
need to be reunited afterwards. Actually, it is well known that distribution
and thickness of separate clouds and cloud formations are often connected with
development of different types of mesometeorological processes.
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Thus, disregarding the role o£ cloudiness and using the above £ormulated equations and boundary conditions, one can come to the conclusion that
the only parameter involving large scale processes, i.e. W, may appear to be
variable under the direct e££ect o£ mesometeorological process. As is known,
the mesometeorological process developing within planetary boundary layer of
characteristic horizontal scales o£ 1000 km have the value which can be
derived £rom the continuity equation, given above, according to the £ollowing
relationship

(6)
It is also known that W may serve as a foundation £or boundary
condition £or w on the earth surface in the large scale problems o£ weather
£orecast and atmospheric global circulation. It is in this sense that the
£ormula below should be taken

Condition (7) describes interaction between boundary layer and mesometeorol.ogical processes which a££ect large scale processes. Thus, one o£- the
problems o£ parameterization of mesometeorological processes lies in development of convenient computational technique in order to evaluate W.
An approach to the evaluation of W £or conditioned and constant
turbulence coefficient was developed by Dubuk (1947). Buleev and Marchuk
(1958) were two of the first who attempted to introduce W derived from Dubuk's
formula into weather forecast models. Further e£forts to veri£y the considered parameterization problemw&e basically directed to generalisation o£
calculation techniques by putting emphasis on more realistic fields of turbulence (even to the extent that the turbulence field was starting to be computed)
combined with wind £ields employing dif£erent hypotheses. In this approach
the underlying sur£ace continued to be assumed as horizontal, the stable
stratification at the upper part o£ the boundary layer was ignored and all the
processes were regarded as stationary.
However, the studies conducted in con£ormity with the steps I and
11 have revealed that the e£fect o£ even very low angles (0.001) o£ underlying
surface slopes are mani£ested through thermal ef£ect (e.g., buoyancy forces
come about in the motion equations directed along x and y, and comparable in
their value with other terms of the equation, in particular the Coriolis
£orce) and may substantially distort the wind £ield in the boundary layer.
Moreover, it can be shown that the temperature equation (1) does not, generally
speaking, have stationary solutions. This suggests that, without generalisation toward consideration o£ stable stratification in the upper part of the
boundary layer and curvature of the underlying surface and non-stationarity
o£ baroclinic processes, the parameterization o£ the boundary layer e££ect
as well as mesometeorological processes developing in the latter may appear
to be of limited effectiveness. It should also be added that the problem in
question is closely connected to the problem of the parameterization of
temperature, humidity, etc., on the earth's surface. Apparently from some
certain point these two problems have to be resolved in combination. At the
first stage one may evidently assume that the value of the indicated physical
parameters o£ the earth's surface are known. It was the manner in which we
dealt with the problem in Section I.
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5.

Parameterization and Various Horizontal Scales

So far we have been dealing with mesometeorological processes taking
place in planetary boundary layer; those having horizontal scales of the
order of 1000 km are characteristic of large scale meteorological processes.
Now if we turn to mesometeorological processes which have the characteristic horizontal scales of the order of 100 km the explicit computation of
W from formula (6) becomes impossible as shown in a number of studies (Gutman
1969) completed in oonformity with steps III and IV. Here we observe the oase
when change of charaoteristic horizontal scales triggers ohange of relationships between some terms of the equations. It results in actual increase by
one of the order of the equation whioh leads to necessary modification of the
problem formulation. It is that possibility whioh appears to formulate the
solution in which W equals 0, though not during all the period but at least
during that of several hours of the preoess. In other words, it appears that
during a certain period of time the studied mesometeorologioal process does
not directly impact (through W) large scale processes. Without discussing
here the still unsolved problem of W computation for the entire period of time,
it should be noted that indirect influence on large scale processes may take
place even when W = O. Indeed, one may assume that this impact may be performed on account of non-linear interactions among meteorological processes of
different horizontal scales, and subsequently through mesomet~orological
phenomena of horizontal scales of the order of 1, °00 km the impact is transferred into the free atmosphere.

6.

Method and Limitations of Parameterization

In the scope of the stated proble~parameterizationis reduced first
to development of the problem in conformity with suggested steps I and 11 and
so on, and subsequent simplification of the derived solutions with the purpose
of development of computation teohnique which may then be included in largescale problems of weather forecasting and atmospheric global oirculation. It
seems desirable that one should strive to obtain parameterization formulae
and techniques for each subsequent stage of solution. Actually, this is how
the problem of boundary layer parameterization has been developing so far.
At present the most advanced models of parameterization seem to be the models
based on etationary solution of Ekman's problem with turbulence variable under
the assumption that the underlying surface is horizontal and the atmosphere
beyond the boundary layer is neutrally stratified (Laikhtman 1970, Zilitinkevich
1970, Zilitinkevich and Monin 1971).
These assumptions simplify parameterization at the expense of the
fact that universal dimensionless functions describing a number of boundary
layer elements can be developed. Further sophistication of the models will
apparently make the parameterization technique more complicated. As one of
the possible waye of parameterization, one may indicate the method of preliminary tabulation of the solution in dependence on various parameter meanings
with subsequent input of the pre-made table into the pattern of global oirculation solution. It is assumed that the table Should cover fluctuations of the
parameters of substantial effect. Thus, it may come that at the expense of
somewhat lowered accuracy a number of inputs of the table should be minimised.
As another possible way of parameterization, specifically for the models incorporating both me so-scale processes of .order of 1,000 km and of smaller scales

7
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(e.g.,model of step V), i t may be reoommended to employ the speotral method
which should present more explicitly non-linear interactions of mesometeorological disturbanoes of various wavelengths. In developing more sophisticated
parameterization models one should necessarily oross-examine two subsequent
steps of parameterization in order to estimate the degree of verifioation
which is produced by each subsequent modification.

7.

Numerioal Experimentation
The phases of numerical experimentation below seem to be necessarily

envisaged.
. 1.
Verification of parameters for the numerical models of the planetary
boundary layer oorresponding to steps (c.f. section 3). The major task is to choose
parameter values pzoviding reliable acouraoy of computation. Besides oonventional
methods of variation of steps in time and space and evaluation of accuracy by energy
integral ratio, test oomputations may be recommended with subsequent use of
simplest models of boundary layer having analytical solutions (e.g.,Ekman's
model, Prandtle's model for the slope wind, etc.). Comparison of the estimate
results of similar examples according to the model schemes of various complexities may be of importance.
2.
Detailed study of mesometeorological processes to be parameterized
on the basis of comparison of numerical simulation results with observational
results.
More emphasis should be given to the study of looal mesometeorological phenomena suoh as breeze, mountain wind and so forth, it is in this case that
the difference of temperatures of the underlying surfaoe, the slope angles and
other similar effeots are most clear. That is why the models of local processes
as most simple approximations of the general problem of planetary boundary layer
can help us to better understand the mechanism and structure of mesometeorologioal processes. These simple models can be used as certain accuracy tests of
more general problems.
It should be noticed here that the implementation of the above
suggested numerical experiments should also help us to modify the methods of
smoothing our initial data on the topography and thermophysical properties.

3.
The estimations on the basis of the developed methods of parameterization and comparisons with observational results.
Here for example, we can have rough inferences comparing estimated
large-scale fields of W with cloud and humidity data, while convenient methods
of VI estimation are interesting in themselves from the lloint of their use for cloud
forecasting. In some simple cases it is possible to estimate W for large-scale
regions with meso-scale steps in space, i.e./taking into account me so-scale
effects directly without parameterization. The comparison of such estimates
with parameterized estima~and observational data, could facilitate development and simplification of parameterization tec.hnique.

APPENDIX B, page 9

8.

Experimental Observations

In order to resolve the problem of parameterization, one should
provide at all stages of model development thorough examination of numerioal
computation results by comparing them with actual observational data. Unfortunately, the basic feature- of the present state is the extreme sparsity or
complete lack of data from complex meso-meteorological surveys. The existing
meteorological networks cannot provide oomplete information on space-time
parameters of meso-processes (temperature, pressure, wind, humidity, precipitation, radiation). Therefore, establishment of special mesometeorological
networks appears to be essential. Areas of 100 x 100 km would provide the
complete information from observations with the resolution necessary for
mesometeorological studies. The networks should be fully equipped in order
to get land surface meteorological information, upper atmosphere data as
well as information on thermophysical parameters of underlying surface. It
is desirable to have 3 types of such networks for homogeneous terrain, for
mountain regions, and for coastal areas on sea or large lakes. The network
should be supplemented with mobile facilities which could participate in
series of frequent observations on the same territory or in adjacent areas.
It should be noted that suggested networks could also be simultaneously
employed for other objectives (aviation, looal weather forecast, weather
modification, atmospheric pollution eto.). Special meteorological towers
are also very effeotive means for mesometeorological observations. At
present, the progress in teohnology makes it possible to build such towers
several hundred metres high and equip them with in situ measuring instruments
with the observations telemetered to the ground. It seems also desirable to
undertake specific investigations in order to develop capabilities of meteorological satellites with reference to mesometeorological information.
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