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FOREWORD

The concepts of mixing of water masses, dispersion of anomalies,
transport of momentum and vorticity and the dissipation of kinetic
energy by turbulent motions in the ocean, play a central role in
almost every aspect of Oceanography. The action of turbulence appears
not only in the circulation models of physical oceanographers but
equally in the models of chemical distributions, of biological pro-
duction and of sedimentation.

The interaction between atmosphere and ocean - with its important
consequences for climate variation - can only be modelled by taking
into account the transport of heat, salt and momentum by turbulent
motions in the wind-mixed surface layer and the undexlying thermocline.

The majbr advances that have been made in the past decade have
revolutionized our thinking about turbulence in the ocean. The bulk
effects of turbulence that were known fifty years ago can now for
the first time be discussed in terms of models of the responsible flow
patterns based on an understanding of the underlying dynamics and
physics.

The IAPSO General Assembly in Grenoble (1976) accepted a proposal
submitted by the British National Committee to sponsor a second
Symposium on Turbulence in the Ocean, at which the emphasis would be
on seeking a synthesis across the wholespectral band from millimetres
to megametres. This proposal was subsequently discussed by SCOR which
agreed to co-sponsor the meeting and by the IOC which offered support.
A number of member states recommended that the Sympgsium should be
recognised as a IDOE meeting. It was therefore designated the
IAPSQO-SCOR-IDOE Second Symposium on "Turbulence in the Ocean", with
support from the IOC.

It was decided to make the first week an open meeting, during which
both invited and contributed papers could be presented and discussed
in open sessions to be attended by all comers. The plan was to follow
this by a closed session during the second week. In order to accomc-
date the idea of an open first week, it was agreed that this would be
combined with the annual Colloquium on Ocean Hydrodynamics held in

Liége University.x

1
J.D. Woods : Report to the IOC.



VI

The internaticnal Liége Colloguia on Ocean Hydrodynamics are or-
ganized annually. Their topics differ from one year to another and
try to address, as much as possible, recent problems and incentive
new subjects in physical oceanography. ’

Assembling a group of active and eminent scientists from different
countries and often different disciplines, they provide a forum for
discussion and foster a mutually beneficial exchange of information
opening on to a survey of major recent discoveries, essential mecha-
nisms, impelling question-marks and valuable suggestions for future
research.

The papers presented at the Eleventh International Lié&ge Colloquium
on Ocean Hydrodynamics report theoretical and experimental research
and they address such different scales of motions as synoptic eddies,
fronts, mesoscale blinis, and three-dimensional microscale fluctua-
tions. Their unity resides in a common approach to the variability of
the seas, based on the profound understandirg of non-linear processes

which the theory of turbulence provides,

Jacques C.,J. NIHOUL.



viI

The Scientific Organizing
Committee of the Eleventh International
Liége Colloquium on Ocean Hydrodynamics
and all the participants wisﬁ to express
their gratitude to the Belgian Minister
of Education, the National Science Foun-
dation of Belgium, The University of
Liége,the Intergovernmental Oceanographic
Commission and the Division of Marine
Sciences (UNESCO) and the Office of Naval

Research for their most valuable support,



IX

LIST OF PARTICIPANTS

ADAM, Y., Dr., Ministére de' la Santé Publique et Environnement, Belgium,
BAH, A., Prof,, Dr., Institut Polytechnique de Conakry, Rép. de Guinee.
BELYAEV, V.S., Prof., Dr., Institute of Oceanology, Moscow, U.S.S.R.
BERGER, A., Prof., Dr., Université Catholique de Louvain, Belgium.
BOWDEN, K.F., Prof., Dr., University of Liverpool, U.K.

BURT, W.V., Prof., Dr., Office of Naval Research, London, U.X.

BUTTI, C.H., Dr., Rijkswaterstaat, 's Gravenhage, The Netherlands.
ChLDWELL, D.R., Prof., Dr., Cregon State University, U.S.A.

CHABERT A4'HIERES, G., Ir., Institut de Mé&canique de Grenoble, France.

COANTIC, M., Prof,, Dr,, Institut de Mécanique Statistique de la
Turbulence, Marseille, France.

COLIN DE VERDIERE, A., Dr., C.0.B,, Brest, France,

DELCOURT, B., Dr., Von Karman Institute for Fluid Dynamics,
Rhode St. Genése, Belgium.

DERENNE, M,, Mr, Université de Liége, Belgium.

DESAUBIES, Y.J.F., Dr., University of Washington, Seattle, U.S.A.
DILLON, T.M., Ir., Oregon State University, U.S.A.

DISTECH*, A., Prof., Dr., Université de Liége, Belgium.

PEDOROV, K., Prof., Dr., Institute of Oceanology, Moscow, U.S.S.R.
FERGUSON, S.R., Mr., University of Liverpool, U.K. '
GIBSON, C.H., Prof., Dr., University of califormnia, U.S.A.
GOODMAN, L., Pr., O.N.R., Washington, U.S.A.

GORDON, C.M., Dr., Naval Research Laboratory, Washington, U.S.A.
GREGG, M,C., Prof., Dr., University of Washington, Seattle, U.S.A.
HAUGUEL, A., Ir.; Electricité de France, Chatou, France.
HOPFINGER, E., Dr., Institut de Mécapique de Grenoble, France.
JOSSERAND, M., Ir., Institut de Mécanique de Grenobie, France.
KITALIGORODSKII, S.A., Prof., Dr., University of Copenhagen, Denmark,
KRUSEMAN, P,, Dr,., K.N.H.i., De Bilt, The Netherlands.

KULLENBERG, G.E.B., Prof,, Dr., University of Copenhagen, Denmark.
LEBON, G., Prof., ﬂr., Université de Liége, Belgium.

LE PROVOST, C., Prof., Dr., Institut de Mécanigue de Grenoble, France.
LEWALLE, A., 1r., Université de Liége, Belgium.

LOFFET, A., Ir., Université de Li&ge, Belgium.

LUMLEY, J.L., Prof., Dr.,, Cornell University, Ithaca, U.S.A.
MABRT, K.H., Dr., Universitat Kiel, W. Germany.



X

MICHAUX, T., Ir., Université de Liége, Belgium,

MITCHELL, J.B., Dr., U.K. Meteorological Office, Eracknell, U.K.
MULLER, P., Dr,, Harvard University, Cambridge, U.S.A.

NIHOUL, J.C.J., Prof., Dr., Université de Liége, Belgium,

NIZET, J.L., Ir., Université gde Liége, Belgium.

OAKEY, N.S., Dbr., Bedford Institute of Oceanography, Dartmouth,
Canada.

OLBERS, D., Dr., Universitat Kiel, W. Germany.
ORLANSKI, I., Dr., Princeton University, U.S.A.

OSBORN, T.R., Prof., Dr., University of British Columbia, Vancouver,
Canada.

OSTAPOFF, F., Dr., Sea-Air. Interaction Laboratory, Miami, U.S.A.
QZER, J., Ix., Université de Liége,‘Belgium.

0ZMIDOV, R,.V., Prof,, Dr., Institute of Oceanology, Moscow, U.S.S.R.
PANCHEV, S., Prof., Dr., University of Sofia, Bulgaria.

PASMANTER, R,.,, Dr., Rijkswaterstaat, Den Haag, The Netherxrlands.
PIACSEK, S.A., Dr., NORDA, Bay St. Louis, U.S.A.

PICHOT, G., Ir., Ministére de la Santé Publique et de 1'Environnement,
Belgium,

RENIER, I., Miss, Université de Liége, Belgium.
REVAULT A'ALLONNES, M., Dr., Museum d'Histoire Naturelle, Paris, France.

RHINES, P.B., Dr., Woods Hole Oceanographic Instituticn, Wwoods Hole,
U.S.A.

ROISIN, B., Ir., Université de Lidge and Florida State University,
U.S.A.

RONDAY, F.C., Dr., Université de Liége, Belgium.

RUNFOLA, Y., Ir., Université de Li&ge, Belgium.

SMITZ, J., Ir., Université de Liége, Belgium.

STROSCIO, M.A., Dr., Johns Hopkins University, U.S.A.

SWIFT, M.R., Prof., Dr., University of New Hampshire, U.S.A.
THOMASSET, F., Ir., IRIA Laboria, Le Chesnay, France.

TURNER, J.S., Prof., Dr., Australian National Univefsity, Camberra,
Australia.

VETH, C., Dr., N.1,0.2., Texel, The Netherlands.
woops, J.Db., Prof., Dr., Universitdt Kiel, W. Germany.
WOLF, J., Mrs, I1.0.S., Bidston, U.K.



X1

CONTENTS

FOREWORD . . . + ¢ ¢ ¢ ¢ 4 v o « o a o o o o o o = 4 PR \
ACKNOWLEDGMENTS e b e e e e e e e e e e et e e e e e e e VII
LIST OF PARTICIPANTS . . . . ¢ « o « o o o o o o o o o o « W IX
J.C.J. NIHOUL : The. turbulent ocean v e e e e e e e e e e 1

A, COLIN DE VERDIERE : The influence of meridional boundaries

upon Rossby wave rectification processes . . . . . . . . 21

S. PANCHEV : Spectral structure of horizontal oceanic

turbulence - Semi-empirical models . . . . . . . . . . . 43
K.N. FEDOROV : Intrusive fine structure in frontal zones and
indication of double diffusiomn . . . . . . . . . . . . . 57

I. ORLANSKI and C.P, CERASOLI : Resonant and non-~resonant wave-

wave interactions for intermnal gravity waves . . . . . . 65

T,M. DILLON and D.R. CALDWELL : Kinetic energy dissipation

observed in the upper oceam . . . . « 4« 4+ « « « +» « « .+ . 101

M. REVAULT D'ALLONNES and G. CAULLIEZ : Observations of air-

sea interaction parameters in the open ocean . . . . . . 103

N.S. OAKEY and J.A. ELLIOTT : Dissipation in the mixed layerxr

near Emerald Basin . . . . . . . . . . . ¢ 4 e e o . . . 123
M.C. GREGG : Zero crossings of temperature microstructure . 135
T.R. OSBORN : Dissipation measurements of oceanic turbulence 143

V.S, BELYAEV : Shear instability generation of the

turbulence in the ocean (field evidences) . . . . . . . . 157
R.V. OZMIDOV : Small-scale oceanic turbulence . . . . . . . 167

J.L. LUMLEY : Some fundamental aspects of turbulence with

implications in geophysical flows . . . . . . . . . . . . 175

S.A. PIACSEK and J. TOOMRE : Nonlinear evolution and

structure of salt fingers . . . . . . .« . . .+ .+ . . . . . 193

C.H. GIBSON : Fossil temperature, salinity, and vorticity

turbulence in the 0cean . . . « « + &« o o « « « « & » + « 221



XI1

K.F. BOWDEN and S.R.

FERGUSON

vVariations with height of

the turbulence in a tidally-induced bottom boundary layer

M. R, SWIFT : Spatiaily varying turbulence production

in tidal channels . . . . . . .+ . « 4+ e e e e e e e

C. VETH : A laser-Doppler velocimeter for small scale

turbulence studies in the sea

J. WOLF : Estimation of shearing

with application to the Irish

J.C.J. NIHOUL,

dispersion in a shallow tidal

A. WARLUZEL and J.P. BENQUE

Subject Index

Y.

RUNFOLA anad B.

. - . . - . - . - . . . . .

stresses\in a tidal current

Sea . . {4 4 s e e e 4.

ROISIN : Shear effect

SEA .+ . 4 e s e e e e e e

Dispersion in a tidal sea ., .,

259

287

303

319

345

363

375



THE TURBULENT OCEAN

Jacques C.J. NIHOUL1

Mécanique des Fluides Géophysiques, Unjiversité de Liége, Sart Tilman
B6, B-4000 Liége, (Belgium).

lalso at the Institut d'Astronomie et de Géophysique, Université de

Louvain (Belgium).
ABSTRACT

The variability of the ocean over a wide range ©f scales, from the
megameter to the millimeter, is examined in the light of turbulence
theory.

The geophysical constraints which arise from the Earth's rotation
and curvature and from the stratification are discussed with emphasis
on the role they can play at different scales in inducing instabili-

ties and a transfer of energy to other scales of motion,
INTRODUCTION

Turbulence in the ocean is still a very controversial subject.

An innocent physicist, emboldened by a solid background in the theory
of turbulence, who would approach the subject relying on his good
understanding of, say, turbulent channel flow, might soon find him-
self confronted with a maze of conflicting experimental data and a
nightmarish farrago of theories where he recognizes very little of
what he regards as "turbulence".

Assuming that he is able to muster enough of his high school latin
and greek to find his way among iso-halines, iso-pycnals and other
proliferating peculiar surfaces which seem to f£ill the ocean with
complexity, he may still require some time to adjust to new cabalis-
tic concepts such as enstrophy, red energy cascade, eddies "which do
not overturn", double diffusion or fossil turbulence.

Used to regard a turbulent flow as the superposition of a mean
motion and turbulent fluctuations, he must face the fact that, if
such things exist in the ocean, they are several thousands orders of

magnitude apart in scales and apparently separated by a jungle of



complicated movements which one refers to as the "variability of the
ocean",

One of the most intriguing aspect of ocean variability is that,
while the macroscale dynamics is claimed to be governed by a cascade
of enstrophy to smaller scales, studies of mesoscale and microscale
variability seem totally unconcerned with it as if it had disappeared
somewhere on the way. (Planetary oceanographers talk about enstrophy
"dissipation" but surely they mean something else like "annihilation®";
even 1f one of them, answering a question at the Eleventh Liége
Colloquium on Ocean Hydrodynamics, expressed the somewhat surprising
view that "dissipated"” enstrophy turns intc heat).

For somebody trained in classical turbulence theory, it is not
immediately obvious that the variability of the ocean is a form of
turbulence.

If it is turbulence, it is clearly very different from the type of
turbulence with which mechanical engineers, say, are familiar.

The reason why it should be so is found in the work of those ocea-
nographers who, taking a quite opposite view, insist on describing
ocean hydrodynamics in terms of non-turbulent theories such as linear
wave propagation or molecular effects.

That tﬁey succeed in explaining some of the observations - after
removing turbulence from the experimental §ignals in an operation
which they gallantly call "decontamination" - is an indication of the
mechanisms which are particular to geophysical flows and which are
liable to modify, more or less drastically, geophysical turbulence.

The Coriolis force and the density stratification - which allow
wave motions that do not exist in non-rotating non-stratified fluids -,
the variations of density not only with temperature but also with
salinity, - with different molecular diffusivities for momentum, heat
and salt -, and their interference in other processes related to
bottom or coastal topography and air-sea interactions, provide a
great variety of mechanisms which eventually combine with mechanical
effects to determine the stability or the instability of oceanic
motions and the subsequent constraints on turbulence at different
scales.

Including such geophysical constraints, it becomes possible to
understand some essential characteristics of ocean variability and to

buiid an image of what turbulence in the ocean may be.



TIME SCALES, LENGTH SCALES AND LINEAR WAVE THEORY

The equations of Geophysical Fluid Dynamics admit linear wave so-
lutions of different kinds (e.g. Monin et al, 1977), Whether these
waves can be observed in the ocean depends on a series of factors.
Very small amplitude waves will not be affected by non-linear inter-
actions but, on the other hand, they may be masked by stronger motions
and remain unnoticed. Interactions between larger amplitude waves may
create an intricated field of waves and wave packets of all scales,
wave breaking and turbulence, from which the ideal individual wave of
linear theory cannot be sorted out.

The theoxry o¢f linear waves is however always a useful mathematical
exercise as it helps to identify the dominant length scales (wave
numbers) and time scales (frequencies) of motions.

From this point of view, it is convenient to divide ocean waves

into three categories (Nihoul, 1979)

A. Macroscale waves

These waves have frequencies (w) in the range

1078571 <w g 107%s7!

~

and operate over a range of horizontal wave-numbers (k)

-6 -1
m

10 k < 1073t (2)

~

(Waves of larger periods could be considered but the limiting frequen-
cy 10-8 corresponding to periods larger than 10 years, they are pre-
sumably rather irrelevant to the present discussion). Macroscale
waves are directly related to the spatial variations of the Coriolis
parameter f (f = 2Q sin ¢ where Q is the angular velocity of the

earth's rotation and ¢ the latitude) i.e. to the parameter
B = ||vE] ~ 10-tlp-15-1 (3)
Macroscalé waves include (e.g. Rhines, 1977 ; Nihoul, 1979)

(i) very slow baroclinic waves (wk << 8) for which

2pu2
" N“BgH

k (4)
£2

where H is the depth of the ocean and N the Brunt-vV4is&lad frequency.



(The condition wk << B yields Lnvk~! >> R where R = Nuf-! ~ 105 n
is the so-called "Rossby internal scale". These waves.are thus very
slow large scale small amplitude waves which, if excited, are likely
to break rapidly under the effect of bottom slope and general baro-

clinic instability).
(ii) barctropic Rossby waves (wk ~ B) for which

- -1, -1
w v Bk 1 ~n £fyH 'k 1_ (5)
where y is the non-dimensional mean bottom slope chosen here of the
order y ~ 10~ % such that fym™! a g & 10-11 |
(In a forced problem, with wind blowing accross the ocean surface,
these waves constitute the most important mode at "weatherlike"” time

scales over horizontal scales greater than R).

(iii) fast baroclinic waves confined within a layer of thickness

f1Ln-1 above the sloping bottom, for which
w v YN (6)

(If, in the dispersion relation of topographic Rossby waves

w v £y B-1x-1 r one replaces the depth H by the "penetration height"
fLN-1 , one obtains the dispersion relation (6). These waves may
thus be regarded as topographic Rossby waves where density stratifica-

tion provides a lid for vortex stretching).

B. Mesoscale waves

These waves have frequencies in the range

1072s-1 < w < 10-2g-1 (7)

~

and include gyroscopic waves and inertial oscillations, tides, and

internal gravity waves (e.g. Tolstoy, 1963 ; Monin et al, 1977).
The effect of the Earth's curvature becomes here negligible and

the essential factors in the dispersion relations are the Coriolis

parameter f and the Brunt-vVdis&ld frequencies Ny ;, and Nyayx .

C. Microscale waves

These waves have frequencies

\

10727 < : (8)
They are essentially surface waves and acoustic waves. The former

only affect the upper layer of the ocean and may be regarded as an



indispensable - unfortunately rather complicated - way of transferring
momentum and energy directly from the wind to the sea ; the latter are
marginally important in Ocean Hydrodynamics from which they are custo-

marily excluded by the Boussinesq approximation.
MACROSCALE TURBULENCE

Macroscale motions in-the ocean include laxge scale currents (gyres)
and quasi-geostrophic or "synoptic" eddies which appear, from cobserva-
tional studies, to contain a laige fraction of the ocean's kinetic
energy.

The dynamics of the synoptic eddies is dominated by the earth's
cuyrvature - parameterized in terms of B - and their horizontal length
scale is of the order of the Rossby internal scale R.

The spectral characteristics of the synoptic eddies, wave number

Kgr frequency wB and energy level KBE(KB) where E{x) is the horizontal
kinetic enexrgy spectral density, can be estimated by turbulence simi-
larity arguments. One finds
Kg v R-1 ~ 10_5m_1 (9)
-1 -6 -1 .
v ~ 10 10
wg BKB s (10)
2 -4 -2 2 -2

E(k N N 10 11
KB ( B) B KB m s ( )
" These estimates appear to be in good agreement with the observa-
nt.e?

tions (e.g. Koshlyakov and Monin, 1978).

The use of the term "synoptic" emphasizes the physical analogy be-
Fween these eddies and the synoptic eddies of the atmosphere (cyclones
and anticyclones, quasi-geostrophic motions at the Rossby scale) .

The synoptic variability of the atmosphere, however, has time
scales of the order of a week and is shaped by pressure lows and highs
with characteristic horizontal scales of the order of the thousand of
kilometers and one must exclude the hypothesis of the generation of
synoptic ocean eddies by direct resonant interactions. Atmospheric
disturbanCes‘z lows and highs - generate large-scale currents in the
ocean and it is the barotropic and essentially baroclinic instability
of these curreﬁts which provide the energy for the synoptic eddies
(Kosklyakov and Monin, 1978),

(The kinetic - and approximately equal potential-energy of the
synoptic eddies is essentially higher than the kinetic energy of the



