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FOREWORD

The IMO Lecture was initiated by the World Meteorological Organization as an appropriate means of
commemorating its predecessor, the International Meteorological Organization. It takes the form of a review
of progress in some branch of meteorology and an acknowledged expert in the chosen field is invited to prepare
the review which is then published by the Organization as a monograph. This procedure is followed at fouryearly intervals and the selected scientist is invited to deliver a lecture at the quadrennial Congress of WMO.
The lecture is a condensed version of the review.
The first IMO Lecture (1967) was on "The nature and theory of the general circulation of the atmosphere"
and was given by Professor E. N. Lorenz. The second IMO Lecture (1971) dealt with "Radiation processes in
the atmosphere" and was given by Professor K. Ya. Kondratyev. Following these two outstanding works, the
subject of "The atmospheric boundary layer" readily emerged as an appropriate theme for the third IMO Lecture
and Professor R. W. Stewart was invited to prepare the monograph and deliver the lecture. The lecture was
delivered by Professor Stewart at the Seventh Congress (1975) and the present publica.tion presents the full text
of his monograph.
The atmospheric boundary layer presents a complex and highly important field of study in the atmospheric
sciences and in this monograph Professor Stewart reviews, with admirable clarity, the present state of knowledge
of the various aspects of the subject in the light of recent advances. At the same time, he gives a profound
insight into the problems which still remain to be solved. The monograph thus constitutes a worthy addition to
the first two such publications to appear in this series.
In conclusion, I have great pleasure, on behalf of the World Meteorological Organization, in expressing
our deep appreciation of the very high standard of the work which Professor Stewart has produced. It will
constitute a valuable addition to the literature on a subject of great relevance to the science and practice of
meteorology.

A. DAVIES
Secretary-General
D.

PREFACE
Unfortunately, I have been unable to tread the footsteps of my illustrious lMO Lecture predecessors,
Prof. E. N. Lorenz and Prof. K. Ya. Kondratyev. The time available to me has not permitted me to prepare
a definitive monograph, describing to specialists the "state of the art" in the study of the atmospheric boundary
layer.
Faced with these limitations, I have chosen to address a different audience - with the hope that the work,
despite its reduced scope, will prove of value. It is intended to be read rather than studied. There are thus
no literature references in the text nor is there any bibliography. To all intents I have eliminated mathematics,
although I have assumed familiarity with a number of mathematical concepts and techniques. I have also
assumed that readers have an understanding of classical physics such as one might expect of someone who
has studied science at a university undergraduate level, and that they have an interest in and some knowledge
of a wide variety of meteorological phenomena.
I wish to acknowledge the patience of officers at all levels of the W orId Meteorological Organization, and
in particular the Secretary-General, Dr. D. A. Davies, who have shown great understanding in being willing
to accept the limitations and delays which have characterized this work.

December 1978

R. W. STEWART, Ph.D., D.Sc., Ll.D., F.R.S.C., F.R.S.

SUMMARY

The atmospheric boundary layer, unlike the aerodynamic boundary layer from which the expression
derives, has to be defined arbitrarily. For most purposes it may be taken as that portion of the atmosphere
which is strongly influenced by air which has been in direct contact with the surface within about one day.
All momentum exchanges between the atmosphere and the surface take place through the boundary layer.
So do all water vapour exchange and much heat exchange. The boundary layer is therefore very important
both to the dynamics and to the thermodynamics of the atmosphere.
In addition, the boundary layer receives almost all of man's airborne pollutants, and it is the behaviour
of the boundary layer which determines whether they will remain concentrated, be widely dispersed, be passed
to the free atmosphere or redeposited on the surface.
The nature of the boundary layer depends crucially upon its density structure, which in turn depends upon
whether the layer is being heated or cooled from beneath and upon the distribution of water vapour. When
the boundary layer is unstable, a situation usually arising because of heating from below, the boundary layer
is vigorously stirred and its properties tend to be quite well mixed. Normally an unstable boundary layer
increases in thickness because of the incorporation of fluid from above the boundary layer into the turbulent
layer. This process is known as entrainment.
When the boundary layer is stable, a situation usually caused by cooling from below, turbulence is suppressed and there is little mixing except in a layer close to the surface. Under these circumstances all exchanges
between the surface and the higher free atmosphere are reduced. The low momentum exchange tends to
produce weak surface winds. The low exchange of pollutants can cause their concentration to increase
alarmingly.
Theoretical understanding ofthe boundary layer is greatly complicated by the fact that the layer is turbulent,
and the theory of turbulence remains in a very incomplete state because of the complexity of the strongly nonlinear problem. A variety of approaches have been used. All are semi-empirical, in that none can be argued
deductively from the dynamical and thermodynamical equations describing the behaviour of fluids. All require
the injection of measured parameters or functions.
One of the oldest of these approaches, and one still widely employed, is to model the turbulence after the
behaviour of molecules in the kinetic theory of gases. In this treatment the transfer of momentum and of other
properties is considered to be affected by "eddy viscosity" and "eddy diffusivity", using empirically determined
eddy coefficients. However, the analogy with molecular motion is not a particularly good one, and modern
treatments have tended to be different.
Similarity theory, which is an advanced development of dimensional analysis, has been extensively used.
Over fairly uniform surfaces it has proved quite successful in dealing with the surface layer, which is defined
as the lower portion of the boundary layer where the fluxes vary negligibly with height. Above this surface
layer, similarity theory has not proved particularly successful despite a great deal of work.
In the last few years a considerable effort has been made to apply higher-order closure theories of turbulence to the boundary layer. These theories require that one consider some of the properties of the turbulence
explicitly. They are quite demanding in computer time and in computer capability. It seems probable, however,
that only theories having this kind of complexity will be able to handle adequately anything but the most simple
of boundary-layer problems. It seems likely that in the future observational programmes will have to be
designed specifically to provide data needed by these higher-order closure theories.

RESUME

La couche limite atmospherique, contrairement it la couche limite aerodynamique d'oo. elle tire son nom,
doit etre definie arbitrairement. Dans la plupart des cas, elle peut etre consideree comme etant la partie de
l'atmosphere fortement influencee par l'air qui s'est trouve en contact direct avec la surface, durant un jour
environ. Tous les echanges de quantite de mouvement entre l'atmosphere et la surface ont lieu it travers la
couche limite. Il en va de meme de tous les echanges de vapeur d'eau et d'une grande partie des echanges thermiques. La couche limite joue donc un role tres important it la fois dans la dynamique et la thermodynamique
de l'atmosphere.
En outre, la couche limite re90it presque tous les polluants aeroportes resultant des activites de l'homme,
et c'est en fonction du comportement de la couche limite que 1'0n peut dire si les polluants resteront concentres,
seront largement disperses, passeront dans l'atmosphere libre ou seront de nouveau deposes it la surface.
La nature de la couche limite depend essentiellement de la distribution verticale de la densite de l'air qui
la compose, qui, elle-meme, depend de la mesure dans laquelle la couche est rechauffee ou refroidie par la base,
ainsi que de la distribution de la vapeur d'eau. Lorsque la couche limite est instable, situation generalement
provoquee par un rechauffement it la base, ladite couche est fortement brassee et ses proprietes tendent it etre
parfaitement homogenes. Normalement, une couche limite instable augmente d'epaisseur par suite de la penetration dans la couche turbulente de fluide sus-jacent. Ce processus est designe sous le nom d'entralnement.
Lorsque la couche limite est stable, situation generalement consecutive it un refroidissement it la base, la
turbulence disparait et il n'y a que peu de melange, sauf dans une couche voisine de la surface. Dans ces circonstances, tous les echanges entre la surface et l'atmosphere libre superieure sont reduits. L'echange ralenti de
quantite de mouvement tend it produire des vents faibles en surface. L'echange des polluants etant it son minimum, la concentration de ces derniers risque d'augmenter de fa90n alarmante.
La comprehension theorique de la couche limite se trouve grandement compliquee du fait que cette couche
est turbulente ; or la theorie de la turbulence en est encore it un stade tres incomplet, etant donne la complexite
des problemes qu'elle pose, qui sont essentiellement non lineaires. Diverses methodes d'approche ont ete utilisees. Toutes sont semi-empiriques en ce sens qu'aucune ne peut etre deduite directement des equations dynamiques et thermodynamiques decrivant le comportement des fluides. Toutes exigent l'intervention de parametres
ou de fonctions mesures.
L'une des plus anciennes de ces methodes, encore largement utilisee, consiste it modeliser la turbulence
d'apres le comportement des molecules dans la theorie cinetique des gaz. En ce cas, on considere que le transfert
de quantite de mouvement et d'autres proprietes est influence par la « viscosite turbulente» et la « diffusion
turbulente» et l'on utilise des coefficients de turbulence determines empiriquement. Mais l'analogie avec le
mouvement moleculaire n'est pas particulierement heureuse et les methodes modernes ont tendance it traiter
le probleme differemment.
On fait un large usage de la theorie de la similitude, qui est une forme perfectionnee de l'analyse dimen- .
sionnelle. Au-dessus de surfaces assez uniformes, elle a donne de tres bons resultats pour l'etude de la couche
de surface, definie comme etant la partie inferieure de la couche limite OU les flux varient de fa90n negligeable
avec l'altitude. Au-dessus de cette couche de surface, la theorie de la similitude ne s'est pas revelee particulierement efficace, malgre les nombreux travaux effectues.

XI

Au cours de ces dernieres annees, de grands efforts ont ete deployes pour appliquer a la couche limite les
theories de la turbulence en espace ferme d'ordre superieur. Ces theories necessitent un examen explicite de
quelques-unes des proprietes de la turbulence. Elles exigent des ordinateurs de grande capacite et des calculs
qui prennent beaucoup de temps. Toutefois, si l'on veut aller au-dela des problemes les plus simples de la couche
limite, on sera probablement oblige de faire appel a des theories de cet ordre de complexite. 11 faudra sans doute,
par la suite, mettre au point des programmes d'observation con9us specialement pour foumir les donnees
qu'exigent ces theories de la turbulence en espace ferme d'ordre superieur.

PE3IOl\'IE

IIorpaHI-r'IHbIM CJIOM aTMOCtPepbI, B OTJIH'IHe OT aSpOp;HHaMH'IeCIWrO rrOrpaHH'IHOrO CJIOJI, oTKyp;a
rrpOHCXOP;HT STO rrOHJITHe, p;OJImeH Orrpep;eJIJIThCJI rrpOHSBOJIhHhIM 06pasoM. ,I.J;JI.fI 60JIhIIIHHCTBa IJ;eJIeM
OH MOmeT 6hITh BSJIT KaK 'IaCTh aTMOCtPepbI, KOTOpa.fI HaXOp;HTCJI rrop; CHJIhHhIM BJIHJIHHeM Bosp;yxa,
KOTOphIM B Te'IeHHe Op;HOrO P;H.fI HaXOp;HJIC.fI B HerrOCpep;CTBeHHOM KOHTaKTe C rroBepxHocThIO. Bee o6MeHhI
KOJIH'IeCTBOM p;BHmeHH.fI Memp;y aTMoctPepOM H

rroBepxHocThIO HMeIOT MeCTO Ha rrpOT.fImeHHH

Bcero

rrOrpaHH'IHOrO CJIO.fI. TaK me 06CTOHT p;eJIO C 06MeHOM BOp;.fIHOrO rrapa H, B SHa'IHTeJIbHOM CTerreHH, C
TerrJIOBbIM 06MeHOM. IIosToMy rrOrpaHH'IHbIM CJIOM .fIBJI.fIeTC.fI O'IeHh BamHbIM KaK AJIJI p;HHaI\UIKH, TaK H
P;JIJI TepMop;HHaMHKH aTMoctPepbI.
R'poMe Toro, B rrorpaHI-r'IHbIM CJIOM BMeCTe C BOSp;yXOM B peSYJIl,TaTe p;eJITeJIbHOCTH 'IeJIOBeKa rrorrap;aIOT rrO'ITH Bce Sarp.fISH.fIIOIIJ;He BeIIJ;eCTBa, H HMeHHO rrOBep;eHHe rrOrpaHH'IHOrO CJIO.fI orrpep;eJIJIeT, OCTaHyTC.fI JIH OHH ROHIJ;eHTpHpOBaHHbIMH,

6YP;yT JIH IIIHpOKO paCCe.fIHHbIMH, rrorraAyT JIH B

CBo6oAHyIO

aTMOCtPepy HJIH Ha lIOBepXHOCTb.
XapaKTep lIOrpaHH'IHOrO CJIOJI saBHCHT B peIIIaIOIIJ;eM CTerreHH OT CTpyKTyphI lIJIOTHOCTH era rrOJI.fI,
KOTOpa.fI B CBOIO O'Iepep;h saBHCHT OT Toro, HarpeBaeTCJI JIH HJIH OXJIamp;aeTCJI CJIOM CHHSY, H OT pacrrpep;eJIeHHJI BOAJIHOrO rrapa. IIorpaHH'IHbIM CJIOM JIBJI.fIeTC.fI HeYCTOM'IHBbIM 06bI'IHO B pesyJIbTaTe HarpeBaHH.fI
CHHSy, B STOM CJIy'Iae rrOrpaHH'IHbIM CJIOM rrpHxop;HT B CHJIhHOe p;BHmeHHe Hero CBOMCTBa HMeIOT TeHp;eHIJ;HIO K P;OBOJIbHO xopoIIIeMy rrepeMeIIIHBaHHIO. 06bI'IHO TOJIIIJ;HHa HeycTOM'IHBOrO rrOrpaHH'IHOrO CJIO.fI
YBeJIH'IHBaeTC.fI BCJIep;CTBHe rrorrap;aHHJI mHp;KOCTH HS CJIO.fI, pacrrOJIOmeHHOro BbIIIIe rrOrpaHH'IHOrO, B
Typ6yJIeHTHbIM CJIOM. 8TOT rrpOIJ;eCC HSBeCTeH KaK BOBJIe'IeHHe.

IIorpaHH'IHbIM

CJIOM JIBJIJIeTCJI YCTOM'IHBbIM

06bI'IHO

B

pesyJIbTaTe

OXJIamp;eHH.fI

CHHSy,

Typ6y-

JIeHTHOCTb rrOp;aBJIJIeTCJI H HMeeT MeCTO He6oJIhIIIOe rrepeMeIIIHBaHliIe, sa HCKJIIO'IeHHeM CJIOJI, pacrrOJIOmeHHoro 6JIliISKO K rrOBepXHOCTH. IIpH STHX YCJIOBH.fIX Bce 06MeHbI Memp;y rrOBepXHOCTbIO liI BhICOROM
CBo6oP;HOM aTMOCtPepOM YMeHhIIIaIOTCJI. CJIa6bIM 06MeH KOJIH'IeCTBOM p;BHmeHH.fI rrpHBop;HT K
lIpHseMHbIM BeTpaM. CJIa6bIM 06MeH Sarp.fISH.fIIOIIJ;liIMliI BeIIJ;eCTBaMliI MomeT lIpHBeCTH K

CJIa6bIM

TOMy, 'ITO HX

KOHIJ;eHTpaIJ;H.fI lIpliIMeT yrpomaIOIIJ;He paSMephI.
C TeOpeTH'IeCKOM TO'IKH SpeHHJI, lIOHHMaHHe rrOrpaHH'IHOrO CJIOJI yCJIOmHJIeTCJI TeM 06CTOJI'FeJIbCTBOM,
'ITO

CJIOM .fIBJI.fIeTCJI Typ6yJIeHTHbIM,

a

TeOpHJI Typ6yJIeHTHOCTliI OCTaeTC.fI P;0BOJIbHO HeCOBepIIIeHHOM

BCJIep;CTBHe CJIOmHOCTH HeJIliIHeMHOM lIpo6JIeMbI.

MClIOJIbSOBaJICJI pJIP; rrop;xop;OB.

Bce OHliI .fIBJI.fIIOTC.fI

lIOJIySMlIHpH'IeCKHMH B TOM, 'ITO HH OP;liIH He MomeT 6hITh p;ORasaH ClIoco6oM p;ep;YKIJ;liIliI Ha OCHOBaHHH
ypaBHeHHM p;liIHaMHKliI H TeplVIOp;liIHaMHKH, OlIliIChIBaIOIIJ;liIX rrOBep;eHHe mliIp;KOCTeM. Bce Tpe6YIOT BKJIIOqeHH.fI HSMep.fIeMbIX rrapaMeTpoB HJIH tPyHRIJ;HM.
OP;HHM HS cTapeMIIIHx cpep;H STMX lIOP;XOP;OB, Bce eIIJ;e IIIHpOKO HCrrOJIbsyeMbIM, JIBJIJIeTC.fI MOp;eJIHpOBaHliIe Typ6yJIeHTHOCTliI, aHaJIOrliI'IHO TOMy, KaK MOp;eJIHpyIOT rrOBep;eHHe MOJIeKyJI B KHHeTH'IeCROM
TeopHH raSOB. C'IHTaeTCJI, 'ITO B aTOM lIop;xop;e Ha rrepep;a'Iy KOJIH'IeCTBa p;BliImeHHJI H p;pyrHe CBOMCTBa
OKaSbIBaeT BJIHJIHliIe

« Typ6yJIeHTHa.fI

B.fISKOCTb

»

H

« Typ6yJIeHTHa.fI

P;HtPtPYSHOCTh

»,

C liICrrOJIbSOBaHHeM

OlIpep;eJIJIeMbIX SMrrHpH'IeCKHM 06paSOM KOstPtPHIJ;HeHTOB BHXpJI. Op;HaRO aHaJIOrH.fI C MOJIeKyJI.fIpHhIM
p;BHmeHHeM He JIBJI.fIeTC.fI oco6eHHO xopOIIIeM, liI COBpeMeHHbIe MeTop;bI HMeJIliI TeHp;eHIJ;HIO 6bITb paSJIH'IHhIMH lIO xapaKTepy.

PES10ME

XIII

llIHpOIW Hcrr031bSOBa31aCb TeOpHH rrO,n;OOHH, KOTOpaH HB31HeTCH 0031ee COBepIIIeHHOH B CpaBHeHHH
C rrpOCTpaHCTBeHHbIM aHa31HSOM. Ra,n; ,n;OB031bHO O,n;HOpO,n;HbIMH rrOBepXHOCTHMH OHa OKaSa31aCb ,n;OB031bHO
ycrreIIIHoH rrpH paCCMOTpeHHH rrOBepXHOCTHoro C310H, KOTOpbIH orrpe,n;e31HeTCH KaK HHlliHHH 'IaCTb rrorpaHH'IHOrO C310H, r,n;e rrOTOKH rrO'ITH He HSMeHHIOTCH C BbICOTOH. BbIIIIe 8Toro rrOBepXHOCTHoro C310H TeopHH
rro,n;OOHH OKaSa31aCb He ocooeHHO ycrreIIIHoH, HeCMOTpH Ha 0031bIIIOH OO'heM rrpo,n;e31aHHOH paOOTbI.
B

rrOC31e,n;HHe HeCK031bKO 31eT ObIJIH rrpe,n;rrpHHHTbI SHa'IHTe31bHbIe yCH31HH rro rrpHMeHeHH10 TeopHH

Typoy31eHTHOCTH B saMKHyTbIX rrpOCTpaHCTBax BbICOKoro rropH,n;Ka K rrOrpaHH'IHoMy C3101O. 8TH TeopHH
Tpeoy1OT, 'ITOObI TO'IHO paCCMaTpHBa31HCb HeKOTopbIe HS CBOHCTB Typoy31eHTHOCTH. OHH TpeoY1OT BpeMeHH
H BOSMOlliHOCTH 8BM. O,n;HaKO, BepOHTHO, 'ITO T031bKO TeopHH, HMe1Om;He TaKOH BH,n; C310lliHOCTH, Oy,n;YT
B COCTOHHHH peIIIaTb COOTBeTcTBy1Om;HM oopaSOM T031bKO HaH0031ee rrpOCTbIe HS rrp0031eM rrOrpaHH'IHOrO
C310H. BepOHTHO, B 6y,n;ym;eM oy,n;eT Heooxo,n;HMO CrreU;Ha31bHO paspaOOTaTb rrporpaMMbI Ha0311O,n;eHHH
,n;31H rrpe,n;OCTaB31eHHH ,n;aHHbIx, Heooxo,n;HMbIX ,n;31H 8THX TeopHH Typoy31eHTHOCTH B saMKHyTbIX rrpOCTpaHCTBax BbICOKoro rropH,n;Ka.

RESUMEN

La capa limite atmosferica, contrariamente a la capa limite aerodimimica de donde la expresion procede,
tiene que definirse arbitrariamente. Para muchos fines, puede considerarse como aquella parte de la atmosfera
que esta fuertemente influida por el aire que ha estado en contacto directo con la superficie durante aproximadamente un dia. Todos los intercambios de cantidad de movimiento entre la atmosfera y la superficie se realizan
a traves de la capa limite. Lo mismo ocurre con todos los intercambios de vapor de agua y con muchos intercambios calorificos. Por consiguiente, la capa limite es muy importante tanto para la dinamica como para la
termodimimica de la atmosfera.
Ademas, la capa l1mite recibe practicamente todos los agentes contaminantes producidos por el hombre
que transporta el aire, y su comportamiento es 10 que determina si seguiran concentrados, si seran ampliamente
dispersos, si pasaran a la atmosfera libre 0 si volveran a depositarse en la superficie.
La naturaleza de la capa limite depende fundamentalmente de su estructura de densidad, 10 que a su vez
depende de que la capa se caliente 0 enfrie por debajo y por encima de la distribucion de vapor de agua. Cuando
la capa limite es inestable, situacion que generalmente tiene su origen en un calentamiento desde abajo, esta
fuertemente agitada y sus propiedades tienden a mezc1arse bien. Normalmente, una capa limite inestable
aumenta de espesor debido a la incorporacion de fluido desde por encima de la capa limite a la capa de turbulencia. Este proceso se denomina un efecto de arrastre.
Cuando la capa limite es estable, situacion generalmente causada por un enfriamiento desde abajo, se
elimina la turbulencia y existe poca mezc1a excepto en una capa proxima a la superficie. En estas circunstancias,
todos los intercambios entre la superficie y la atmosfera libre superior se reducen. El escaso intercambio de
cantidad de movimiento tiende a producir vientos debiles de superficie. El pequeno intercambio de agentes
contaminantes puede hacer que su concentracion aumente de forma alarmante.
El conocimiento teorico de la capa limlte se complica considerablemente por el hecho de que la capa es
turbulenta, y por que la teoria de la turbulencia sigue estando en un estado muy incompleto debido a la complejidad del problema considerablemente no lineal. Se han utilizado diversos enfoques, todos ellos semiempiricos en el sentido de que ninguno puede establecerse deductivamente de las ecuaciones dimlmicas y termodinamicas que describen el comportamiento de los fluidos. Todos ellos exigen la introduccion de funciones 0
panimetros medidos.
Uno de los enfoques mas antiguos, y todavia muy utilizado, es establecer un modelo de la turbulencia en
funcion del comportamiento de las moleculas en la teoria cinetica de los gases. En este tratamiento, se considera
que la transferencia de cantidad de movimiento y d~ otras propiedades esta afectada por la « viscosidad de
turbulencia» y por la « difusibilidad de turbulencia », utilizando coeficientes de turbulencia empiricamente
determinados. Sin embargo, la analogia con el movimiento molecular no es especialmente buena, por 10 que
los tratamientos modernos tienden a ser diferentes.
La teoria de la similitud, que es un desarrollo avanzado del analisis dimensional, ha sido ampliamente
utilizada. Sobre superficies bastante uniformes, ha demostrado ser satisfactoria para el estudio de la capa de
superficie, que se define como la parte inferior de la capa limite donde los flujos casi no varian con la altura.
Por encima de esta capa de superficie, la teoria de la similitud ha demostrado no ser especialmente satisfactoria
a pesar de los importantes trabajos realizados.

RESUMEN

xv

En los ultimos alios se ha desplegado un considerable esfuerzo para aplicar a la capa limite las teorias de
la turbulencia en espacios cerrados de orden superior. Estas teorias requieren el examen explicito de algunas
de las propiedades de la turbulencia y exigen mucho tiempo de computadura y computadoras potentes. Sin
embargo, parece probable que unicamente las teorias que presentan este tipo de complejidad permitan tratar
adecuadamente aunque solo sea los problemas mas sencillos de la capa limite. Parece probable que en el futuro
los programas de observacion deberan concebirse especificamente para facilitar los datos que se necesitan para
estas teorias de la turbulencia en espacios cerrados de orden superior.

THE ATMOSPHERIC BOUNDARY LAYER

Introduction
It is not surprising that the topics dealt with by IMO Lecturers closely resemble the topics dealt with by
sub-programmes of the Global Atmospheric Research Programme. The first objective of GARP is to obtain
results which will lead to better weather forecasting, and weather forecasting was the principle raison d'etre
for the IMO. Thus, the first lecture, in 1967, given by Prof. E. N. Lorepz, discussed the theoretical treatment
of the general circulation of the atmosphere. The second, in 1971, by Prof. K. Ya. Kondratyev, considered
the problems of dealing with radiation in the atmosphere and to and from the surface of the Earth. Professor
Kondratyev noted that Professor Lorenz had identified the understanding of radiation as being of central
importance to the full understanding of the circulation of the Earth's atmosphere, while at the same time
pointing out that it was at the very least "premature" to assume that the understanding of the problems of
radiation was sufficiently complete to meet the need.

In a similar vein, I can point out that the exchange of momentum, and angular momentum, between the
atmosphere and the underlying surface was one of the central features of Professor Lorenz's discussion, and
that the necessity of the overall balance of angular momentum exchange is one of the essential constraints upon
the general atmospheric circulation. Indeed, it is undoubtedly this constraint which determines the mean
angular momentum of the atmosphere and requires, for example, that the mid-latitude westerlies be more intense
than the low-latitude easterlies. The interconnectedness of all of these topics - and of others - extends further
than the influence each has upon the general circulation. That radiation influences the boundary layer is evidenced
vividly in the dramatic changes that occur in the boundary layer during the course of 24 cloudless hours over
land. Conversely, aerosols mobilized at the boundary, and water vapour originating at the boundary and
caused to condense through the agency of updraught motions originating in the boundary layer, produce dramatic
effects upon the radiation field.
There are other reasons for studying the boundary layer, and these will be touched upon later, but let us
first discuss it within the GARP context. The purpose of the Global Atmospheric Research Programme is to
gain sufficient understanding of the general circulation of the atmosphere to permit substantial increases in both
the accuracy and the range of detailed weather forecasts of all kinds, and to increase substantially our knowledge
of the fundamental bases of climate and of climate variation. To meet these ends we must, among other things,
improve our understanding of both the dynamics and the thermodynamics of the atmosphere. The boundary
layer affects both. There are a variety of dynamic effects: half, perhaps more, of the atmosphere's mechanical
energy loss occurs in the boundary layer. Boundary-layer friction permits the lower atmosphere to escape
somewhat the geostrophic constraints and to flow across isobars - with a variety of very important dynamical
results. Boundary-layer interaction also permits air masses to modify their vorticity, either directly by exchanges
with the boundary or indirectly because of divergent or convergent flows within the boundary layer. No general
circulation model is conceptually complete without the inclusion of boundary-layer effects. No prediction model
can succeed without a sufficiently accurate inclusion of the influence of the boundary.
As remarked above, the boundary layer also influences the atmosphere's thermodynamics. All water vapour
entering the atmosphere by evaporation from the surface must enter through the boundary layer. Sensible
heat can, and does, enter and leave the atmosphere by a variety of paths, some of which do not involve the
boundary layer. The transfer of heat is thus more complex than is the transfer of momentum or even of water
vapour (which is complex for other reasons because of the phase changes involved). Nevertheless, transfer of
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sensible heat through the boundary is frequently very important and in some cases dominates other forms of
heat transfer.
It should not be forgotten that the boundary layer plays another role as well, in particular with respect to
climate. Through the boundary layer the ocean gains most of its momentum. There it also loses a substantial
quantity of water, resulting in increased salinity at the surface. The water is returned by runoff and precipitation - but not in the same places. The resulting momentum input and density changes are largely responsible
for the oceanographic circulation. The circulation of the ocean plays its role again on the atmosphere by
moving heat from one portion of the globe to another, in particular and most importantly across latitude lines,
assisted by the presence of meridional continental boundaries which are much more important to the ocean
than to the atmosphere. The ocean is believed to have an effect on climate fully comparable to that of the
atmosphere, although of course discussed in this way it is not really possible to separate their effects and one
should talk of the joint ocean-atmosphere system.
It is thus small wonder that the study of the boundary layer has been a central motive for many of the

larger atmospheric experiments of recent years, both within and outside of GARP. Such experiments include
the American Line Islands Experiment and Barbados Oceanographic and Meteorological Experiment, the
Soviet Complete Atmospheric Energetics Experiment, the U.S.-Canada International Field Year on the Great
Lakes and the British JASIN (Joint Air-Sea Interaction Experiment), as well as a large number of national
and institute programmes not big enough in scope to command such formal attention as the ones named. On a
larger scale still we have the Air Mass Modification Experiment, led by the Japanese but international in scope,
and the huge fully international GARP Atlantic Tropical Experiment conducted with such outstanding success
in 1974.
Why all this concentration of expenditure, manpower, and intelligence? The main reason lies in the fact
that the study of the boundary layer is not only very important; it is also very hard. The difficulties are both
conceptual and observational. The conceptual problem lies in the fact that with trivial exceptions the boundary
fayer is turbulent. Both Professor Lorenz and Professor Kondratyev commenced their IMO lecture summaries
with appropriate quotations. I have deferred my quotation to this point since it is certainly inexact and may
be apocryphal. It is nevertheless apt. I have heard it ascribed to Theodore von Karman and it goes something
like this: "To my mind there are two great unexplained mysteries in our understanding of the universe. One
is the nature of a unified general field theory to explain both gravitation and electromagnetism. The other is
an understanding of the nature of turbulence. After I die I expect God to clarify general field theory for me.
I have no such hopes about turbulence."
Actually in the few decades which have passed since that remark was made, substantial progress has been
made in the development of the theory of turbulence. Nevertheless, that theory still remains essentially a semiempirical one which requires the insertion of a great deal of observational data to make it predictively useful.
Many research programmes have had as a central objective the gathering of empirical data of this kind.
A typical atmospheric boundary-layer situation is a very complex one, governed by several parameters
- including the Coriolis effect arising from the rotation of the Earth, the local pressure gradient, the density
structure, the roughness of the surface, and the rates of change of most of these parameters in both time and
space. The simplest situation would be one of steady uniform flow over a uniform boundary of an atmosphere
without potential-density stratification. Such an atmosphere would be governed only by the pressure gradient,
the Coriolis parameter, and surface parameters. For this relatively simple situation, a tremendous amount of
work has been carried out to construct a framework into which empirical data may be inserted, so that one
would have a complete semi-empirical theory of this simplest case. In fact, the nature of this apparently simple
situation remains less than completely understood. The reason is that such circumstances are exceedingly
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rare - so rare that one cannot with confid~nce say that any measurement programme has yet been carried out
in such favourable conditions. More typically there is density stratification - stable, unstable or both. Typically
the time rate of change of the atmospheric conditions, both in stability and in the driving pressure gradient, is
not small compared with the characteristic time scale for such a boundary layer, which cannot in general be
much shorter than the period of inertial oscillations - nowhere less than one half day and at low latitudes
much longer. Over water the lower boundary conditions, determined by the wave field and the sea surface
temperature, typically change with time. Over land the lower boundary condition is almost always variable
in both space and time.
All this would not be so bad were it not for the fact that it takes a considerable length of time for measurements taken at some fixed array to provide a statistically meaningful description of the boundary layer. Not
only do there remain difficulties in measurement technique, so that simultaneous measurements by different
techniques do not always agree well, but there is a large scatter in the results obtained even by the same instrument under apparently the same conditions (Figure 1). This may well be associated with the fact, revealed by
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Comparison of vertical fiuxes of sensible heat from simultaneous profiles (circles) and
direct measurements (dots). Not only do simultaneous measurements by different techniques
not always agree well, but there is a large scatter in results obtained even by the same
instrument under apparently the same conditions. These facts greatly complicate efforts
to establish empirical relations among various boundary-layer parameters (From Dunckel,
Hasse, Krugermeyer, Schriever and Wucknitz: "Boundary layer meteorology", 1974)
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Figure 2 -

Flow visualization provided by clouds at the
top of the boundary layer reveals the presence
of very large-scale organized, or semi-organized, motions in the boundary layer (Photo:
R. E. Thomson)
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the flow visualization provided by clouds at the top of the boundary layer, that there are often very large-scale
organized, or semi-organized, motions in the boundary layer. Figure 2 is a fairly typical example. Measurements
taken in different portions of these large-scale motions, although still under essentially the same macroconditions, provide different results. Even where there is no sign of such large-scale organized motion it is
observed that it takes a very long time for the averages of some of the more important quantities such as fluxes
of momentum, heat, and water vapour to settle down statistically.
Any question that the organized motions are associated with the boundary layer may be dispelled by looking
at satellite pictures such as Figure 3. In this picture the shape of Lake Superior is clearly seen in the cloud
pattern.
The result is that it takes a very appreciable length of time to get a reliable set of measurements, under
any given set of conditions. But the conditions themselves usually do not remain steady for very long. Neither
do they repeat themselves exactly at anyone place with any great reliability or frequency. It is thus not at all
surprising that our empirical data base; required to make our semi-empirical theories of full value, leaves very
much to be desired, or why it takes such elaborate and expensive programmes in order to rectify the situation.
As was pointed out above, the boundary layer has an importance quite apart from that associated with
its influence on the general circulation. The boundary layer is where we live. It contains the air we breathe,
and it is into the boundary layer that we pour our atmospheric pollutants. Many of the most intensive studies

Figure 3 -

Photo taken from a satellite over central North America. Notice the way the shape of Lake Superior can be seen by the
difference in cloud formation over the lake from that over land. The difference between land and water lies in the difference in the boundary layer over the two surfaces
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of the boundary 11!yer are directed towards the understanding of and the solution of urban pollution problems.
They are not only among the most important studies of the boundary layer but among the most difficult. Cities
were not sited in locations designed to simplify the problems of meso- and micrometeorologists. Frequently
they lie alongside large bodies of water, so that the land-water contrast in boundary conditions gives rise to landsea breeze effects. Frequently they are sited in valleys, and as Figure 4 illustrates, terrain can trap dense air
(complete with its pollutants) nearly as efficiently as it can trap water to form lakes. The city itself is a boundarylayer theorist's nightmare. It contains scattered, variable heat sources. It has roughness elements, in the form
of buildings, which are large, irregular, and not uniformly distributed. Under these conditions it is less to be
wondered at that there remain difficulties in predicting pollution levels within cities than the fact that in very
many cities in the world substantial and useful progress has been made.

Figure 4 -

Terrain can trap dense air nearly as efficiently as it can trap water to form lakes (Photo: R. E. Thomson)

Definition of the boundary layer

It is easier to explain why the atmospheric boundary layer is important than it is to define exactly what
the atmospheric boundary layer is. The term has been borrowed from aerodynamics. In aerodynamics the
boundary layer is a phenomenon which can be defined quite sharply and, with appropriate flow visualization
techniques, can be seen and photographed. It exists because fluid does not slip when it passes adjacent to a
solid boundary, and the region of fluid which is affected by this no-slip condition is quite sharply identified
as different from the rest of the fluid - usually called the free stream - not so affected. Thus the instantaneous
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location of an aerodynamic boundary layer can be defined unambiguously within a few millimetres. The
statistical location of the limit of the boundary layer is not quite so precise, but all reasonable definitions will
produce boundary-layer thicknesses which vary only slightly one from another.
The relative simplicity of the aerodynamic situation arises from the fact that in the arch-typical situation
of an aircraft wing there is an upstream flow which is definitely not part of the boundary layer, despite the fact
that both its speed and direction may be modified by pressure forces arising from the presence of the wing.
The boundary layer starts at the leading edge of the wing and expands at first quite rapidly and then more
slowly as the flow moves by the wing. The best definition of the boundary layer in the aerodynamic case is
probably: "that region which contains vorticity which owes its origin to the presence of the boundary". Vorticity
can be acquired by a parcel of fluid in only two ways: by molecular diffusion, or by an interaction of pressure
variations and density variations. In the aerodynamic case, the density variations are not usually important,
so parcels of fluid acquire vorticity only by molecular diffusion. This is a very slow process. A region of space
will acquire vorticity largely because fluid parcels which already have vorticity move into it. In the crossstream direction this depends upon turbulent diffusion which, while much faster than molecular diffusion, is
also a fairly slow process. Thus the aerodynamic boundary layer grows only slowly.
In the atmosphere the situation is quite different and it is perhaps unfortunate that the same term "boundary
layer" is used at all. There is no upstream portion of the fluid unaffected by the boundary. Sooner or later,
every part of the atmosphere is influenced by the boundary. Thus if we are going to have a definition of a
boundary layer which is useful we have somehow to introduce a time scale.
By analogy with the aerodynamic boundary layer, one could include within the atmospheric boundary
layer that portion of the atmosphere which contains some fluid which has recently been close to the surface,
but has been spread upwards by turbulent diffusion. The word "recently" has to be introduced because the
entire atmosphere - at least below 100 kilometres - is quite well mixed on a time frame of about a year.
For this definition to be useful, we will have to define "recently" more closely. The choice is somewhat
arbitrary. However, there is a natural time frame which can usefully be employed. If the atmosphere is shocked
with a pulse of momentum, it will be set into rotational oscillation with a period which is one-half sidereal day
at the poles and varies as the cosecant of the latitude, so that it is one sidereal day at 30° and becomes infinitely
long at the Equator. The period of this oscillation, called the inertial oscillation, is important to the way in
which the atmosphere adjusts to forces imposed at the boundary. For most of the Earth the inertial period is
within a factor of two of one day. The day itself is an important period for the boundary layer, since that is
the period of the heating-cooling cycle at the surface. Let us take it, then, that "recently" means for our purposes
"within about one day".
If one were concerned only with momentum exchange between the atmosphere and the surface the problem
of definition would be somewhat easier. With respect to momentum the atmosphere can be divided fairly
clearly into two regions: a lower layer directly affected by the surface and an upper layer which is only indirectly
affected. This lower layer is usually referred to as the Ekman layer, after the Norwegian oceanographer who
first described a similar layer in the upper ocean. (The analysis of the layer in the atmosphere seems first to
have been carried out by G. 1. Taylor, apparently independently of Ekman's work.) The Ekman layer owes its
existence to the rotation of the Earth. If a stress is applied to the atmosphere by the surface, momentum transferred to the atmosphere by the stress works its way upwards by various mechanisms, mostly turbulent diffusion.
However, if the stress is always in a given direction relative to the surface of the Earth, then relative to an
inertial frame of reference * the direction of the stress rotates with the Earth. Conservation of momentum
'" An inertial frame of reference, in classical Newtonian mechanics, is one for which Newton's laws of motion hold. It has neither
rotation nor acceleration relative to distant stars.
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applies to an inertial reference frame. Therefore as the momentum diffuses upwards its direction changes
relative to the Earth (or perhaps more accurately, the orientation of the Earth changes relative to the direction
of the momentum). The momentum thus penetrates upwards in a sort of rotating wave. However, the same
diffusion process which transmits the momentum upwards also tends to average it out vertically, and since it
is in different directions at different levels the averaging process reduces the amplitude. Thus there is an upper
limit above which there is no appreciable diffusion of momentum. The height of the upper limit, which defines
the thickness of the Ekman layer, depends upon the vigour of the diffusive process.
The relevant rotation rate for this phenomenon is not the full angular velocity of the Earth, but rather
is the vertical component of this angular velocity. It therefore vanishes at the Equator. Over much of the
Earth's atmosphere it is not unreasonable to identify the thickness of the boundary layer with the thickness of
the Ekman layer. However, this cannot apply near the Equator. There the limits must be determined differently
- principally by the length of time that a parcel of air remains near the Equator before it is advected out to
higher latitudes.
This matter of definition has been laboured partly because of its difficulty and partly in order to demonstrate
its arbitrariness. For certain purposes a somewhat different definition may be more useful. For example, for
some theoretical work, periods appreciably longer than one day are included. In some situations of stable
atmosphere, it is useful to consider as being within the boundary layer regions of the atmosphere which are
subject to stress, and therefore to momentum changes, arising from the boundary, even though no particles
from the boundary actually reach that high. On the other hand, it would not be very useful to include within
the boundary layer all of those regions of the atmosphere. which are influenced by mountain waves which
propagate to great heights.
In the definition, we have stressed the significance of the transfer of fluid from near the surface. Such a
transfer is essential to the transfer of water vapour. It is also very important, although not absolutely essential,
to the transfer of momentum. It should be pointed out, however, that it is by no means essential for the transfer
of heat. Heat is very importantly affected by radiative transfers, which were so thoroughly dealt with by
Kondratyev.

The importance of the boundary layer to the dynamics of the atmosphere
The exchange of momentum between the surface and the atmosphere is one of the most important phenomena occurring in the boundary layer. Many of the best-known characteristics of atmospheric behaviour depend
upon it. Perhaps most important is the way in which the interaction with the surface permits the atmosphere
to escape, to some extent, the constraining grip on its freedom of motion which is imposed by the rotation of
the Earth.
The behaviour of rotating bodies is not intuitively obvious to those who have not had a great deal of
experience with them. The very fascination of the motion of a spinning top arises from the fact that it behaves
quite unlike a non-rotating body. However, meteorology is so important to life, and so widely discussed, that
some of the characteristics of our rotating atmosphere are known even to most laymen. Thus it is well known
that the Coriolis effect, which is caused by the rotation, causes flow to tend to be along isobars, rather than in
the more intuitively "reasonable" direction of from high pressure to low pressure. Less commonly understood
is the effect of the variation in the vertical component of the Earth's rotation, as we move between the Equator
and the pole. For example, at 30° latitude the vertical component of the rotation of the Earth corresponds to one
revolution every two (sidereal) days. At a latitude of 40° the vertical component corresponds to a rotation in
slightly more than one and one half days. Thus if something is moved without any other change, from a latitude
of 30° to one of 40°, its rotation relative to the Earth beneath it is one revolution about every seven days. The
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atmosphere does not accommodate easily to such differential rotation, and as a result north-south movements
are greatly inhibited, unless they are accompanied by a vertical compression or extension. Vertical compression
is accompanied by a reduction in the speed of rotation, facilitating movement towards the Equator. Correspond~ngly an extension facilitates movement towards the nearest pole. However, vertical compression implies a
convergence either above or below the region being compressed. Strictly geostrophic motion - i.e. motion
along the isobars - by its very nature does not include any convergence or divergence.
Friction at the boundary, with an exchange of momentum and angular momentum between the Earth's
surface and the atmosphere, is what permits the atmosphere at least to some extent to escape the very severe
constraint imposed by rotation. In its simplest form the situation can be expressed as follows: in geostrophic
flow, the velocity is directed along the isobars, with a speed such that the Coriolis "force" *, which is proportional
to the speed, just balances the pressure gradient.
Friction with the surface slows the flow, so that the Coriolis "force" is unable to balance the pressure
gradient, and there is a resulting acceleration down the pressure gradient.
The cross-isobar flow which results generates its own Coriolis "force" and its own component of friction
against the Earth. The steady-state consequence is the well-known result that the surface wind flows at several
degrees to the left (in the northern hemisphere) of the geostrophic wind. Thus the anticyclonic circulation
around a high-pressure area, for example, is accompanied by boundary-layer outflow away from the centre
of the high. This divergence of the flow field in the boundary layer must be accompanied by a downward
motion of the atmosphere above the boundary layer. The subsiding air is warmed as it sinks to elevations of
higher pressure, and therefore its relative humidity is reduced. Thus the clear skies characteristic of a highpressure area. The converse is of course true for a low-pressure area.
The story is not yet complete. It is worth examining the situation in the high-pressure area more closely.
Typically the anticyclonic circulation which is characteristic of a high-pressure region is not one in which the
air rotates in the opposite sense from the rotation of the Earth relative to an inertial frame. Rather, it is a
region in which the air rotates more slowly than does the underlying Earth. This must be borne in mind when
considering the effect of the boundary layer on the circulation.
We have noted that there is an outflow in the boundary layer from a high-pressure region, resulting in
subsidence of air at the top of the boundary layer. This subsiding air must be replaced by an inflow at higher
levels. Put differently, the divergent flow in the boundary layer must be compensated by a convergent flow
in the free atmosphere above the boundary layer. The convergence results in an acceleration of the circulation,
in the sense of the existing rotation - which is the sense of the rotation of the Earth. (This acceleration is variously explained as associated with the vortex line stretching resulting from the su.bsidence or as the reduction
in moment of inertia of the air mass resulting from the convergence. Each "explanation" is a description of
the same phenomenon from different vantage points.) The speed of rotation viewed from an inertial reference
frame therefore increases, so that the difference between the rotation of the air mass and the rotation of the
Earth is reduced. Thus, the consequence of friction in the boundary layer is to reduce the intensity of circulation relative to the Earth, not just in the boundary layer, but in the free atmosphere above it. Boundarylayer friction is an important damping mechanism for atmospheric motions, including that of the free atmosphere above the boundary layer.

*

The CorioIis effect causes the appearance in the equations of motion of an apparent "force", proportional to the speed, when the
world is viewed from a rotating co-ordinate system. This apparent "force" is an artifact of the co-ordinate system and does not
appear if calculations are done from an inertial frame of reference. I therefore prefer to put the word "force" in quotation marks
when speaking of a CorioIis (or indeed a centrifugal) "force".
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Another dynamic effect of the boundary layer was alluded to in the introduction. It is the boundary layer
which connects the atmosphere with the solid Earth and it is through the boundary layer that angular momentum
is exchanged between the atmosphere and the solid Earth. There is very little change in the long-term average
of the angular momentum of the atmosphere. Therefore angular momentum gained and lost to the Earth must
closely balance in the long term, although short-term variations certainly occur and are revealed in slight variations in the angular velocity of the solid Earth.
It is useful for this purpose to take a very simplified view of the atmospheric circulation. The atmosphere
in tropical regions is warmer than it is at higher latitudes. The lower density associated with this higher temperature leads to a lower surface pressure in equatorial regions than at higher latitudes. The surface geostrophic
flow corresponding to this pressure difference is an equatorial flow which is easterly relative to the higherlatitude flow. These relative motions occur independent of the boundary layer and independent of the rotation
of underlying solid Earth. But what is it that determines the absolute angular velocity of the atmosphere relative
to the solid Earth?
We can envisage the atmosphere as a gaseous shell, with its own internal motion, and only rather tenuously
attached to the Earth. It is the requirement that there be a net balance in the flow of angular momentum between
the atmosphere and the Earth which determines the movement of this shell.
Equatorial easterly winds are much more efficient at transferring angular momentum than are high-latitude
winds, since in each latitude band the equatorial areas are larger than those at mid-latitude. Also, the Equator
is farther from the axis of rotation, and therefore any stress exerted has a larger moment arm than is the case
in mid-latitudes. Thus the stress exerted by a westerly wind at latitude 45° needs to be twice as great as the
stress of an easterly wind at the Equator, if the two are to compensate in the angular momentum balance. For
winds blowing over similar surfaces, the stress varies approximately as the square of the wind speed. These
simplistic considerations lead to the conclusion that mid-latitude westerlies should be about 40 per cent stronger
than tropical easterlies.
This same kind of consideration can be pressed a bit further. The northern and southern hemispheres tend
to behave somewhat independently, and there is comparatively little exchange across the Equator. Thus the
angular momentum balance we have been discussing can be assumed tQ hold approximately for each hemisphere separately. Mid-latitudes in the northern hemisphere are dominated by land. At 45°N, more than half
of the latitude circle is land. On the other hand, at 45°S, only about 5 per cent of the latitude circle is land.
It turns out that to generate the same stress it takes a substantially larger wind speed over water than over land.
Since the stress required at 45°S is approximately the same as that required at 45°N, it is therefore not surprising
to find that the southern hemisphere mid-latitude westerlies are significantly stronger than the corresponding
winds in the northern hemisphere.
Exchange of heat and water vapour between the surface and the boundary layer

In addition to exchanging momentum between the surface and the atmosphere, the boundary layer effects
exchanges of sensible heat and of water vapour - as well as of a lot of minor constituents of the atmosphere
which are of little importance to large-scale meteorology but can be of great importance to plant growth, to
many facets of atmospheric chemistry and geochemistry, and to people if pollutants are involved. Exchanges
of heat and water vapour arise from the fact that the air close to the surface usually has both a different temperature and a different water-vapour pressure than does the surface. This difference is maintained because of the
ability of turbulent diffusion processes in the boundary layer to keep bringing into proximity with the surface
new parcels of air which have not had their properties modified to be in equilibrium with the surface. There
are many causes for the existence of masses of air not too far from the surface but not in equilibrium with the
surface. Frequently, the principal reason is that the characteristics of the surface itself change with time because
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of radiative heating or cooling, evaporation or precipitation. Usually, as well, the air mass over a particular
surface has blown in from a region where the surface characteristics are different. In addition, emission and
absorption of radiation by the atmosphere can change the temperature of the air. Condensation with precipitation, or evaporation of falling precipitation, can change the water content of a parcel of air as well as its
temperature. For whatever reason, typically there is a flux of heat and water vapour between the surface and
the atmosphere. Except for a layer usually not much more than a millimetre in thickness in contact with the
surface, the transport of heat and water vapour is effected by turbulence. In most situations in the atmosphere
turbulent diffusion is from thousands to millions of times more effective than is molecular diffusion.
One very important difference between turbulent diffusion and molecular diffusion is the temperature
gradient which the two processes tend to generate in the presence of a gravitational field. When individual
molecules rise against a gravitational field, the energy of each molecule is reduced. However, the slowest
molecules are unable to rise, and it is a consequence of the. nature of the Gaussian distribution function that
the velocity distribution of those molecules which succeed in reaching a certain height above the starting point
is the same as the starting distribution, which is equivalent to saying that the temperature is the same. Thus
molecular diffusion tends to produce an isothermal atmosphere despite the gravitati<?nal field. Radiative redistribution of heat within the atmosphere also tends to generate an isothermal atmosphere.
Turbulent diffusion behaves quite differently. A rising parcel of air, immersed in a body of air of the same
character, is buoyantly supported by a pressure gradient which just balances the downward acceleration due
to gravity. Thus in moving upwards it, unlike an individual molecule, loses no energy. However, in moving
upwards, which is down the pressure gradient, it must expand. If there is no change in internal energy because
of radiation or molecular d.iffusion, its temperature will drop in accordance with the laws which govern adiabatic
expansion. A column of air which is stirred so vigorously that any heating or cooling produced by radiation or
resulting from heat sources at the surface is negligible * will display an adiabatic temperature gradient. That
is, any parcel of air rising or falling adiabatically within the column will always find itself at the same temperature as its surroundings. In a mixed column of this kind, parcels of air are not subject to net buoyancy forces,
no matter how they move.
If, on the other hand, the temperature decreases with height more rapidly than in an adiabatic gradient,
a rising parcel of air, cooling adiabatically, will find itself surrounded by still cooler air. Being thus immersed
in relatively dense air, it will be subject to a net upward buoyancy which will tend to cause it to rise still faster.
An air column in this condItion is described as being unstable. Strictly, this expression "unstable" should be
used for a situation where the column was motionless, with a superadiabatic temperature gradient and constant
temperature on all level surfaces. Such a configuration would be in equilibrium, but the equilibrium would
be unstable in that small perturbations would grow. However, ordinary usage in meteorology has expanded
the meaning of "unstable" to include vigorously turbulent, non-equilibrium states where the temperature
gradient is superadiabatic. In these unstable conditions, the turbulent energy is constantly reinforced at the
expense of the potential energy in the column; cooler, more dense air is systematically falling and warmer, less
dense air is systematically rising.
These vertical motions carry heat and water vapour aloft rapidly. The turbulence in an unstable air column
is typically very vigorous, and so is the resulting mixing. Of course mixing tends to drive the temperature
gradient towards an adiabatic condition, and in fact it is only in unusual circumstances that an observed gradient
is very much greater than the adiabatic gradient. Indeed, it is only very close to the surface, where vertical
turbulent motion is inhibited by the presence of the surface, that strongly superadiabatic gradients occur.

* When a

word such as "negligible" is used, is it incumbent upon one to indicate "negligible compared with what?" In this case
we mean that the temperature change resulting from other influences, during the time required for a typical turbulent velocity to
carry a parcel of air from the bottom to the top of the column, is very small compared with the difference in temperature between
bottom and top of the column.
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The opposite side of the coin is the situation which arises when the temperature gradient is less than
adiabatic. In that case a rising parcel of air finds itself surrounded by warmer, lighter air. Its weight exceeds
the buoyant forces on it, and it receives a downward acceleration which will first stop and then reverse its
upward motion. Vertical motion is strongly inhibited. If any mixing takes place, it results in heavier fluid being
mixed in at a higher elevation, and lighter fluid at a lower elevation. This results in an increase in the potential
energy, which can only be at tire expense of the turbulent energy. In some cases, the influence of a density
gradient of this kind can be so great that the turbulence is suppressed entirely. A motionless air column in such
a state is in stable equilibrium, and any perturbation will die out. It is common to describe a column which
has a temperature gradient less than adiabatic as being "stable", even if it is in a turbulent, non-equilibrium
state. A region where the turbulence has been nearly or completely suppressed by the stable temperature
stratification is often called an "inversion", although that term is only strictly applicable to the relatively extreme
situation where the temperature gradient has actually changed sign so that the temperature increases with
height.
The actual value of the adiabatic temperature gradient depends upon whether or not the air is saturated
with water vapour and contains water droplets or ice crystals. If it does not, we have the usual conditions of
the so-called dry adiabatic. If it does, on the other hand, a reduction of temperature results in a decreased
saturated vapour pressure, which in turn results in some condensation of water vapour. At first glance it might
seem that this condensation process, which removes water vapour from the air parcel and thus permits the remainder of the gas to expand, might result in an even greater reduction in temperature than occurs with dry air.
It turns out, however, that that effect of condensation is a negligible second-order one. The important influence is the latent heat which is released, with the result that the wet adiabatic temperature gradient is substantially smaller than the dry adiabatic.
It is evident from this discussion that temperature gradients may exist which are intermediate between the
dry adiabatic and the wet adiabatic. Undersaturated air having such a temperature gradient will be stable.
However, if such air is somehow transported to a higher elevation, so that it expands and is cooled to a degree
that condensation takes place, it becomes unstable. Undersaturated air with such an intermediate temperature
gradient is said to be conditionally unstable, in that it becomes unstable on condition that it be lifted to a
sufficient elevation that condensation takes place. The common occurrence of these phase changes between
vapour and liquid or solid is very important practically in determining what happens to an air column under
various conditions of uplift or subsidence. It greatly complicates the theoretical consideration of the phenomena.
It has already been pointed out that radiative effects within the atmosphere tend to move the atmosphere
towards an isothermal, that is a stable, condition. So does molecular diffusion, but within the body of the
atmosphere molecular diffusion is unimportant except for its action on the smaller scales of turbulence. The
condensation-evaporation process also tends to move the atmospheric temperature gradient in the same direction, at least to the wet adiabatic. Precipitation acts similarly: water condenses at high elevation, giving up its
latent heat. If the water droplets or ice crystals formed are large enough to fall out significantly, in the form of
precipitation, they pass to a lower elevation where normally at least some evaporation takes place. The latent
heat required reduces the temperature of the air at lower levels. The overall effect is one of warming at high
and cooling at low elevations.
In those regions of the solar spectrum for which the atmosphere is not transparent - notably much of
the ultra-violet and much of the infra-red - a large fraction of the absorption which occurs takes place in the
higher levels of the atmosphere, and these spectral bands will be depleted by the time the radiation reaches
lower levels. The process thus tends to heat higher levels more than lower.
With all of these phenomena tending to produce temperature gradients which are less than adiabatic, it is
not surprising that the typical state of the atmosphere is one of stability. The only influences which produce
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instability are those which cause heating from below. Visible solar radiation, which is able to penetrate the
atmosphere to the surface and deliver its energy there, is the most important cause of instability. The only
other source is heat stored beneath the surface. For solid surfaces, this is rarely important for long since the
ability of thermal conduction to bring heat to the surface is not great. For water surfaces, however, the effect
is very important. If heat is transferred from the surface of water to the atmosphere, not only is the air warmed,
but cooling the surface of the water normally generates convection within the water. The resulting convective
motion is very efficient at bringing heat from deeper in the water column to the surface, where it is available
for transfer to the atmosphere.
The redistribution of heat and water vapour within an atmospheric column is accomplished by turbulent
processes. In unstable conditions, where potential energy from the density field is transformed into kinetic
energy of turbulent motion, the turbulence is enhanced. As has been remarked, turbulent convection is usually
such a vigorous process that the temperature gradient in the main bulk of the convective region differs very
little, often unmeasurably, from adiabatic. A common state of affairs is one where there is a quite sharp superadiabatic gradient within the first few metres above the surface, which is a heat source. Above that there is a
considerable column of nearly adiabatic, but vigorously turbulent, air. This is capped by an inversion, as is
illustrated in Figure 5. Rising air from the turbulent region encounters this inversion and its vertical velocity
is retarded and eventually reversed. In the process, however, it usually mixes with some of the air of the lower
part of the inversion, and brings it down to be incorporated into the turbulent region. This process is referred
to as entrainment, and results in a steady erosion ofthe bottom of the inversion. If there is no general subsidence
of the air above the inversion sufficient to compensate, there is also a thickening of the convective region.
The thrust of turbulent motions from the convective region up into the inversion is referred to as penetrative
convection. When examined in detail it has several features of importance. These arise from the fact that at
the top of the convective layer rising parcels of air are warmer than the average air at that level, and can
penetrate some distance upwards into the inversion before the air which surrounds them is as warm as they
are. Up to that level, then, the rising air parcels will be warmer than the nearby air, which must descend in
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compensation, since upward and downward transport of mass must closely bl'\.lance. This corresponds to an
upward heat transport, despite the stable density stratification. Such a situation cannot be represented in models
by turbulent diffusion, unless the diffusion coefficient is given a negative value. It is worth noting that this
negative condition is reached by passing through infinity, not zero. This is only one illustration of the complexity of turbulent regimes, and of the difficulty of representing them with simple models.
It is frequently the case that the rising air parcels are not only warm but also moist. It is not uncommon
that the inversion be a level at which condensation takes place. In cases of this kind, a particularly vigorous
vertical motion which penetrates deeply into the inversion may be accompanied by a great deal of condensation
and if the temperature gradient above the lower part of the inversion - which because of the erosion process
is often quite sharp - is conditionally unstable to the penetrating air parcel, the parcel may rise to very great
heights, carrying its water vapour with it. The great cumulus towers which develop in tropical regions, and in
some temperate regions over land in the summer, are of this nature. In such cases the boundary layer, as we
have defined it, can extend as high as the tropopause.
It is now known that penetrative convection is a much more common phenomenon than was formerly
thought. The characteristic convective situation described above was one of a superadiabatic temperature
gradient close to the surface, with a nearly adiabatic region above it, capped by an inversion. In fact it seems
that, very commonly, the nearly adiabatic region has a slightly stable, rather than a slightly unstable, temperature gradient. Thus the great bulk of the convective region is in a state of mild penetrative convection. Upward
motion takes place in the form of vigorously turbulent warm plumes. These are surrounded by regions of
stable air with relatively little turbulence, subsiding relatively slowly.
Very frequently - indeed usually - the convective condition is complicated by the existence of horizontal
translation by wind. Close to the surface the turbulent structure is dominated by the shear flow which is created
because the surface velocity must vanish, while there is appreciable wind above the surface. As one moves
away from the surface, the effect of the shear flow decreases and energy gained from the potential energy field
by the convective motion becomes increasingly important. However, it seems that the shear flow is capable
of organizing the convective motion so that convection plumes tend to be lined up in the direction ofthe wind.
Rows of plumes are separated by rows of downward moving air, together forming a structure of parallel rolls,
with the axis of the rolls roughly in the direction of the wind.
Convective regions are important in the redistribution of heat within the atmosphere. They are, however,
even more important in the redistribution of water vapour; water vapour is brought high in the troposphere,
to replace that which precipitates out. The water vapour may become caught in the atmospheric circulation
and carried to regions of the Earth remote from the evaporative source, in particular to those regions where
precipitation exceeds evaporation - as is the case virtually everywhere on land.
The above discussion has been incomplete in that atmospheric stability was treated as though it depended
entirely upon temperature. In fact, stability is also influenced by humidity. Because water vapour has a density
which is only about 60 per cent that of dry air at the same temperature and pressure, a mixture of water vapour
and dry air is significantly lighter than is the same quantity of dry air. This is particularly important at high
temperatures, where the saturated vapour pressure is high and the actual vapour pressure of an air mass is
also likely to be quite high. For example, saturated air at 25°C has the same density as dry air at about 28.8°C.
Thus an accurate calculation of stability demands that one include water vapour as well as temperature.
Stable conditions
It has been noted that there are a great many influences in the atmosphere tending to make the temperature
gradient stable. Ifit is to be unstable it is nearly always because of heat injected at the surface. Not infrequently,
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however, even the surface influences tend towards stability. The surface can be a sink for atmospheric heat.
Such is nearly always the situation over land in darkness or when the sun angle is very low - although more
so when skies are clear than when they are overcast. Also, relatively warm air may flow over colder surfaces,
in particular over snow or ice or over cold water.
In stable conditions, turbulent mixing results in a rise in the centre of gravity since dense air is transported
upwards and less dense air transported downwards. This increase in potential energy must be at the expense
of the turbulent energy. There is no other place it can come from, since in these stable conditions the only source
of turbulent energy is the mechanical one associated with surface friction. Ultimately this mechanical energy
can come from only two places: from the kinetic energy of the wind, or from the flow down the pressure gradient
which, as has been pointed out above, boundary-layer friction permits. To get some idea of the magnitudes,
an illustration is useful.
A column of air 1 km deep which is in an isothermal (and therefore stable) state has its centre of gravity
about 3 m lower than does the same air in a mixed, adiabatic state. Therefore, if the turbulence were 100 per
cent efficient in using all of its energy for mixing, it would require all of the kinetic energy in a 15-knot wind
to mix the column. Actually, from an energy point of view, turbulence is not very efficient at mixing. Most of
the energy which goes into turbulence is lost to internal dissipation. At 10 per cent efficiency in raising the
centre of gravity, the kinetic energy in a 50-knot wind would be required to mix the column.
Of course, such a calculation assumes that there is no cooling from below tending to re-establish stability.
In fact the loss of only 6 X 106 J m- 2 , which could easily occur in a single night, would be required to overcome
the effects of the mixing and re-established stability.
If the energy is to come from the pressure gradient, we need a different calculation. If we can assume a
steady state, the flow down the pressure gradient, at right-angles to the geostrophic flow, is such that the total
down-gradient volume transport, M, per unit length along the isobar is given by the stress -r divided by the
Coriolis parameter J and the density p:

M=YJp

The rate at which energy is gained by air flowing down the pressure gradient is equal to this transport
multiplied by the pressure gradient vp:
dE
-=Mvp
dt

On the other hand, the pressure gradient equals the geostrophic wind speed G multiplied by the density and the
Coriolis parameter, while the stress in most circumstances is proportional to the square of the geostrophic
velocity.

vp =pGJ
-r cc pG2
Thus the rate of energy gain by the flow of air down the pressure gradient is proportional to the cube of
the geostrophic wind speed and is independent of the Coriolis parameter.
-r

dE
dt

-=-vp
Jp

G2

ccp

7

Gf

ccp G3
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For a typical value of the relationship between geQstrophic wind and stress, and a wind speed of 20 knots,
this gives enough energy to raise the centre of gravity of a one-kilometre thick column by 50 cm per hour if the
energy is used with full efficiency or, as would be more likely, by 5 cm per hour at 10 per cent efficiency. These
rates should be compared with the 3 m difference noted above between the level of the centre of gravity in a
1 km isothermal air column compared with a 1 km adiabatic column. For columns of different thickness, the
difference in level of the centre of gravity between the adiabatic and isothermal states depends upon the square
of the thickness.
These calculations show how very effective stable stratification is at removing energy from the turbulent
field. Mechanical turbulence is generated more strongly close to the surface, and the rate of input of energy
decreases rapidly as one moves away from the surface. Thus, typically, in stable situations it is only near the
surface that the turbulence is energetic enough to be able to do much mixing. Above this surface region the
air moves virtually unperturbed, with very little mixing.
There are many important consequences.
From the point of view of aircraft movements, the stable air is smooth, and flying is comfortable.
Water vapour is dependent on turbulent motion for its transport. When the turbulence is suppressed, so
is the water-vapour transport. Therefore little water vapour is carried upwards through the stable air, although
of course the air mass itself might be slowly rising because of some large-scale uplift.
Not infrequently, the temperature of the air close to the ground, cooled from below, will drop below
the condensation point and fog or low-lying mist will form. As an aside, it is worth noting that any turbulent
mixing of two air masses produces a resulting mixture which is more saturated with water vapour, because of
the strongly non-linear increase of saturated vapour pressure with temperature. It is typical for a mixture of
two air parcels to have a higher relative humidity than either of the original air parcels, and not at all unusual
for the mixture to be super-saturated, even when neither of the originally unmixed parcels was. This kind of
mixing accounts for a good deal of low cloud, fog and mist in both stab~e and unstable conditions.
The suppression of turbulence effected by stability has several other important consequences. Not only
water vapour, but any other substance introduced into the atmosphere below a strongly stable region or inversion
is only very weakly mixed upward. It becomes trapped in the lower atmosphere. This phenomenon is particularly well known, and particularly unpleasant, in the case of atmospheric pollutants, as illustrated in Figure 6.
Momentum is also transported by turbulence and when the turbulence is suppressed the transport of
momentum, which is the stress, is greatly reduced. Momentum can also be transported by certain types of
internal wave which can be set up in a stable atmosphere, so stability has somewhat less effect on momentum
transport than it does on the transport of heat, water vapour and pollutants. Nevertheless, for the same wind
speed aloft the reduction in stress is very marked under stable conditions compared with those under adiabatic
conditions.
Under these circumstances the air close to the surface need move only very slowly before it generates a
surface stress sufficient to balance that exerted on it from above. The result is that stable conditions are usually
characterized by weak surface winds and low surface stresses. The weak surface winds mean that pollutants
trapped in the atmosphere not only do not escape by being mixed upwards, but they do not escape very rapidly
by being swept downwind. The tendency for pollutants to accumulate is thus accentuated. Low surface stress
means that the rate of turbulent energy generation, which is equal to the stress multiplied by the wind speed,
is relatively small. Stability therefore not only causes loss of turbulent energy because the turbulence must do
work in raising the centre of gravity, but it reduces the rate at which turbulent energy is generated.
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Stable stratification of the air tends to isolate the lower part of the boundary layer from both the mixing and advective
influences of the air at higher levels. Both of these effects contribute to the accumulation of pollution at low levels
(Photo: R. E. Thomson)

Theoretical treatment of the boundary layer
Understanding the nature of the boundary layer involves understanding the fluid dynamics of air flowing
over a surface which in general has varying slope, varying roughness, varying temperature, and varying wetness.
The flow is driven by a pressure gradient which varies in time. The forces on a parcel of air do not usually
balance and accelerations are important. The rotation of the Earth is an essential feature, and for some problems the variation of the vertical component of rotation with latitude must be considered. The state of stability
of the air column is of very great importance. This stability is determined by the heat and water-vapour content,
neither of which are conserved in a parcel of air because of the effects of radiation and precipitation-evaporation.
The problem is evidently exceedingly complicated.
However, none of the factors listed above exceeds, in its ability to complicate the problem, the simple fact
that the boundary layer is fully turbulent. Even if all other complexities were eliminated except for rotation,
so that one were left with the steady flow of a neutrally stable fluid over a level surface of uniform roughness,
one would still have an immensely difficult problem for which there is no agreed solution. So hard is dealing
with the turbulence that most theoretical efforts have been focused on that problem to the near-exclusion of
the influence of time and space variation. Although the problem of understanding turbulent flow was fairly
clearly formulated by Reynolds nearly a century ago, and the problem of dealing with turbulent flow in stable
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and unstable density regimes was spelled out clearly by Richardson over half a century ago, we are still some
way from full solutions. Mathematically, the difficulty is centred in the fact that the equations of turbulent
motion are essentially non-linear. That is, unlike more tractable non-linear problems, with turbulence the
non-linearity cannot be dealt with as a perturbation or correction to a solution of the linearized equations;
the non-linear terms in the equations of motion are as large as any other terms.
The boundary layer is not only the physical interface between the atmosphere and the surface. It also
provides an intellectual interface between meteorology and other branches of fluid mechanics. With few exceptions, the hard problems in any branch of fluid mechanics - be it the study of stellar atmospheres, aerodynamics,
hydraulics, oceanography or meteorology - are those which arise when turbulence becomes important. Ideas
about how to deal with the problems of turbulence pass from one discipline to another. A number of approaches
have been developed in various branches of fluid mechanics, and have been adopted by other branches. In
meteorology one finds most of them in play in one form or another. Which one will be employed depends
upon the problem, and upon the preferences of the person attempting to solve it. It must be emphasized that
none of the approaches at present developed is able to start with the basic equations of fluid mechanics and,
working deductively, develop a full theory of the behaviour of turbulence. In every case additional assumptions must be made.
EDDY-COEFFICIENT THEORY

Reynolds himself introduced the notion that one could usefully examine the mean flow, which could be
calculated by averaging * out the turbulent fluctuations, and that the effect of the turbulent fluctuations on this
mean flow could be considered analogous to the effect of molecular motion as developed in the kinetic theory
of gases.
The effect of the turbulence is therefore described in terms of eddy or Austausch coefficients: eddy viscosities,
eddy conductivities and eddy-diffusion coefficients. Usually the "boundary-layer approximation" is borrowed
from aerodynamics, and it is assumed that only vertical turbulent exchanges are important. Mathematically,
the effect on the temperature, for example, would be described in an equation such as:

where KT is an eddy conductivity.
No physical theory is available which will provide values for the eddy coefficients. They are obtained
empirically by examining observations. The transfers at the actual surface cannot be turbulent transfers, since
the turbulent motion is unable to penetrate the surface. In the case of heat and water vapour, and in the case
of momentum over very smooth surfaces, the near-surface transport is by molecular processes. In the case of
momentum over rough surfaces, it is effected by the pressure difference between the upwind and downwind
slopes of the roughness elements. In theoretical treatments, the surface boundary conditions must be given
in such a way as to accommodate this different kind of transport which occurs at the surface. Typically that
also is accomplished by close examination of observations, often in this case of the results of laboratory
experiments.
The eddy-coefficient approach has the advantage of simplicity. The equations obtained are readily handled
by computers, and even by analytical techniques if the expression for the eddy coefficient is not too complicated.
It is still widely used.
'" Most theoretical work assumes that the average is an "ensemble average" - Le. an average over a large number of flow realizations,
all with the large-scale features identical and only the fluctuations different. In practice averages are either time averages, such
as are obtained by observing from fixed masts, or a mixture of space and time averages, such as are obtained by observing from
aircraft.
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However, simplicity is by no means the outstanding characteristic ofturbulence! Use of the eddy-coefficient
technique so grossly oversimplifies the true picture that under certain circumstances it can yield quite misleading
results. There are real physical differences between what goes on with molecular motion in the kinetic theory
of gases and what goes on when turbulent fluctuations interact with a mean field. In the molecular theory of
gases, it is assumed that the mean free path of the molecular motion is small compared with length scale of the
fluid motion. Otherwise, kinetic theory has to be extensively modified. It is also assumed that the macroscopic
flow does not evolve appreciably during the mean free time of the molecule. Molecules in gases really do have
a "free" path, in that they move without significant interaction between collisions.
On the contrary, in turbulent flows typical turbulent motions have scales comparable to the full extent of
the flow under consideration. For example, in the boundary layer a turbulent parcel will frequently pass in a
single coherent motion from near the bottom to near the top of the layer. Further, during its passing the parcel
continuously interacts with the surrounding air. The interaction can be both complicated and important.
Indeed, one form of eddy-coefficient theory which has appeared in textbooks for 50 years has recently been
shown to be wrong because it ignored a very important interaction between the moving turbulent parcel and
the surrounding fluid.
Apart from the questions of scale and of interaction, there are a number of other features of turbulence
which are not very similar to molecular motion. Thus when a turbulent field has been set up with a particular
structure, corresponding to a given large-scale situation, it does not adjust instantly when that large-scale situation changes. Turbulence therefore has a substantial "memory", which is quite important both when the
large-scale structure changes with time and when it changes in space in such a way that the turbulence is swept
from a region of one characteristic to that of another. Another example is that of penetrative convection, which
has been identified above. Here turbulent motions are given energy in a region of unstable stratification, but
use some of that energy to transport heat up gradients - that is from cooler to warmer regions - in such a
way that if an eddy-coefficient formulation is to be used, the eddy coefficient must be negative.
SIMILARITY THEORIES

Since the eddy-coefficient concepts are not well founded in the physics of the situation, their successful
use depends crucially upon the injection of suitable empirical data. That being the case, the question can
legitimately be asked, "Why bother with the eddy-coefficient formulation? Can we not construct much more
versatile, flexible, semi-empirical formulations which do not have within them any unsound assumptions about
the nature of the physics?" Whether or not this question was ever asked consciously, it was answered affirmatively by a school which had independent origins in the Soviet Union and in Australia respectively about 40 and
about 30 years ago, and which came to dominate boundary-layer theory. This school produced great advances
in similarity theory.
Similarity theory has had a long and honourable history in fluid mechanics. It had been recognized that,
if the parameters determining the nature of a particular flow could be collected in non-dimensional groupings,
and if the properties describing the nature of the flow could also be put in non-dimensional form, a very great
economy could be achieved when attempting to obtain empirical data relating the description of the flow to
the values of the determining parameters. Thus, for example, the dimensionless properties of the flow in a long,
straight, smooth pipe depend only on one dimensionless number - the Reynolds number - formed from
the average velocity, the pipe diameter, the density and the viscosity. All the myriad of possible pipe flows
with different diameters of pipe, different pressure gradients, and different fluids at different temperatures can
be described with one single family of curves obtained by varying only one of those parameters. The behaviour
of flow with rough-wall pipes is somewhat more complex, but only two parameters are required: the Reynolds
number and a ratio between a length describing the roughness and the pipe diameter.
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With suitable experimental data, obtained in laboratories and using whatever fluid and whatever pipe sizes
are convenient, one can obtain data on, for example: the shape of the velocity profile; along-pipe and acrosspipe diffusion rates; wall stress, and the magnitude, scales and rate of fluctuation of this stress. These data are
valid for all common (Newtonian) fluids flowing at all rates in long pipes of all diameters. The ability to describe
complicated phenomena in such a straightforward way is both very useful practically and very satisfying
intellectually.
In study of turbulent phenomena, where deeply fundamental theory is so enormously difficult, similarity
theory has great attractions - and it has had great successes. It has been found applicable in describing many
of the characteristics of the turbulence itself, which is of interest intrinsically quite apart from its importance
in such practical studies as those of pipe flow and the atmospheric boundary layer. Figure 7 shows an example
of similarity in the nature of the turbulence found in several different kinds of flow. The figure presents time
spectra,- interpreted as one-dimensional space spectra since in each case the turbulence was being swept past
the measuring instrument at a rate rapid compared with the rate of evolution of the turbulence, for turbulence
in an oceanic tidal channel, an atmospheric boundary layer and behind a grid in a wind tunnel. The data from
these varied flows have been collapsed into what is essentially a single curve, following Kolmogorov, by reducing
them to non-dimensional form using as parameters the viscosity of the fluid and the rate of dissipation of
turbulent energy.
The evident success of examples of this sort encourages one to press similarity theory further.
It was pointed out above that the character of the boundary layer depends upon a large number of factors.
For all heights z, one would like the theory to deliver relations among:

Wind velocity
Temperature

U
T

Vapour pressure H
Stress (momentum flux)
Heat flux

-+

T

*

Q

Water vapour flux

F

Horizontal pressure gradient VhP
(or the geostrophic wind) G
Coriolis parameter f
Surface roughness length

Zo

plus some fundamental, but not dimensionless, parameters such as the specific heat cp , the acceleration ofgravity g
and density of air p ( P, T, H). A complete theory would have to take into account spatial variations of almost
all of these parameters, and time variation of most of them.
Evidently this is a formidable task for similarity theory - which is after all merely a very advanced,
sophisticated, development of dimensional analysis. Nevertheless it has been attacked boldly by some very
good people, and substantial and useful contributions have- been made.
Naturally, at least to start with, many simplifications have to be made. In virtually all examples to date,
similarity theory has been developed with the assumption of steady state; time dependence has been set aside
for future consideration. In most examples horizontal homogeneity is assumed, although there is a body of
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Similarity of structure between turbulent fields of several different kinds, This diagram,
constructed by P. W. Nasmyth, shows turbulent spectra from an oceanic tidal channel (crosses),
an atmospheric boundary layer (circles) and turbulence behind a grid in a wind tunnel (squares).
The currents have been normalized, following Kolmogorov, using the rate of dissipation of
turbulent energy per unit volume e and the kinematic viscosity v. ks, the wave number scale,
equals 81/ 4 v- 3/ 4
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literature which examines the case of a single abrupt change of boundary condition along a line transverse to
the direction of flow.
The surface layer

Much of the most productive and successful use of similarity theory in the study of the atmospheric boundary layer has involved the very strong assumptions of steady state, horizontal homogeneity and values of stress,
heat and moisture flux independent of height.
Such assumptions can be valid only near the surface. The region where they hold is referred to as the surface
layer, which is the lower portion of the boundary layer. It is worth examining these assumptions, in particular
that of constant stress. Steady state and horizontal homogeneity in the boundary layer require that the turbulent
stress gradient, the atmospheric pressure gradient and the Corio1is "force" balance. With the assumption of
horizontal homogeneity, all constant-density surfaces must be horizontal, so the horizontal atmospheric pressure
gradient does not depend upon z. Therefore the sum of the stress gradient and the Corio1is "force" must be
independent of z. At the top of the Ekman layer, by definition, the stress and the stress gradient vanish. There
the Coriolis "force" exerted on the wind, by definition the geostrophic wind, just balances the pressure gradient.
At the surface, where the wind and therefore the Coriolis "force" vanish, the pressure gradient must be balanced
by the stress gradient. We therefore see that the value of the stress gradient at the surface must equal the Coriolis
"force" on the geostrophic wind G.
A realistic example of the magnitudes involved are:
p

= 1.2 kg m- 3

G = 10 m S-l

*

To

= 0.3 Pa **

f = 10-4 S-l

With these numbers the surface stress gradient

rh

(}z

= p Gf= 1.2 x 10-3 Pa m-I.

It should be noted that the stress gradient is perpendicular to the direction of geostrophic wind, and not
far from perpendicular to the direction of the surface wind. The surface stress will be closely parallel to the
surface wind. The effect of the stress gradient near the surface is therefore more important in changing the
direction of the stress, with elevation, than in changing its magnitude.

Nevertheless these figures show that the assumption of constant stress for the lower 50 m or so is not an
unreasonable one in many circumstances.
In the absence of low cloud, or precipitation, the validity of the assumption of constant heat flux and
constant moisture flux through the lower part of the boundary layer usually depends as much upon the validity
of the steady-state assumption as upon anything else.
A heating rate of one degree per hour is not atypical of many situations over land. The heat-flux gradient
required is about 0.3 Watts m- 3 • A reasonable value for the surface heat flux under the same conditions is
about 500 Watts m- 2 • In such a case the assumption of constant heat flux for about the lower 100 m would
be legitimate.
Turbulent heat flux is accomplished because of the correlation between vertical motion and temperature.
The energy gained or lost by turbulence in a stratified fluid - unstable or stable - occurs because of the cor-

*
**

I employ herein a device used in some elementary physics textbooks: vectors are printed in bolq face, and the magnitude of the
same vector is denoted by the same symbol, but not in bold face. Thus the magnitude of G is G.
1 Pascal, the recognized SI unit, is 1 Newton m- 2

=

10 dynes cm- 2 •
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relation between vertical motion and density. In an unstable situation, gaining turbulent energy, warm light
air tends to be moving upward, while cool heavy air tends to be moving downward.
Since density and temperature are linked, there is a relation between heat flux and the energy flow in or
out of the turbulent motion. In air, the power per unit volume going into the turbulence is given by g ( T Cp),l
times the heat flux per unit area. Numerically, for the atmosphere near the ground, g ( T cpt l = 1 X 30000 m'l,
Among other things, this demonstrates the inefficiency of the atmosphere as a heat engine when generating
convective turbulence.
-+

Mechanical energy is generated by wind at a rate
near the ground, where the wind shear is greatest.

T.

U with the major portion of that generation being

It is instructive to compare magnitudes.

For a wind speed of 5 m S,l and a stress of 0.3 Pascal, mechanical turbulence is generated at 1.5 Will 2.
For a heat flux of 500 W m- 2 , convective effects create turbulent energy at a rate of 1/60 W m- 3 • That is, in a
column 90 m high under these not atypical conditions, the convective influence equals the mechanical influence.
For increasingly deep columns, convection dominates more and more.
These same figures seem to indicate that with the 10 per cent efficiency we used earlier, all the turbulent
energy gained mechanically would be used in a 9 m column of stable air.
While this accurately reflects the ability of negative heat flux to suppress mechanical turbulence, it cannot
be taken too seriously, for if the turbulence is suppressed at a low level, so also is the heat flux. There thus
cannot be a constant heat flux, and the calculation of the level at which turbulence is suppressed must take
into account the variation of heat flux with height.
The surface stress has dimensions force length- 2 , which is also mass length-l time- 2 • The stress and the
density define a velocity - the friction velocity u*.

u* = (t/p)1/2
The surface heat flux, written in terms of its ability to generate or to suppress turbulent energy per unit
volume, together with u*, permits one to calculate an important parameter with the dimensions of length - the
Oboukhov length L. '

This length is central to similarity theories of the boundary layer (the negative sign and the constant K are
introduced for historical reasons, unimportant here). It is related to the ratio between the generation of
mechanical energy by friction, per unit area, and the generation or loss of turbulent energy per unit volume
associated with the heat flux.
Surface roughness, if it is the result of a large number of small (relative to L) distributed elements like
grains of sand or blades of grass can be adequately described by a single length - the roughness length zoo
The surface layer, with the assumptions of horizontal homogeneity, steady state, and constant heat flux
and stress must be definable in terms of the three parameters L, u* and zoo
It has already been noted that the rate at which turbulent energy is produced by mechanical shear at a
particular elevation is given by the stress multiplied by the velocity gradient, and that the velocity gradient
is greatest close to the surface and tends to decrease as one moves upward. Thus the production of mechanical
turbulent energy is concentrated near the surface, in contrast to the gain or loss of energy because of the effects
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of stability, which depends only on the heat flux, not on height. Sufficiently close to the surface there will usually
be a layer for which the mechanical generation of turbulence completely dominates the effects of stratification.
Within this layer, for which z/L is very small, it is reasonable to speculate that the turbulent structure is
independent of L.
Similarity theory, perhaps under the influence of results from observations, has been developed on the
assumption that the structure is also independent of zoo Such being the case, there is no natural length scale
in the system, and in this layer the nature of the structure is independent of the scale on which it is viewed. To
put this statement more pictorially, if some flow visualization technique, such as using smoke, is employed and
a motion picture taken of the scene close to the surface, anyone viewing the film would be unable to tell what
the scale was. Whether the full frame size were only several centimetres or many metres, provided the assumption of virtually constant stress and very small z/L remain valid, the turbulence would have the same appearance.
Further, there is only one velocity scale in the system - u*. In the example given above, one could change
the projection speed to compensate for any changes in u* in the original field. Then no difference would be
observed from one turbulent field to another, with one exception which will be treated below.
Dimensional analysis, verified by observation, leads one to conclude that the rate of dissipation of turbulent
energy must be proportional to the density multiplied by a characteristic velocity cubed divided by a characteristic length. With our assumptions, the characteristic velocity is u* and the only available length is the height
z above the surface, so the rate of turbulent dissipation is proportional to
pU*3 Z-I

As we have noted above, the rate of mechanical turbulent production is equal to

With similarity at all heights, any vertical transport of energy must be independent of height. Therefore
at any height the rate of production must equal the rate of dissipation. This leads to
{)U
-

{)z

u*

oc-

Z

which can be integrated to give

u
U = ----"'. In z/zo
K

**

Here Zo is a constant of integration, related to the behaviour at the surface. We have already identified
the term Zo as a characteristic length describing the roughness, and in fact the greater the scales ofthe roughness,
the larger is zoo Defined in terms of the logarithmic velocity profile derived above, Zo turns out to be much
smaller, only a few per cent, of the physical size of the roughness elements. The exact relationship between Zo
and the scale of these elements depends upon the shape and density of distribution of the elements. The constant
of proportionality K cannot be determined from similarity theory, and must be obtained empirically from
•• This·logarithmic profile can be obtained from eddy-coefficient theory - and indeed was, well before the advanced development
of similarity theory. In eddy-coefficient theory, the stress is given by , = pKm ()U!()z.
Km, which has dimensions length 2 time-I, may be assumed to be proportional to II*Z, so Km = KII.Z where the constant of proportionality K is called von Karman's constant. Since, = pu. 2, we have ()U!()z = II*!KZ as before. This derivation provides a
physical interpretation to K, as a number which combines the ratio between 11. and an appropriate turbulent velocity and the
ratio between Z and an appropriate mixing length (analogous to mean free path) in determining the eddy viscosity. Similarity
theorists decry this interpretation, pointing out that there is no point in seeking physical interpretation of aspects of a theory
which is physically unsound.
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measurements. There is some doubt about its value, but it is usually taken to be close to 0.4. There is even
some doubt about its constancy - although of course any variation in 1C must imply that there are more parameters of importance in the surface layer than this simple version of similarity theory assumes.
For many surfaces it is not very obvious from where one should measure upwards in determining z. This
difficulty can be recognized clearly if one thinks about a forest or a corn field. Is the "surface" the level of
the crowns, or the level of the ground beneath? The wind is greatly affected by the vegetation but it does continue to blow, at least to some extent, among the leaves and between the stems. We have no theoretical way
of handling the situation. If, however, the behaviour of the atmosphere itself is allowed to decide, one may
measure the velocity structure above the vegetation and search for a level from which the velocity profile can
be determined to be logarithmic. The search for this origin for z is yet another example of the fundamental
empiricism of boundary-layer study. The difference between the ground surface and the origin for z is not
of much importance for grasses, or even for ripe corn, unless one is very interested in what is going on very
close to the surface. However, it can be quite important when dealing with forests - or with "forests" of
buildings.
It is useful to rewrite the expression for U in the lower part of the surface layer as

U=
where

Zl

U..

--'- (In -Z
1C

Zl

+ In -ZlZo )

is an arbitrary standard height within the lower part of the surface layer. The effect of the roughness

is equivalent to a "slip" at this standard height equal to U* In
1C

Zl.
Zo

For most surfaces

and for many it is much less than one centimetre. It is therefore usual to have

Zl

Zo

is less than one metre,

larger than

zo,

so that

* In

U
1C

Zl
Zo

is positive and the interpretation of the term as an effective slip at the height Zl is straightforward. If perchance
Zo > ZI, the "slip" turns out to be negative, which is intuitively somewhat perplexing but causes no mathematical difficulties. In fact, if Zo > ZI, the reference height Zl is much lower than the height of the roughness elements.
One could not expect the logarithmic law to continue to hold down to such a low elevation.
Some features of this so-called logarithmic velocity profile are worth singling out. First, we note that the
velocity gradient is, as was assumed, greatest close to the surface. This confirms the notion that in the constantstress layer the mechanical production of turbulent energy is concentrated close to the surface. Second, the
effect of the roughness is on the origin of the velocity profile, not upon its shape. For a given stress, the only
difference, produced by roughness, from one turbulent field to another is in the mean velocity. Both the shape
of the velocity profile and the structure of the turbulence are independent of roughness. The effect of the
roughness is the point noted above when discussing a cine film of the turbulence, as being the one difference
between one turbulent field and another. If the cine camera were "panned" at a speed such that the mean
apparent speed at, say, the middle of the frame vanished, then all turbulent fields would look alike when run
at a suitable frame speed proportional to U*zr,l where Zr is the height included in the frame.
Unless the stress disappears altogether, there will always be a region sufficiently close to the surface where
z/L is small. For this region the logarithmic profile will hold (unless zo/L is not small- an unusual condition)
and the effect of the roughness will be on the zero for the velocity profile, not on its shape. Since the rest of the
atmosphere is connected to the surface only through this layer of small z/L, the fact that different roughness
does not change the structure of the turbulence or the shape of the velocity profile remains important throughout
the boundary layer. The importance of the roughness should not, however, be underestimated. Changes in
roughness normally result in changes in stress, thus in u* and in L, which varies as U*3. Indirectly the heat
flux may be changed, again influencing L. Therefore both the length scale and the velocity scale of the boundary layer are affected by the surface roughness.
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Since, for a given u* and L, roughness affects only the origin of the mean velocity, it does not affect the
mean velocity gradient. {)U/{)z, in the surface layer, depends only upon u*, Land z.
Similarity theory then tells us that in the surface layer
()U

dz

**

= u* q; (z/L).
KZ

The theory therefore sets observational scientists the task of determining q; (z/L ), which within similarity
theory can be obtained only empirically, as a function of the single parameter z/L.
One of the great virtues of similarity theory - as indeed for any good theoretical approach - is that
it sets clearly defined objectives for experimenters and observers. Figure 8 shows that the approach is quite
successful at grouping observational data - although it must be admitted that there is more difference from
one observing team and location to another than is apparent in this figure.
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Similarity theory is quite
successful in the surface
layer (From "Flux profile
relationships in the atmospheric surface layer", by
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In this discussion, we have concentrated upon the velocity profile. Similarity theory will also provide
results with respect to the temperature and humidity profiles. For example, the temperature structure in the
surface layer is given by

and observational data in the layer can be grouped in this fashion with success about equal to that for the velocity
profile.
Similarity theory above the surface layer

Within the surface layer, with assumptions of steady state and horizontal homogeneity, similarity theory
has had considerable success - as we have seen. It is thus natural to try to use similarity concepts more
generally in the boundary layer.
To extend above the surface layer, by definition, implies an extension into regions where the fluxes are
not constant.
To do one thing at a time, it might be assumed that heat and water-vapour fluxes were constant (including
identically zero) but that the stress varied in both magnitude and direction as one moves up through the Ekman
layer. To simplify the discussion, let us assume zero water-vapour flux.
-+

In the surface layer the only parameters required were the surface stress
roughness Za'

To,

the heat flux Qa and the

To extend through the Ekman layer at very least we need to add the Coriolis parameter f and either the
geostrophic wind G or the pressure gradient.
Similarity theory describes the velocity structure in the surface layer in terms of a single dimensionless form
of the velocity gradient

~ ~u as

u* oZ

a function of the single dimensionless parameter

z/L, plus a surface "slip"

With the addition of f as a parameter, other independent dimensionless groups appear. One of these is
usually chosen to be Gfa • It is called a Rossby number, Ro, as is the custom for numbers formed from a speed,
Za
a length and the Coriolis parameter.
It should be noted that no Reynolds number appears as a dimensionless variable of importance, despite
the fact that Reynolds number is the ordering variable in most fluid mechanical problems involving turbulence.
It is assumed, and the assumption is well supported by observations, that, except over extraordinarily smooth
surfaces, molecular viscosity and therefore Reynolds number are unimportant.

~ 'hP, with the
p
pressure gradient VhP evaluated at the surface. If there is horizontal homogeneity, vhP and therefore G are
independent of z.
Like

T,

Qa and Za, Ro is a sUI/ace parameter, sincefis independent of height and Go =
-+

In similarity theory of the surface layer, u* and Qa are taken as given - determined by external parameters.
However, in a theory of the Ekman layer, u* at least must be part of the solution - derived from knowledge
of Go, Za, f and Qa. In many cases over land Qa may be assumed known, since there is a certain quantity of
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heat to be got rid of because of the imposed surface radiation imbalance and because heat storage in a poorly
conducting soil is negligible. In other cases Qo must be calculated as part of the solution, using relations among
u*, the temperature at height Zl (also derived) and the heat characteristics of the surface. The latter cases
- particularly important for the boundary layer over water - are much harder to deal with in practice, but
not different in principle and so we will not discuss them further here.
Since the effect of roughness is only to determine the slip velocity at z = Zl, roughness and hence Ro cannot
influence the shape of the velocity versus z/L curves. Ro is importl:j.nt in the determination of u*, however, and
therefore influences both the velocity scale (which is u* itself) and the length scale L which varies as u* 3 for
a given value of Qo.
Go defines a velocity relative to the Earth's surface. It is not a parameter which determines the structure
of the turbulence. In the Ekman layer that structure depends upon u*, Land /.

The Coriolis. parameter / must be of central importance because the very existence of the Ekman layer
derives from the rotation of the Earth.
While / describes the rate at which the atmosphere rotates relative to an inertial co-ordinate frame, u*IL
describes the rate at which characteristic turbulent velocities can adjust the turbulent structure. The ratio of
these quantitatives, u*//L, is of basic importance. It determines the ability of the turbulent structure to adjust
to rotational effects, at least at levels low enough that u* provides a reasonable measure of turbulent velocity
- that is, provided z is not much greater than L.
It is necessary to choose a quantity with dimensions of length with which to non-dimensionalize z. It
would be possible once more to use L, as in the surface layer. However, that choice becomes unsuitable for the
near-neutral Ekman layer, for which L is very large, and for which the vertical scale is dependent on rotation.
u*// is therefore a more suitable length, and it is customary to choose u*//as the scaling length, even in cases
where L is not especially large.

Thus the task of similarity theory in the Ekman layer is to generate a family of semi-empirical curves,
each of which will describe one component of the mean velocity vector as a function of z//u* for a particular
value of u*//L. Since both direction and magnitude of the velocity vary, two curves are required for each u*//L.
Another function is needed to describe the temperature field.
The length u*//is rather large. With u* ,...., 0.3 m S-l and/,...., 1O- 4 s-1, u*//is a few kilometres. It is nevertheless usual to choose Zl = u*l/ and thus eliminate, to a degree, the arbitrariness of Zl.
The wind velocity U is a vector, with different directions within the Ekman layer. To describe it, we need
a reference direction. There are two natural ones: the near-surface wind direction, which is also the direction
of the surface stress and the direction of the geostrophic wind G. Similarity theories tend to work from the
surface up, so despite the fact that G tends to be appreciably steadier than the surface wind, the usual choice
is the surface wind.

r;

With this choice the surface "slip" appears only in one of the two expressions needed to describe the
U (z//u*):
u*
U1 = - (In u*ljzo
A (z//u*))
K

Uz

+

= u* B (z//u*)
K

B, which determines the component Uz perpendicular to the surface wind, must vanish as z approaches zero.

However, A does not vanish. When both z//u* and z/L are small, A (z//u*) ---+ In z//u*, which will usually be
negative in this range.
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The functions A (zj/u*), B (zj/u*) and the companion function describing the temperature structure will
each depend upon the parameter u*/jL.
In its purest form, semi-empirical similarity theory would rely upon observations to provide the nature
of these three functions. The measurements required are elaborate and difficult, however, and such estimates
as we have of these functions derive as much from theoretical discussions of mechanisms in the atmosphere as
from observations.
With the assumptions of steady state and horizontal homogeneity, as zj/u* becomes large, U approaches G.
The values of Zo, u*, Land j are sufficient, within the similarity theory described above, to determine U at all
heights. Yet neither G nor its equivalent information, the horizontal pressure gradient, has been explicitly
inserted into the theory. The fact is that G exerts its influence implicitly; u*, L and the direction of the surface
wind all depend upon G, as they do upon zoo The dependence is rather complex. For example, for a given
roughness it would appear that U is strictly proportional to u*, so that u*/G would be a constant. However,
closer examination reveals that L does not usually depend linearly upon u*, so that a change of u* normally
results in a change in u*/jL. Therefore changing u* changes the relevant curve of the family of curves U (zj/u*)
and in general u*/G will not be independent of u* (or of G).
With respect to zo, one can note that an increase in Zo will tend to cause a decrease in the "slip" velocity

~; In u*/jzo. Thus the difference between the zero velocity at surface and G, at large z/L and zj/u*, is less taken
up by "slip", leaving more to be taken up by the terms in A and B. The scaling velocity for these terms is u*,
so that usually when they are increased it is because u* is increased. However, the "slip" velocity also is proportional to u*. Thus the effect of a change in zo, while real, is less than might be anticipated at first glance.
There is a sort of negative feedback whereby an increase in Zo leads to a decrease in slip velocity, which leads
to an increase in u*, which buffers the decrease in slip velocity.
Zo th~refore is one of the factors determining u*/G, which is an important quantity. Its square, u* 2 /G 2 , is
called the geostrophic drag coefficient. Routine meteorological observations and analyses permit the determination of pressure gradients and therefore of geostrophic winds. For many applications, particularly in
oceanography, it is necessary to estimate surface wind stress from these observations, and the geostrophic
drag coefficient, together with an estimate of the angle between the direction of G and that of -:;, is used for
this purpose. A considerable amount of effort has been devoted to attempts to obtain, by theory or observation,
reliable estimates of these factors as a function of Ro and some measure of the stability. These efforts have had
limited, but nevertheless useful, success.

While, ideally, one would like to take a very large body of observational data, group them according to
their respective values of u*/jL, and then plot each group against zj/u*, the collection of a sufficiently large
amount of data presents such formidable difficulties that it has not yet really been done. Instead, simpler things
are carried out. For example, at large values of zj/u* one should get out of the Ekman layer so that the velocity
is equal to the geostrophic velocity and is independent of height. In such circumstances A/u* should, according
to similarity theory, depend only upon u*/jL.
Figure 9 shows data of this kind, selected by S. P. S. Arya to include only cases where one might hope
that the similarity theory would have some validity. The data were obtained by careful experiments on very
level uniform surfaces, one within the Wangara Experiment, which was conducted at the Hay site in Australia,
and the other within the Great Plains experiment,. conducted at O'Neill, D.S.A. No data were used when
weather conditions were disturbed or changing rapidly.
Despite the careful selection of data, it can be seen that there is a very great scatter in the results. Nevertheless, some features are revealed: there is a real difference between the behaviour under unstable stratification
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Figure 9 -

The ordinate relates to the difference between the geostrophic wind and the wind at height 11 *1/, while the abscissa relates
to II*I/L. Stable situations are on the left and unstable on the right. The circles refer to the Great Plains field experiment,
and the dots to the Wangara field experiment. Note the seeming independence of the data on II*I/L for unstable situation, and the very large scatter - particularly in comparison with the situation in the surface layer shown in Figure 8.
(Adapted from S.P.S. Arya: "Geostrophic drag and heat transfer relations for the atmospheric boundary layer")

and that under stable stratification; with unstable stratification, there does not seem to be any significant dependence on u*I/L; the scatter under stable conditions is even greater than that under unstable conditions, but
with some imagination one can believe that there is a dependence upon u*I/L; there does not appear to be any
significant difference between results obtained at the two sites.
Considering the care with which these data were selected, the result is disappointing for similarity theory.
It is not hard to find reasons why the similarity theory should find difficulties in explaining observations
taken above the surface layer. The first evident reason is one of time scale. In most parts of the Earth[l is
a few hours. One would not expect the Ekman layer to become fully developed, or to adapt itself to changes
in the pressure gradient or in the bottom boundary condition, in less than at least 2TIF 1 and probably longer.
Thus in the full Ekman layer when we make the assumption of steady state, we imply steady state for about
a day or longer. In a day a typical air mass in the lower atmosphere will move a large fraction of I 000 km.
There are not many places in the world where an air mass can move for I 000 km without finding the lower
boundary condition under it to have changed importantly. Further, over land there is almost always a strong
diurnal cycle in the thermal properties, and therefore L will not be constant that long.

As has been pointed out above, in most convective situations the nearly adiabatic convective region is
capped by an inversion. The height of this inversion has not been included in the above similarity, yet it is a
length scale which is surely of importance. In fact some similarity theory has been carried out for convective
boundary layers using the height of the inversion Zi rather than u*l/ as a vertical scaling factor. On the whole
such attempts seem more successful than the approach which has been described. On the other hand, it is difficult
to believe that some parameter such as u*l/ is wholly unimportant in an Ekman layer, so it seems that the
height of the inversion is an additional length parameter rather than a replacement length parameter. Every
time a new independent parameter is added to a similarity theory it greatly complicates the situation because it adds
another whole collection of dimensionless groups, each of which can influence the shape and scale of the dimensionless functions which have to be determined in a semi-empirical fashion. For example, the similarity theory of
the Ekman layer described above yields an avenue of curves of A (z/Iu*) for different values of u*I/L. However,
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if the height of the inversion Zi is important as well, we will have a forest of curves A (zjlu*) on a two-dimensional base with u*ljL on one axis and, say, zdL on the other axis.
Another difficulty with the similarity theory is the assumption of constant heat flux. Even in its own terms,
the similarity theory has some problems accounting for what happens to the heat at the top of the boundary
layer. Perhaps more serious is the fact that in the real atmosphere the results of the Soviet CAENEX experiment
have shown that radiation absorption and emission within the boundary layer are very far from negligible.
As is seen in Figure 10, changes of heat flux within the boundary layer, caused by radiation effects, are fully
comparable to the heat flux from the surface. Since the radiative effects will depend upon such things as the
dust load in the atmosphere, it seems quite impossible to incorporate them into a similarity theory.
For a stable atmosphere, as has already been pointed out, there is no possibility of treating the full boundary layer with the assumptions of both steady state and horizontal homogeneity. Since the turbulent energy
introduced mechanically in the lower part of the boundary layer is able to support a constant heat flux only
up to a very limited height, heat flux must vary with elevation. That means that the air in the boundary layer
is being cooled and either the assumption of steady state must break down or, if heat is resupplied by advecting
it horizontally, horizontal homogeneity must break down. It is therefore no great surprise to see the large
scatter in the observational results for the stable case. The assumptions upon which the theory is based cannot
be valid.
A special case is that which occurs when the stability is neutral - the adiabatic atmosphere. A good
deal of theoretical effort has gone into attempts to derive an expression for the velocity profile for the Ekman
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layer in this case. Even in this relatively simple situation of no buoyancy effects, however, the problem of
dealing with the turbulence has proved so difficult that no really convincing theoretical result is available. There
are also no convincing observational data. Numerous attempts have been made to measure the velocity structure in adiabatic conditions. However, these conditions occur very rarely and there is probably not yet even
one measurement which has succeeded in obtaining a velocity profile where the stratification has been neutral
over a large enough area and for a long enough time for the assumptions of the theory to be considered justified.
Similarity theory for the region above the surface layer, then, has not had great successes. It has nevertheless stimulated a great deal of valuable work theoretically and has provided a framework within which a
large body of observational data could be collated.
In recent years most theoretical work has pushed in other directions.
CLOSURE MODELS

Mathematically the equations of motion and heat transport are sufficient that, given suitable boundary
conditions and enough information about the radiative properties, the behaviour of the boundary layer is
fully determined. There are, however, two apparently insuperable obstacles to treating the problem in this way.
The first obstacle is the fact that the problem is simply too hard mathematically. As has been pointed out
above, it is essentially non-linear and mathematics remains very limited in its ability to deal with non-linear
problems. It could be tackled numerically, but no computer either in existence or conceived would have the
capacity to solve the full problem. The second obstacle is that the boundary conditions, including the initial
conditions, have to be specified in ridiculous detail, since it is one of the features of certain non-linear systems,
including turbulence, that small differences in the initial or boundary conditions produce effects which grow
with time in such a way as ultimately to change completely the details of the solution.
A complete solution, even if available, would not in itself be of great utility. It would apply only to one
configuration of the initial and boundary conditions, and any change in either would change the solution.
Since the details of initial and boundary conditions are never completely known - and indeed in most cases
are inherently unknowable - for real situations, the only way in which a full solution could be used would
be in comparing some statistics of the solution to observed statistics, or to those generated by other kinds of
theory.
0

Thus, beginning with Reynolds, attempts to solve problems involving turbulence have been directed towards
describing certain statistics of the flow, rather than the details. Averages of various kinds are taken. In taking
averages, however, information is necessarily lost - and loss of information results in the equations being
mathematically underdetermined. In order to solve them, additional information has to be injected - in the
form either of hypotheses or of observational data, or of some combination of hypotheses and data. If sufficient
information is added, the problem ceases to be underdetermined and can be said to be "closed".
Eddy-viscosity theory presents a good example of closure procedures: turbulent motion transport momentum.
In the averaged equations, this momentum transfer appears as a stress - the Reynolds stress. In eddy-viscosity
theory, the stress is assumed to behave like that generated by viscosity in the kinetic theory of gases - that is,
it is put equal to the mean rate-of-strain multiplied by an eddy viscosity. (Applied to the boundary layer, only
the mean velocity shear, and the corresponding shear stresses, across surfaces parallel to the boundary are considered important, but the theory can be applied more generally.) The behaviour and magnitude of the eddy
viscosity may be assumed, on the basis of some additional knowledge. On the other hand, some effort may be made
to relate it to other variables in the prOblem, and it may be put proportional to density times some characteristic velocity times some characteristic length scale. * Most usually the constant of proportionality must be

*

See footnote, p. 24.
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determined by comparison with observations, so that the theory is semi-empirical. When the eddy viscosity
is known, either by assumption or by relation with other characteristics of the average flow, the problem is
closed and can in principle be solved, given initial and boundary conditions. In this case these conditions are
those required for the average flow, far less detailed than for a full description of the motion, and solutions
are much less sensitive to small differences.
Other closure hypotheses can take a variety of forms. For example, one has recently been borrowed from
oceanography for application to the stable boundary layer. It is assumed that there is a lower turbulent region
lying under an upper flow into which turbulence from beneath can penetrate only under special circumstances.
The turbulent layer is taken to be virtually uniform in temperature and water vapour content, and to move as
a "slab" with uniform velocity. The oceanographic term "mixed layer" can be applied to it. The closure hypothesis consists of assuming that no mixing between the upper and lower layer occurs unless the layer becomes
unstable, in which case mixing is so vigorous that the layer mixes any entrained fluid so rapidly that it remains
essentially homogeneous. The instability invoked is that which occurs when the internal Froude number
(I1U)2 (l1p ght1 exceeds unity, where I1U is the velocity contrast and I1p the density contrast between the mixed
layer of thickness h and the overriding flow. This instability is of the same nature as that which leads to hydraulic
jumps in ordinary hydraulics, and if the Froude criterion is much exceeded it takes little to trigger the instability,
which is then quite violent. Thus if any change such as an increase in I1U or a decrease in I1p tends to increase
the Froude number beyond unity, the layer reacts in such a way as to hold the number close to one. Provided
that there is a sharp inversion aloft, this theory can be applied to many situations where the lower part of the
boundary layer is stable. This type of closure is particularly applicable to· time-dependent problems where the
mixed layer is growing, as occurs for example in the morning part of the diurnal cycle of the boundary layer
over land.
It should be noted that theory of this kind ignores the structure of the turbulent boundary layer, which
is the preoccupation of eddy-viscosity and similarity theories. It concentrates instead upon the contrast between
the mixed layer - taken to be sufficiently homogeneous that variations within it are uninteresting - and the
flow above the lowest inversion.

The entrainment into the mixed layer of material from above the layer causes changes within the layer of
momentum, temperature and water content. These properties are also influenced by fluxes from the surface
below. Usually the surface fluxes are treated by a procedure known as the "bulk modulus" parameterization.
In this parameterization the fluxes are put equal to the difference between the density of the property being
treated - momentum, heat content or water content - within the mixed layer and at the surface, multiplied
by a speed proportional to the mixed-layer speed relative to the surface. The constant of proportionality, which
depends upon the roughness, is determined empirically; in most cases it lies between 10- 3 and 10- 2 •
Given expressions for the fluxes from above and below, the rate of thickening of the layer and perhaps the
effects of radiation and condensation-evaporation, the evolution of the layer can be described by a computer
model.
The most elaborate and most flexible closure approximations now being used are the so-called higherorder closure theories, and are particularly suitable for use with grid-point computer models. Higher-order
closure is perhaps best explained by contrasting it with eddy-viscosity closure.
In eddy-viscosity theory, the Reynolds stress is directly related to the mean rate-of-strain and the details
of the behaviour of the turbulence responsible for the Reynolds stress are no more discussed than are the details
of molecular motions responsible for viscosity in gases. On the other hand, in higher-order closure theory,
certain properties of the turbulence are explicitly carried in the computer model.

-------
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For example, the Reynolds shear stress displayed by a turbulent velocity field is determined by the kinetic
energy and the nature of the anisotropy of the turbulence. (Isotropic turbulent fields - which have been the
subject of a great deal of theoretical and observational study - generate only isotropic stresses, analogous to
pressure.) As has been noted in several places above, the mechanical rate of generation of turbulent energy
is equal to the stress multiplied by the rate-of-strain. The rate of decay of turbulent energy, which results from
non-linear interactions of the turbulence with itself ultimately producing motions on such a small scale that
molecular viscosity can be effective, is proportional to a characteristic turbulent speed cubed divided by a characteristic length. The proportionality constant can be obtained by examining data obtained both in the field and
in the laboratory.
Since the rate of gain of turbulent energy depends upon the kinetic energy present - and thus on a characteristic speed squared - while the rate of loss depends upon the speed cubed, it is evident that a state can be
determined for which gain and loss just balance. The degree of anisotropy of the turbulence, however, must
be known.
The rate-of-strain tends to distort the turbulent field into a state of anisotropy, in a way which can be
determined theoretically from the equations of motions. On the other hand, internal interactions within the
turbulence tend to pull it back towards isotropy. Once more, the appropriate rate must be obtained by
examining laboratory and field data.
A computer model can thus be constructed which retains not only the properties of the mean atmospheric
variables, but also some properties of the turbulence - notably the turbulent energy and the degree of anisotropy. It is not particularly difficult to add the effects of stability, and entrainment at the top of the turbulent
layer can also be included. These influences require the use of additional empirical data, not all of which may
be available with the required accuracy.
Higher-order closure theories are no less empirical than are other forms of closure. Indeed, in some"ways
they are more exigent of empirical data, in that they demand observational data on the turbulent field, not just
on the mean fields. Such data are much more difficult to obtain as they are much more demanding on the
instrumental arrangements; the instruments are much more delicate and they require the close attention of
very skilled personnel. They are therefore much less extensive and for some situations may simply be
unavailable.
On the other hand, higher-order closure theory is far more flexible than is similarity theory and can come
far closer to reproducing the real behaviour of turbulent boundary layers than can eddy-transfer theories.
Unlike similarity theory, higher-order closure theory needs no assumptions of steady state or homogeneity.
It can deal with time-dependent situations, a property very important iJ? particular over land, where the diurnal
cycle is frequently one of the most characteristic features of the boundary layer. It can also deal with situations
where the air mass in the boundary layer is swept by the wind from one surface to another - for example, from
land to water or from water of one temperature to that of another.
Compared with eddy-transfer theory, it does not suffer the same fault of making unphysical assumptions.
It is capable of considering cases where eddy coefficients become infinite or negative, and cases where the
turbulent structure depends in part upon its previous history, and not just upon the mean field in which it is
now immersed.
Of course there is a price to pay for this extra prowess. As well as requiring more detailed and refined
observational data, it·also requires considerably more computer power, both in hardware and in software.
The lower boundary

Except for the discussion of the notion of roughness, not much has to this point been said about the way
in which the surface can be dealt with in theories.
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Establishing the surface boundary condition is in fact a problem of considerable difficulty. It has not yet
attracted the attention that will ultimately be required, since most work has been focused upon dealing with
the turbulent layer above - a legitimate concentration, since until there is some understanding of that layer
there is not much that can be done with information about the surface.

If all surfaces were like paved parking lots, the problem would not be severe. Over smooth solid surfaces,
there is a thin layer where the turbulence is suppressed by viscosity. In this layer, usually of the order of a millimetre in thickness, transfers of momentum, heat and water vapour are effected by molecular processes. The
layer thickness depends upon the square root of the stress and upon the viscosity which in turn depends upon
the square root of the thermodynamic (Kelvin) temperature. It is therefore not very sensitive to boundarylayer properties. A small number of empirically determined dimensionless numbers, fairly easily obtained
from laboratory measurements, are all that are required to calculate the surface fluxes, given the velocity,
temperature and water-vapour pressure at some height low in the surface layer and the temperature and vapour
pressure at the surface.
However, only a negligible proportion of the Earth's surface is in the form of a smooth solid. Most is
water, which offers its own problems. These will be discussed below. Most of the rest is covered by vegetation
of one kind or another.
LAND SURFACES

Most observational programmes which have been carried out in the study of the boundary layer have
been conducted over land. To this extent, then, we have more information on the behaviour of the boundary
layer over land than we have over water. However, quite rationally, those designing observational programmes
have deliberately chosen areas where the structure of the boundary layer, a priori, might be assumed less
complicated than usual. Thus, for example, a very large proportion of the data available for comparison with
boundary-layer theory has been taken from such sites as the Great Plains areas of the United States, Hay in
Australia, Tsimlyansk in the Soviet Union and Suffield in Canada, where the terrain is not only unusually flat
but is unusually uniform in its ground cover.
Most of the land surface of the Earth is not flat. There is relief on scales ranging from those characteristic
of sand dunes to those characteristic of mountain ranges. Even where the surface is flat, and where under
natural conditions the ground cover would be fairly uniform, human intervention has frequently left the terrain
very irregular as Figure 11 illustrates. Some parts contain buildings and clumps of trees. There are hedgerows,
ditches and roads. Crop rotation leads to a patchwork of fields which have different roughness characteristics
and different thermal and moisture characteristics. It has been repeatedly emphasized throughout this discussion
that the study of the boundary layer must lean heavily upon observational results. The theory is at best semiempirical. But for most land surfaces it is very difficult to get representative empirical data, because there
are just no "representative" places from which to observe.
The discussion can be sharpened by putting it in the context of specific ways in which understanding of
the boundary layer is applied. First, let us consider the way in which the behaviour of the boundary layer is
dealt with in large-scale numerical models of the atmosphere such as those used in weather forecasting.
Internally, these models generate values of the wind field, temperature, and humidity in "boxes" which
are typically of a few hundred to about a thousand kilometres on the side and at several different levels vertically.
The exchanges which occur vertically between the lower boxes are determined by rules made in accordance
with the way in which the modeller wishes to interpret what is known about boundary-layer theory and observations in the boundary layer. At this point in the discussion, we are concerned with the way in which momen-
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Aerial photograph of a scene in Manitoba, Canada. Even when the land surface is very flat, human intervention causes
the aerodynamical surface to be very non-uniform

turn, heat and water vapour are transported through the surface, which is the bottom boundary of the lowest
box. The modeller must try to describe the characteristics of this surface in such a way that, given the values
in the lowest box, or the lowest few boxes, he can provide rules for his model which will yield fluxes from the
surface into the lowest box.
He must find an effective roughness characteristic of the area of his box. He must find an expression which
will tell him what the effective surface temperature and surface water-vapour pressure are, in order to get sensible
heat and vapour transfer values.
The surface temperature depends upon the nature of the surface and upon the history of heating and cooling
caused by radiation, exchanges with the atmosphere, precipitation and evaporation, and the ability of the
soil to absorb or give off heat. For evaporation he needs to know not only the history of precipitation and
evaporation which will give him the soil moisture, but also the nature of vegetative cover and its history in
order to determine the amount of transpiration.
In practice the modeller knows much less. Serious efforts have been made to characterize the roughness,
region by region, for modelling purposes, of the Earth. Some progress has been made, mostly by agriculture
and forestry meteorologists, in determining the amount of evapotranspiration which will occur with a given
kind of vegetation in a given state. However, the way in which this information is injected into models remains
on the whole very primitive. Also, the data required to check the validity of these parameterizations, and upon
which to base improvements, are largely lacking. It is chastening to those concerned with understanding the
boundary layer, and to modellers, to recognize that despite the primitive treatment given to the boundary layer
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in models (relative to its actual complexity and inhomogeneity), few modellers ascribe the limitations in the
ability of present models to reproduce the behaviour of the atmosphere to inadequacy of the treatment of the
boundary layer.
Another major use of knowledge of the boundary layer, and of the effects of surface conditions on the
atmosphere, is in the study of pollution and construction problems. In many cases such studies are site-specific.
If the problem is important enough, so that its solution can command sufficient resources in time and money,
very detailed examination is possible. Every major physical feature, including buildings, can be included individually. Detailed observing programmes can be mounted. The situation is thus quite unlike that facing the
global or hemispheric modeller. There is much less need for sweeping generalizations and simplifications. On
the other hand, the fact that much more detail is required in the answer produces its own different, but not
less difficult, problems. Further, the most important questions often deal with extreme conditions - perhaps
not to be expected more often than once every few centuries - which are therefore never realized in even the
most generously endowed and carefully planned observing programme. Where the global modeller seeks to
interpolate, to simplify and to generalize, the city meteorologist has to extrapolate and to focus on the particular.
In either case, the particular problem of dealing with land surfaces lies in their uniqueness. No place on land
is quite like any other place, either in detail or statistically.

WATER SURFACES

There are a number of important differences between the situ,ation which occurs when the atmosphere
overlies water as opposed to land. One of the most visible is the fact that the roughn,ess, which is an imposed
feature over land, is produced by the atmosphere itself over water. Some less visible characteristics are of fully
comparable importance, however.
With respect to water-vapour transfer, water surfaces are in principle much simpler than land. There is
nothing comparable over water to the problem of treating transpiration from leaves. There is no question of
the degree of "wetness"; water surfaces are fully "wet". The surface vapour pressure depends, practically, only
upon the surface temperature. (In principle, surface contamination can have some effect on evaporation.
In practice, however, the only monomolecular films which can interfere with evaporation are very pure ones
of very special substances - which do not occur with natural slicks and films or with ordinary petroleum products. Films many molecules thick can inhibit evaporation, but such films are neither widespread nor longlasting on large water bodies.)
The surface temperature, which thus is crucial to both water vapour and sensible heat transfer, is not quite
the same as the water temperature, which can be measured with a thermometer in water, or of a sample of
water collected from near the surface. Even when the upper layer of the water is vigorously stirred by the
turbulence of "wind mixing", there is a thin skin at the very surface through which any heat exchange must be
by molecular diffusion processes, since the turbulent velocities cannot penetrate the surface. Typically this
layer is a few hundred microns thick, and the temperature difference across it is a few tenths of a degree. As
a rule the heat flux is upward so that the true surface is somewhat cooler than is the water a few millimetres or
centimetres below the surface - although downward heat flow can occur when warm moist air encounters
cooler water. Since such a situation results in a stable atmospheric boundary layer, when the heat flow is downward it is rarely vigorous.
An outstanding difference between land and water surfaces is the thermal capacity brought into play. The
diurnal heating-cooling cycle can penetrate even moist soil only some ten centimetres. The annual cycle penetrates only a few metres. In both cases the amplitude of the fluctuation drops off very rapidly with depth.
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In the ocean, on the other hand, it is typical for the annual cycle to penetrate to a hundred metres or more.
In lakes it is unusual for it not to penetrate to the bottom. The reason for the difference is the fact that, for
land, the heat flow is largely produced by molecular conduction, although a certain amount is transported by
percolating water. In water bodies, on the other hand, the transfer is by turbulent motions in the upper boundary
layer of the water - motions not too different in their physics from those which occur in the atmospheric boundary
layer. Thus when the water is being heated from above it tends to become stable and mixing is inhibited. Mixing
nevertheless occurs because the energy introduced to the water from the wind is enough to mix heat down to a depth
which is usually some tens of metres. When the water is cooled from above, by radiation, evaporation, or transfer
of heat to the atmosphere, the upper water becomes unstable and convective effects add turbulent energy just as
they do in an unstable atmospheric boundary layer. Under these cooling conditions it is quite common to find
mixing occurring down to one or two hundred metres and in some rare circumstances to a depth of a kilometre or
more. As for the diurnal cycle, the total amount of heat introduced or removed from the water in one day has
very little effect on the ocean temperature unless it is confined to a very thin upper layer - a condition which
occurs only when the wind mixing is unusually weak. The result is that, whereas the heat-storage term is often
negligible over land, and is only of central importance under special conditions such as occur with melting
snow, with a water surface it is frequently as large or larger than any other term affecting the surface heat balance.
Of course, the other important factor with respect to water is that it can be advected horizontally. Thus while
all of the heat absorbed by a land surface must be given off again at some later time at the same spot, heat
absorbed in equatorial regions of the ocean may be given off to the atmosphere thousands of kilometres away,
at quite a different latitude.
While these thermal properties of water surfaces are very important, most of the attention of those working
with the mechanisms of air-sea interaction has been focused upon the problem of momentum transfer. This is
intimately associated with the problem of wave generation by wind. It is an extraordinary circumstance that
such an evident, ubiquitous phenomenon as wave generation remains only very incompletely understood.
Theory, laboratory experiments, and field observations have occupied the attention of some very good people
over the last two decades. This work has revealed the great complexity of the wave-generation process. It now
seems clear that a full understanding will have to include the strong non-linear interactions among various
components of the wave field, which lead to a transfer of energy towards both longer waves and shorter waves
from those of intermediate length. It seems that energy is acquired from the atmosphere by these waves of
intermediate length, but the mechanism remains unclear. It is likely to include modification of the turbulent
conditions in the lower atmospheric boundary layer produced by the distortion of the surface caused by waves.
Wave generation remains a subject of active research.
Associated with the transfer of energy from the wind to waves is a transfer of momentum. Indeed, to the
degree that the water surface is aerodynamically "rough", momentum transfer can only be associated with wave
generation. Roughness implies a transfer of momentum because of the difference in pressure between the upstream and the downstream side of a roughness element. On the other hand, looked at from below, in the
water, pressure forces can generate only irrotational motion in a homogeneous fluid. The only irrotational
motions which contain average momentum in one direction are waves. Of course the waves may transfer the
momentum into other kinds of motion when they break or are otherwise dissipated.
Indeed the whole question of wave momentum is a vexed one. While a long uniform train of waves can
be shown to contain net momentum in the direction of wave propagation, an isolated wave group in water deep
compared with the length of the group can be shown to be accompanied by a flow in the water within and under
the group which carries momentum equal and opposite to that in the wave motion, so that the net momentum
is zero. The term "psendomomentum" is beginning to appear in the literature and the situation is very far from
completely understood.
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Be that as it may, momentum is transferred from the atmosphere to the ocean, mostly by the wave-generation
process but partly also by a skin friction similar to that which occurs when wind blows over a smooth surface.
Considering its appearance, a wavy surface is remarkably smooth aerodynamically. In fact, the aerodynamic
roughness of a fully developed sea, even one with waves tens of metres high, is measured to be less than that
of mown grass. This extraordinary observation is probably associated with the fact that the waves move with
the wind, so that the contrast between the wave profile and the wind speed is much less than the contrast between
the wind speed and the surface of the water.
It is traditional to describe the momentum transfer from the atmosphere to water in terms of the "drag
coefficient" Cd, which is defined as
Cd = U*2/U 2
The drag coefficient is the bulk modulus for momentum transfer. The wind speed U is normally taken as
that a height of ten metres above the surface. This rather arbitrary choice of measurement height has both
advantages and disadvantages. It is a convenient height for measurement on most ships, and it is well clear
of the top of all but the most extreme waves. However, it is also high enough to be above the level at which
the logarithmic profile can be taken to hold even for rather moderate conditions of stability and instability.
Therefore, the wind speed at ten metres is not a particularly good indicator of the wind speed close to the surface.
Commonly an attempt is made to "correct" the observed value of U for stability effects.
It is customary to plot the drag coefficient against the ten-metre wind speed U10 •
Measurements of wind stress, required to yield a figure for drag coefficient, are quite difficult. They require
very sensitive equipment, carefully maintained, and mounted in such a way that the data may be interpreted
despite any motion which may be induced by the waves themselves. For high wind speeds this wave motion
becomes quite ferocious, and until very recently almost no data were available on the drag coefficient for wind
speeds above 10 metres per second. Data for lower wind speeds almost always show a great deal of scatter,
with a mean for Cd of something like 1.2 x 10- 3 • Earlier data gave some indication of an increase of Cd with
wind speed. The evidence for the increase was, however, never compelling and there was a good deal of dispute
in the literature about its validity.
Very recently, data have become available giving drag coefficients at much higher wind speeds - up to
about 25 metres per second. These data, shown in Figure 12, still show great scatter, but the increase with wind
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The drag coefficient of wind over open water, as measured by S. Pond and W. G. Large. Note the scatter in the data
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speed is unmistakable. When the wind speed approaches 25 metres per second, it appears that the drag coefficient
is in the neighbourhood of 2.0 x 10- 3 •
Similarity theory in the boundary layer was developed in part to cut through the necesssity to understand
in detail the complications of the behaviour of the turbulent boundary layer. Similarity theory has also been
applied to the complicated process of wind drag over water.
In its simplest form, it has been argued by Charnock and by Ellison that the roughness is determined by
gravity waves and that there should be a relationship among zo, u* and the acceleration of gravity, g.
This yields:
where E is a constant.

u",
z
u*
zg
Thus for U = ---'- In - = - In - 1(
Zo
1(
Eu/
Cd =

1(2

In (98 m2s- 2/Eu*2t 2

This form gives a slow increase of Cd with increasing u*, and therefore with increasing U. With a value
of E in the neighbourhood of 0.015 there is a reasonable fit to the mean of the data, particularly at the higher
wind speeds as is seen in Figure 12 (b). This form for Cd would seem to diverge for EU*2-+ 98 m 2s- 2 • That
corresponds, however, to Zo -+ 10 m, a circumstance which would never occur at sea on our Earth. If, in some
other universe, it did occur, it would merely indicate that 10 m were an unsuitably low elevation at which to
measure wind speed.
An expression of this kind cannot be expected to hold for very low values of u* and of U, since the expression indicates very low drag coefficient at these speeds. However, a completely flat surface such as glass shows
an increasing drag coefficient as the wind speed decreases (Figure 12 (b)). The drag coefficient for a flat surface
and a ten-metre wind of 10 m S-l is about 0.8 X 10- 3 , and has a value of 1.2 x 10- 3 for a wind speed of about
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Same data as Figure 12 Ca) displayed as means with standard deviations. The triangles refer to data obtained from
the fixed mast operated in the north-west Atlantic by the Bedford Institute of Oceanography, while the crosses refer
to data collected at Ocean Weather Station PAPA in the north-west Pacific. The dashed line indicates the drag of
a very smooth surface such as glass, while the solid line corresponds to the EIIison-Charnock suggestion Zo= Eu. 2fg,
with E put at 0.015
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0.5 m S'l. For comparison, the drag coefficient of grass mown to 3 cm long is measured at about 5 X IQ'3. These
figures show how extraordinarily smooth, aerodynamically, is a water surface with wind-driven waves.
Apart from the low value of the drag coefficient, a notable feature of Figure 12 is the tremendous scatter
in the data. As can be seen in Figure 12 (b), the standard deviation about the mean is typically about 15 per
cent of the mean - even more at low wind speeds. Figure 12 presents a fairly homogeneous data set, generated
by a single team of investigators using a single measurement technique from only two sites, both of which were
quite exposed over subarctic water. If all other modern data from all observers were included, the overall mean
picture would not differ much but the standard deviation would be increased.
This large standard deviation has caused some workers to conclude that there must be other parameters
relevant to the problem. And indeed it is easy fo find other parameters. The local wave field depends not only
upon the local immediate wind, but on the past history of the wind, the fetch, the depth of the water, and waves
propagating in from distant sources. White capping, which very strongly influences the appearance of the sea
and undoubtedly is of some dynamic importance, depends upon surface tension - which itself depends upon
temperature and the nature of any surface active films which may be present. The stability of the atmospheric
boundary layer can affect the nature of turbulence in the wind field.
It is for this reason that most workers in the field, including myself, prefer to continue to show a drag
coefficient plotted against wind speed, despite the fact that it is difficult to argue with the position of "purists"
who contend that any plot of this type should be fully non-dimensional. However, non-dimensionalizing requires
that one decide which of the appropriate parameters to use for the non-dimensionalization from (among others)
those mentioned in the previous paragraph.

In fact the amount of scatter in the observed values of stress under a certain set of conditions at sea, as
shown in Figure 12, does not differ remarkably from that found over land. Figure 13 gives some rather old,
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Drag coefficient over land with a Cover of rough grass. Note that the mean drag coefficient is much greater than that
over water, and that the relative scatter of the results is as least as great as that found over water (Source: W. C.
Swinbank: "An experimental study of eddy transports in the lower atmosphere", Division of Meteorological Physics,
Technical Paper No. 2, CSIRO, Australia, 1955)
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but still carefully observed data taken over land at a site characterized by unusual homogeneity. A good deal
of the scatter may be of a strictly statistical nature. That is, the turbulent stress is by no means constant, and
the values plotted in Figures 12 and 13, as in all similar observational data, are averages. However, to the
extent that the variation is at low frequency for measurements at a point, or at low wave number for measurements taken with aircraft, there remains some residual fluctuation in any finite-length average. And the averages
must be of finite length, since the phenomenon being measured does not remain steady indefinitely either in time
or in space. Basically the problem is the same as that which arises in determining mean wind, despite its
"gustiness", except that it turns out that for stress the fluctuations are a much larger fraction of the mean so
that the problem is more severe.
Undoubtedly some of the scatter is produced by large-scale semi-organized motion in the boundary layer
such as those shown over Lake Superior in Figure 3 and over the north-west Pacific in Figure 14. These organized
motions would appear to be of such a nature that in anyone location there could be a net subsidence or a net
updraught lasting as long as a typical observation. Evidently the results obtained under such conditions would
be expected to differ from an ensemble average taken over the whole field, even when the whole field might be
seen to be at least approximately statistically homogeneous.

Figure 14 -

Satellite image obtained for the Japan Meteorological Agency from the Japanese Geostationary Meteorological Satellite
on 16 February 1978. The thin white lines are at 100 intervals of latitude and longitude. Note the structure in the
clouds, indicating structure in the boundary layer, over the ocean. Note also how much this structure varies in space.
The warm Kurashio sweeps from the lower left corner of the figure to the middle of the right boundary
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Figure 14 is of interest from another point of view. The fine white lines superimposed on the image are
at 10° intervals in latitude and longitude. That is, they are about 1 100 kilometres north-south, and in the centre
of the image about 850 km east-west. This scale is not very different from that used in many global and hemispheric numerical models of atmospheric circulation, and is only about three times bigger than the finest-scale
grids currently being employed for such models. It can be seen that the problem raised above with respect to
land surfaces - that is, that there is great inhomogeneity so that it is difficult to describe the situation with just
a few numbers - can also apply over water. The difference in boundary-layer characteristics revealed by the
cloud patterns shown in the image arises both from variations in surface temperature of the water and from
variations in the meteorological circulation. In these winter conditions the water is typically warmer than the
land from which the air mass is sweeping. This is particularly true over the Kuroshio, a strong warm current
which sweeps from the lower left corner to the middle of the right margin of the image. The boundary layer is
therefore characteristically unstable, with vigorous convection. It can be seen that this convection is highly
organized into cells and streaks, and that the nature of this organization is by no means uniform from place
to place. As is the case over land, here also over sea there is no "typical" spot from which to measure what is
going on in the boundary layer if the intention is to interpret that measurement as being characteristic of an
area hundreds of kilometres in dimension.
Prospects for the future

Making long-range predictions about the evolution of any science is about as uncertain an activity as is
making long-range predictions about the weather. It is useful, however, and in many cases necessary, to try.
Any such predictions are necessarily strongly influenced by the prejudices and limitations of the person making
them - and what follows herein will be no exception.
In my view the future for boundary-layer theory lies with the development of higher-order closure schemes,
and the future for boundary-layer observations lies with airborne observations coupled with information gained
from satellites.
It appears that the semi-empirical similarity theory of the surface layer is now able to describe the situation
as well as appears necessary, where the assumptions of homogeneity and steady state are valid. What remains
to be done there would be described in military terms as "mopping up".
There remains a considerable amount of work to be done in defining the effects of the nature of the surface
on the roughness length, the effective zero from which heights above the surface should be measured when the
roughness elements are dense, and on heat and water-vapour transfer under varying conditions. Much of this
work is under way by agricultural and forestry meteorologists, and by those concerned with urban pollution
and wind-force problems. But there may be some types of ground cover which are being neglected because
they do not fall within the interests of any such specialized groups.
The effects of large-scale irregularities in terrain, such as occur with mountain ranges or even with ranges
of hills have, so far, largely been left as being "too hard". Eventually, they will have to be tackled.

It appears to me that similarity theory has not proved a great success in the boundary layer above the surface layer. In retrospect, this failure might have been anticipated, since the conditions of homogeneity and
steady state which are required to make similarity theory manageable without having to include too large a
number of independent variables occur so rarely.
It is to this upper portion of the boundary layer that much present effort is being applied. It is here where
one can with some confidence expect substantial progress in the future. Higher-order closure theory is being
applied to the problem and if the theory and observations can be brought together, to move hand in hand, the
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science can be expected to advance fairly rapidly. There are a few obvious points of attack: the diurnal cycle
in regions where the terrain is comparatively simple is one. The Australian Wangara Experiment generated a
large quantity of useful data of this kind to which theoreticians are now applying themselves. Another is the
behaviour of the boundary layer when the air mass flows from an area with one characteristic surface to an area
with a very different kind of surface. Data of this kind were collected during IFYGL and AMTEX. Yet another
is the behaviour of the boundary layer in disturbed meteorological conditions, such as occur in storms and
around fronts. Such experiments are simpler if conducted over very uniform surfaces - for example over the
sea. Data of this kind were collected during JASIN and there are plans for a Storm Transfer and Response
Experiment (STREX) in the north-east Pacific.
It is evident that the effects of large-scale cells and rolls such as are revealed by satellite photographs will
have somehow to be incorporated in the theory. It is very difficult to study features of this kind from fixed
observing points. Instrumented aircraft, which can move rapidly through the structures, seem to be the most
promising tools. Some data of this kind were obtained in BOMEX, JASIN, and GATE.

The last two paragraphs include mention of a large number of massive international field programmes.
There is in fact a great deal of observational data on the boundary layer which has not yet made its full impact
upon the evolution of theory. In my' opinion, the lag at present in the development of theory, relative to the
acquisition of data, is importantly handicapping advances in our understanding of the boundary layer. The
rather favourable situation of a few years ago, when similarity theory dominated theoretical thinking and when
observational programmes were designed with clear-cut objectives to provide information needed by theorists,
no longer pertains. None of the above large field programmes was designed specifically to meet the needs of
higher-order closure theorists. Certainly a good deal of the data obtained will be of great value to such theorists.
However, the science will not fully flourish until it returns to a situation where the theory can make clear-cut,
realizable demands upon the observational programmes, and these programmes can be designed specifically to
meet such demands.
Unfortunately, advances promise to be expensive unless some as yet unforeseen ingenuity can produce a
major change in methods.
Higher-order closure theory is much more demanding of computer power and of computer time than is
any other type of boundary theory which has been applied.
So far there seems no alternative to highly instrumented aircraft in permitting the obstacles of inhomogeneous terrain and of large-scale structure in the boundary layer itself to be overcome. Use of these aircraft
can probably be made a good deal more effective by coupling their observations with a careful examination of
satellite photographs - as was done in particular in GATE.
The future for the study of the boundary layer promises to be rewarding and exciting - but not cheap!
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