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1. DEFINITIONS AND SCALES

T urbulence is defined  as th is p a rt  of rea l fluc tuations (of hydrody- 
nam ical properties) w hich is n o t coherent w ith  w aves (of any length; nor 
generally  w ith  any  „ reg u lar” m otion). Thus, from  a record  of a hydro- 
dynam ical p roperty  one should filte r out not only the m echanical and 
electrical noise, b u t also the  w ave-induced fluctuations. The la tte r  can 
be filte red  out if overall rea l fluctuations ^ (t) a re  recorded sim ultaneous­
ly  w ith  sea level oscillations |  (t). The filtra tio n  procedure was firs t 
elaborated  by Bowden and W hite [3] and la te r Benilov and Filyushkin  
[1] developed a m ore general m ethod of linear filtra tion  of s ta tionary  
random  processes. The fluc tuations induced  by surface waves, £ (t), can  
be approxim ated by the fin ite  sum:

1 n ( t ) =  j ;  P(kn ) ' G ( t - t (kn)) ( 1)
k = i

in w hich the coefficients Pk(n) are  determ ined  from  the  system  of equa­
tions:

Bt{ (tj<n>) =  £  Bk(n) Bfi (ti<"> —  tk<n>) (2)
k  =  l

1 =  1,2, ... n
where: Bcf (t) =  correlation function for waves Ç (t),

Bf{ (t) =  cross-correlation  function  of rea l fluctuations and 
waves.
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The m ean square  erro r of filtra tion :

is determ ined  by the form ula:

j2 _  I J i i M  _  y  ß (n)e- i t (Iî*.,
n J f « H  l k

— oo K *■

i tt (oo) d CO (4)

in w hich (co) and  (co) are  respective F ou rie r transfo rm ations of the corre­
lation functions ( t )  an d  ( x ) .  The am ount of com ponents in the sum  
of (4), n, can be chosen so as no t to  surpass a p re-se t e rro r level s ^  .

Should both  processes, % (t) and £ (t), tu rn  out to be in te rre la ted  in 
the non-linear form :

U t)  =  g [£ (s)] (5)
there  will be a principal possibility  of d iscrim inating § (t) by em ploying 
the non-linear f iltra tio n  m odel of Benilov [2], The descrim ination is 
based on know n sta tistica l m om ents:

B a,g =  ... B Pi... P, =  |  P-... g*

B  Oj... o ,  • g.. =  i r"rI t  =  0

in  which Oj, fij =  a rb itra ry  integers, and  w here, for a know n non-linear 
function g [¡¡(t)], the tu rb u len t p a rt of g, i.e. gT can be found from:

gT (t) =  U t ) - g K ( s k)] (7)

Fig. 1 shows an  exam ple of linear f iltra tio n  carried  out by Benilov [2], 
who used synchronous recordings of rea l tem pera tu re  fluctuations g (t) 
a t a depth  of 0.5 m and w ater surface oscillations g (t) in the M editerra­
nean.

A n analogous filtra tion  of the  fluctuations of hydrodynam ical p ro ­
perties due to in te rnal w aves is impossible, because the  la tte r  a re  not re ­
corded separately . How ever, Kolm ogorov suggests [4] consideration of

the random  vectorial field  u (x, y, z, t) (e.g. velocity  field) th rough  the 
spectral m easure Z (M) (in w hich M are  sets in the  p lane of horizontal

wave vectors k, the m easure  Z depending on the  vertica l coordinate z 
and tim e t). For each fixed k one w ould discrim inate the com ponent:

z° =  ¿ ( [ n  k] Z) [n -k ]  (8)
—> —>

in the horizontal plane perpend icu lar to k (w here n is a un it vector in 
the  vertica l direction) and the  component:

Z 1=  - (k’ z ) k  +  ( n ' z ) n (9)
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in  the  vertica l plane which contains k. In  this case the  field:

u° =  j  exp [i ('kx • x ky • y)] Z° (dk) (10)
would describe the  horizontal tu rbulence, w hile the field:

u1 =  J exp [i (kx • x +  ky • y)] • Z1 (dk) (11)

w ould contain  both tu rbu lence  and  waves, the  la tte r  tw o being d istingui­
shable from  each o ther only in  the spectral bands w hich do not coincide.

Prospects of the d iscrim ination of tu rbu lence  and in te rnal w aves can 
be linked w ith  the  application of phase relationships (phase sh ift spectra) 
to the  fluc tuations of various spatia l com ponents of velocity and scalar 
fields, w hich are fixed for in te rn a l waves and a rb itra ry  for turbulence. 
However, appropriate  algorithm s for the filtering  of in te rnal w aves from  
rea l fluctuations still rem ain  to be derived.

The problem  of the  d iscrim ination of tu rbu lence  is also crucial in 
the presence of th e r  m odes of sea m otion. Some of these modes are  ’’re ­
g u lar” and w ell discernible (e.g. low er tidal harm onics), w hile o thers are  
h ighly  random  and  m erge w ith  the  tu rb u len t background. From  the 
spectra m easured, one is often unable to  te ll tu rbu lence  from  the ’’reg u ­
la r” factors sunken in the overall m ix tu re  of d ifferen t effects, no tab ly  if 
those factors produce re la tive ly  w eak signals. Therefore it is common 
to assum e th a t tu rbu lence  is somehow the m easure of our know ledge of 
the phenom ena observed: all factors describable w ith  m athem atical tools, 
which occur in a fa irly  narrow  band  of frequencies and  wave num ­
bers (and are  m ostly  concentrated  around single frequencies and w ave 
num bers), and  are pred ictab le  (at least s ta tis tica lly ) m ay be called ’’regu ­
la r” or ’’quasi-determ in istic” , w hile all the  unknow n ones are  lum ped 
into turbulence. W ith the  progress in  m arine sciences, an increasing num ­
ber of tu rb u len t dom ains w ill probably  be ascribed to ’’reg u la r” factors. 
N onetheless, the p resen t s ta tu s  of sea dynam ics does not allow  us to claim  
as ’’reg u la r” even some of the  largest modes of oceanic m otion, because 
th ere  are  certain  in trac tab le  in teraction  s tru c tu re s  among them . Hence, 
even though the  problem  can be approached in num erous ways, it ap ­
pears to  be reasonable to delineate the  possible scales of oceanic tu rb u ­
lence.

The sm allest fluc tuations to be encountered  in the ocean are  con­
tro lled  by m olecular forces. From  the  theory  of isotropic tu rbu lence  th e ir 
scales (characteristic  dimensions) of leng th  and tim e can be determ ined 

as: /v M 1/4 / v V'2
L m in  =  II =  (—~ ) j T min =  / E~)

w hich correspond to 0.03... 1 cm and  0.1... 100 s for the rea l range  of v and 
e. On the  o ther extrem e, the  largest length  scales are  lim ited by the  size



of seas and oceans, so th a t they  reach  1000... 10 000 km. However, a single 
figure m ust not be given for the m axim um  tim e scale, because there  are 
not only d iu rnal and  m onth ly  changes in the  s tru c tu re  of sea m otions but 
also seasonal, in te ran n u a l and even long-w ave clim atic variations tha t 
control the condition of tu rbu lence. All these spatia l and tem poral chan­
ges are coupled w ith  certa in  ’’regu lar m otion” factors, betw een  w hich 
tu rb u le n t noise is p resen t. The energy  of (those factors (e.g. solar rad ia ­
tion or w ind) tran sfe rred  to sea w ater, firs t to the ’’regu lar m otion” 
(e.g. to density  cu rren ts  or w ind-driven  circulation) and nex t to tu rb u len t 
eddies of dim inishing size (although the  generation  of the  m ean motion 
m ight also take place th rough  eddies) *. Each mode of m ean m otion cre ­
ates its own cascade of tu rb u le n t eddies, and o ther series resu lt from  
num erous in teractions. Even though the num ber of ’’reg u la r” m otions 
can be fa irly  high, the input of energy  is significant only a t certa in  wave- 
num bers and  thus, for the sake of prac tica l considerations, it is expe­
dient to choose a few  characteristic  ranges of tu rbu lence  betw een pro­
nounced bands of energy  input, i.e. ’’regu lar m otion” factors. One of 
these bands belongs to w ind waves and swell, their characteristic  scales 
being 10... 100 m and 1... 10 (... >  10) s. The tu rb u len t eddies betw een 
these scales and the sm allest ones defined by Eq. (12) form  the  fine tu r ­
bulence range. The ad jacen t m esoturbulence in te rv a l stre tches up to 
scales of 1... 10 km  and hours... (1) day (s), w hich correspond to iner­
tia l (often tidal) oscillations. The largest eddies are  contained in  the 
m acro turbulence range, w hich is fed by the global circulations of the 
m axim um  scales m entionad above. I t is w orth  m entioning th a t m icro- 
tu rb u len t eddies are som etim es distinguished, up to scales of 1 m and 
1 s.

2. SPECTRAL DENSITY FUNCTIONS

The form  of oceanic tu rbu lence  energy  spectrum  w ith  th ree  chara ­
cteristic  bands of energy  inpu t is depicted in Fig. 2. Ozmidov, who firs t 
suggested the  existence of such a spectrum , assum ed th a t the  tu rbu lence  
is locally isotropic everyw here betw een the energy  -input peaks. Isotropic 
tu rbu lence  is described by the exponent ”— 5/3” in the pow er law  S =  
S (k). The existence of th is law  has been confirm ed by the evidence of 
num erous m easurem ents of w ater velocities and o ther physical quan ti­
ties in the  sea. One proof of th is k ind is also shown in Fig. 1 w here the 
tu rb u len t noise (tem pera tu re  fluctuations a fte r filtering) displays the

* Energy must not necessarily flow  from longwave components to those of 
higher frequencies, e.g. wind fluctuations of high frequency can induce longer fluc­
tuations of water velocity (by shear stress).



Fig. 1. Examples of spectral densities of wave heights (1), real fluctuations of tem ­
perature at depth of 0.5 m (2), filtered fluctuations of temperature (3) and ’’wave

noise” (4) after Benilov (1973)

Rye. 1. Przykładowe gęstości w idm owe wysokości fal (1), rzeczywistych fluktuacji 
temperatury na głębokości 0,5 m pod powierzchnią morza (2), odfiltrowanych fluk­

tuacji temperatury (3) i „szumu falowego” (4), wg Beniłowa (1973)



Fig. 2. Spectrum of oceanic turbulence 
Rye. 2. Widmo turbulencji oceanicznej

isotropic s tru c tu re  (triangles 3 m atch  the io_5/3 curve; note th a t the  iso­
tropic tu rbu lence  spectra coincide in the freguency  and  w avenum ber do­
m ains), w hile the w ave noise 4 obeys the w ell-know n ”— 5” law  for wind 
waves.

A lthough the am ount of data supporting  the ”— 5/3” law is extensive, 
the  law  itse lf m ust not be regarded  as universally  encountered under any 
sea conditions, nor is it the  only one to be derived analytically . The law s 
for isotropic tu rbu lence  are  based on the  assum ption that, w ith in  the 
equilibrium  range of tu rb u len t eddies, in  w hich the  energy tran sfe rred



to an eddy from  low er w avenum bers (frequencies) is balanced by the 
outflow  of energy  to sm aller eddies, it is only the ra te  of energy  dissipa­
tion, e th a t controls the energy  tran sfe r processes and the shape of the 
tu rbu lence  spectrum . From  dim ensional analysis it follows th a t

S (k) =  C • e2/3 k~5/3 (13)

The sam e ru les of dim ensional analysis can be em ployed in the  d e ri­
vation  of spectral form ulae u nder d ifferen t conditions. In the case of tw o- 
-dim ensional tu rbulence, aside from  other quantities it is the  m ean square 
of ro ta tion  (so-called enstrophy) th a t m ust be conserved, its ra te  of dis­
sipation being £i (S~3). Should th is dissipation dom inate over a certain  
section of the  inertia l range of spectrum  (in com parison w ith  the dissi­
pation of kinetic  energy a t a ra te  of e), the  following form ula w ill be 
obtained from  dim ensional analysis for the  energy spectrum  S (k):

S (k) =  ci • E i ^  • k “ 3 for 2 jt/L <  k <  2 n/i\ (14)

in  w hich L =  ex te rnal scale of motion,
r] =  viscous dissipation scale, as in Eq. (12),
Ci =  constant coefficient.

Along the  inertia l — convective range of spectrum , w here the  basic pro­
cesses of spectral tran sfer are  governed by £i and the dissipation of in ­
hom ogeneities in the  s tru c tu re  of concentration (of a certain  substance, 
these inhom ogeneities being m easured  th rough  (5 C2)) a t a ra te  of £c, the 
spectra l density  of concentration can depend only on £i and £c, w hich 
yield

Sc (k) =  Cc • £c ' £i—1/3 k _1 for 2 jt/L k 2 k/t\0 (15)
in w hich . , ...

r|o — m ax [r] • (x/ ej—1/3)1/2]

U nder o ther conditions in the  upper layer of sea and  in the coastal zone 
the  param eter £ is not a controlling factor. I t  can be substitu ted  by a 
characteristic  velocity, for instance th a t of energy inflow  from  the atm o­
sphere [6]. In such cases, e.g. for w ind-driven  circulation resu lting  
from  shear stresses, one obtains:

Sc (k) =  C2 • £c • v , - '  k - 2 (16)

In density  —  inhom ogeneous media, the spectra of tem pera tu re  fluc­
tuations in  the inertia l — convective range are described by the  O buk- 
hov-Corrsin:

ST (k) =  Bi -~£T "e_ 1/3 • k~5/3 (17)



analogous to the ”— 5/3” law  for velocity  fluctuations, in which:
£t =  ra te  of the  dissipation of tem pera tu re  inhom ogeneous,
Bi =  constant coefficient (close to 1.1).
O ther spectra in  these m edia are  sub jec t to a lte ra tions due to buoy­

ancy. A ccording to the theory  of O bukhov-Bolgiano, th is effect becomes 
pronounced in h igher scales 1 ^  L # e5/4 • ex-3/1 (aQ g)~3/2 w here a 0 • 10~4 
deg -1 =  coefficient of therm al expansion of w ater. In  the  case of 
stable s tra tifica tion , on account of high losses of energy  to overcome
the  buoyancy forces, the  dissipation £ should be m uch low er th an  the 
ra te  of energy  tran sfe r in low w avenum bers k and therefore  it  should 
not control the  form  of spectra in  th is range. Hence, one has:

If L * is  of the  order of m agnitude of n, the  in te rval w ith  law s (18) and 
(19) can w holly replace the inertia l subrange.

Panchev  [8] has endaevoured  to un ite  all the  law s describing the 
spectra of tu rbu lence  in  stra tified  media. He in troduced a single common 
scale:

This scale takes various form s (for exam ple L# ) in the regions of valid ity  
of respective factors of Eq. 20. It was assum ed that, for stra tification  s ta ­
ble enough, the tran sfe r of energy in the w avenum bers k L ^ l  is m uch 
h igher th an  the  ra te  of energy  dissipation e ,  since the  basic portion of 
energy  is used  up to w ork against buoyancy, and  only a little  energy  is 
passed via inertia l range to dissipation in terval. As £ is elim inated from  
the  set of controlling factors, one obtains:

S (k) ~  e t 2/5 K  g)4/5 k - 1J/5 
S t  (k) ~  e t 4/5 ( a 0 g) ~ 2'5 k

(18)
(19)

(20)

in which

S (k) ~  e; 3/2 N -5/2 (k l ;)-5 /3- 6 

S t (k) ~  e t  e * 1/2 N - 5 / 2  (k L*)~’5/3+W2

S w T  ( k )  ~  £ l /2 E* N _5/2 ( k  L * ) - 5 /3-8 /4

(21)

(22)

(23)

in w hich the index ”W T” denotes heat flux:

c * _  £? ß  
T  Y



The Bolgiano form ulae correspond to 8 =  8/15, and a considerable 
num ber of o ther form ulae m ay be obtained for various ô * It is w orth  
stressing th a t some of them  can be seem ingly sim ilar to the  form ulae of 
hom ogeneous media, a lthough th e ir physical m eaning (for s tra tified  m e­
dia) is to ta lly  different.

All the spectral form ulae derived by dim ensional analysis and  sim ­
ila rity  theo ry  hold tru e  for un iversa l conditions of w ell-developed tu r ­
bulence, characterized  by high Reynolds num bers. How ever, the experi­
m ents carried  out during  recen t years have indicated th a t rea l sea tu r ­
bulence is seldom coupled w ith  high Reynolds num bers because it is 
e ither confined in shallow  w aters  and  s tra tified  m edia or p resen t only in 
th in  layers of deep-w ater sea. These findings w ould im ply th a t universal 
spectra do not exist, a t  least for m icro turbulence. This does not neces­
sarily  have to be inconsistent w ith  th e .re su lts  of num erous field m eas­
urem ents, in which all those form ulae are supported  by experim ental 
evidence, com pare e.g. M onin et al. [4], Ozmidov [6, 7] and m any m arine 
journals. A lthough we w ill not dw ell on these sources we w ill try  to 
prove th is consistence by presenting  new  data, notably  for the Baltic, 
restric ting  ourselves to hom ogeneous media.

Fig. 3 shows the  spectra of concentration fluctuations m easured off

Fig. 3. Spectral densities of con­
centration fluctuations on 27th 
September 1974 (curve 1) and 
29th September 1974 (curve 2) at 

Lubiatowo

Rye. 3. Widmowe gęstości fluktu­
acji stężenia w dniach 27 wrze­
śnia 1974 (krzywa 1) i 29 w rze­
śnia 1974 (krzywa 2), pomierzo­

nych w  Lubiatowie



Fig. 4. Spectral densities of concentration fluctuations at different distances from  
continuous source of fluorescent dye 

Rye. 4. Widmowe gęstości fluktuacji stężenia w różnych odległościach od ciągłego 
źródła barwnika fluorescencyjnego



Lubiatow o in 5 m etres of w ater a t a distance of about 500 m from  shore. 
A sta tionary  fluorim eter, a t a depth  of about 1 m  below the  w ater surface, 
recorded continuously concentrations of rhodam ine being discharged 
from  a source located over 100 m from  the fluorim eter. On two days, 
local isotropy was exposed in  h igher frequencies w hile the  low er bands 
displayed the effects of two d ifferen t factors, viz. sea bed (i.e. tw o-dim en­
sionality  of tu rbulence) and w ind (shear stresses). The same factors w ere 
present in ano ther series of m easurem ents, conducted at Darłowo in 1975 
(Fig. 4). Here, the  fluorim eter was kep t fixed at various distances from  
shore, alw ays about 1 m below the surface and in 6 m etres of w ater, bu t 
the  duration  of m easurem ents was generally  sho rter than  in 1974 (tens of 
m inutes vs 2 hours). N onetheless, the spectra do not exhib it the ”— 5/3” 
law  and thus seem to indicate that- the  ranges of applicability  of various 
spectral laws a re  mobile and difficult to predict. T hat th is conclusion 
is v irtu a lly  tru e  is also shown by the  spectra of w ater velocity in Fig. 5, 
m easured  w ith  B PV -type cu rre n t m eters. Because of the d iscrete mode of 
readout inheren t in these m easurem ents (the quantization periods A t 
being shown in parentheses), the p resen ted  spectra describe longer eddies 
w ith  tim e scales from  hours to, several days, i.e. correspond to the  
rnesoscale range. Again, the  two law s of w ind shear and  bottom  effect, 
”— 2” and  ”— 3”, respectively , a re  present. The tw o-dim ensional charac te r 
of shallow -w ater tu rbu lence  is m ore pronounced in the  closer proxim ity  
of the shore, w hile the energy tran sfe r from  wind to w ater becomes m ore 
distinct fu rth e r  off shore. E nergy inflow conditions seem to be delineat­
ed at both ex trem ities of the  spectra.

Various in terac tion  m odes of tu rbu lence  are  depicted in Fig. 6, in 
w hich spectra of w ater velocities a re  presented  for d ifferen t depths at 
various distances from  the shore. The velocities w ere m easured  w ith  
therm isto r probes in a M editerraneon  nearshore  zone (at Benghazi, 
Libya). A lthough the w eather was fa irly  calm, the in tensity  of tu rbu lence  
am ounted  to as m uch as 30 per cent. The spectra are  ra th e r  scattered , 
w hich m igh t indicate not only a low level of confidence (coupled 
w ith the sho rt leng th  of the tim e series m easured  — about several 
m inutes), bu t also presence of various tu rbu lence-genera ting  factors. 
The w avenum bers of w ater flow modes induced by these factors lie close 
to each other, so th a t the form s of spectral densities depend m uch on the 
generation conditions. The basic types of w ater m otion under the  condi­
tions illu stra ted  in  Fig. 6 are  inertia l cu rren ts, m orphological circulation, 
and swell. T hey can coincide and m erge in  certain  spectral bands, as 
shown by dotted  lines in Fig. 2. In these cases the  inertia l subrange (if 
any) of the  low er band spectrum  is also occupied by the  energy inpu t 
in terval of the  high band spectrum . This m ight elucidate the fact th a t



Fig. 5. Spectral densities of water velocities measured under CMEA programme
’’Lubiatowo 74”

Rye. 5. W idmowe gęstości fluktuacji prędkości wody mierzonych podczas m iędzy­
narodowej ekspedycji RWPG „Lubiatowo 1974”



Fig. 6. Water velocity spectra in a M editerranean coastal zone 
Rye. 6. Widma prędkości wody w  brzegowej strefie śródziemnomorskiej
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the ”— 5/3” law  has never been found fu lly  acceptable for the coastal zone 
[9, 10]. I t  is likely  th a t a t least two ex te rnal energy sources are  adjacent 
in the  coastal zone: w aves and the  m orphological in teraction  betw een 
flowing w ater (driven by ex te rnal forces) and the  sea bed. The m orpho­
logical L angm uir—type c ircu la tion  cells m ight be coupled w ith  local 
depths. W ith increasing distance from  the  shore line, dep th  increases and 
the w avenum ber of th e  m orphological circulation decreases, thus expan­
ding the in te rval betw een  both bands of tu rbu lence  energy  input, 
som etim es m aking it w ide enough for the ”— 5/3” law to reappear.

A nother exam ple of the w ater-sea bed in te rac tion  is shown in Fig. 7.

f  = - k s 1 3 84



The spectra of w ater velocities w ere obtained from  m easurem ents w ith  
special-type hot-film  hydrom eters devised a t the  USSR Academ y of 
Sciences’ In stitu te  of Oceanology [7]. The m easurem ents w ere conducted 
in a p ro jec t included in  the  jo in t C.M.E.A. experim ents ’’Lubiatow o 1974” . 
The curves d raw n in  Fig. 7 w ere taken  for tw o d iffe ren t depths in shallow  
w ater, 10 and 35 cm above the sea bed. It m ay be seen th a t the  lower

Fig. 7. Microscale turbulence spectra at sea bed 
Rye. 7. Widma turbulencji mikroskalowej przy dnie morza

dep th  curve (closer to the bed) is m uch influenced by the energy  input, 
pronounced in the  frequencies w here the two curves m erge. The w eak 
slope of th is curve on both  sides of the  convergence band stem s di­
rec tly  from  the  fact th a t in the  band of energy inflow  the  spectra  are 
controlled by ex te rnal factors and are  not un iversal (self-sim ilar). The 
o ther curve seem s to be d istu rbed  only locally and  displays a h igher slope 
of spectrum . It is w orth  pointing out th a t both spectra are  in h igh frequen-



Fig. 8. M ultiscale dispersion effects 
Ryc. 8. Efekty rozpraszania wieloskalowego

cies, showing the general tren d  tow ards local isotropy and o ther u n i­
versa l conditions also exhib ited  in microscales.

In  has a lready  been shown th a t diffusion tests, m ostly  w ith  such tra c ­
ers as fluorescent dyes and  radio isotopes, can aid us to u n te rs tan d  sea 
tu rbu lence . Some of the tu rbu lence  characteristics of the  coastal zone, 
obtained from  sta tistica l analysis of dye concen tration  fluctuations are  
discussed elsew here [5], They indicate for instance, th a t the beach acts as 
a factor of hom ogenization of m icroscale eddies: the closer to the shore  line 
a given pa tch  of tracer, the m ore hom ogeneous (norm al) the sta tistical 
d istribu tions of tra c e r  concentrations in the  patch. This finding is consis­
ten t w ith  the  tendencies exposed by the coastal tu rbu lence  spectra dis­
cussed, herein, p r im arily  w ith  the  va rie ty  of energy  inputs, which enhance 
m ixing processes. Needless to say, the correspondence betw een the 
spectral characteristics of tu rbu lence  and num erous d iffusional q u an ti­
ties is m uch fu lle r th an  it w ould be im plied from  the m ere analysis of 
skewness, curtosis, etc. Used as indicators of tu rbu lence  conditions m ay 
be not only param eters of concentration  fluctuations, b u t also m ean con­
centrations, eddy diffusivities, the ir derivatives, and m any o thers [9]. Fig. 
8 shows how ce rta in  diffusion characteristics behave in d istinctly  d iffer­
en t scales of tu rbu lence. The dispersion of a single je t  s tru c tu re  is com­
pared  w ith  th a t of a superposition of je ts  over a longer period of time. 
Taken a t d iffe ren t distances from  th e ir  source, th e  ratios of sing le-jet 
w id th  to  m u ltip le -je t ”w id t” (m ore precisely, cross-sectional variances) 
vary  from  five to ten, for m esoscale fluctuations w ith  periods as sm all 
as a few  m inutes. For larger tu rb u len t eddies these differences in d isper­
sive effects can be m ore pronounced.



To conclude th is concise p resen tation  of sea tu rbu lence, lim ited 
to the spectral form ulation, it seem s to be sound to  sum m arize some 
rem arks m ade in passing. U niversal spectral form ulae are  w ell predicted  
for a wide range of ex te rn a l tu rbu lence-con tro lling  factors. A ll these 
form ulae are  somehow supported  by experim ental evidence. Nonetheless, 
lrom  the form  of a given spectrum  found experim entally  and from  its 
com parison against a respective analy tical spectral function it m ust not 
necessarily  be in fe rred  th a t the  tu rbu lence-con tro lling  factor assum ed 

t in the derivation  of the spectral function  is rea lly  p resent, le t alone dom ­
inant, under the given conditions of m easurem ents. It is show n th a t 
the form  of spectra  can be d iversified and unpredictab le  around the band 
of energy  in flow (from- ex te rn a l sources). This is particu la rly  essen tia l 
in the  coastal zone w here a t least two tu rbu lence-genera ting  factors, viz. 
w ind waves and  m orphological circulation, can be p resent. The energy 
inflow  bands can approach  each o ther and  p a rtia lly  m erge, thus  giving 
rise to the  appearance of a w ide varie ty  of spectral functions. Hence, it 
is h ighly  recom m ended to provide sufficien t ’’synoptic background” for 
any m easurem ents of tu rbu lence  characteristics. The know ledge of as 
m any hydrophysical fields (wind, w ave clim ate, w ater densities, etc.) as 
technologically  procurable is crucial to the advancem ent of sea tu rb u ­
lence. In  view  of the  num erous effects involved, fu rth e r  im provem ent of 
sea tu rbu lence  forecast m odels seems to be possible only on the  basis of 
experim ental data  for the  relationships betw een param eters of tu rb u ­
lence and those of hydrophysical fields.

Since one of the  purposes of th is short paper was to provoke discus­
sion concentrated  around the  spectral characteristics, m any key problem s 
of tu rbu lence  have not even been touched upon. The bibliography of this 
field  becomes m ore and m ore am ple, so th a t a m ere enum eration  of top­
ics w ould occupy at leasta a few  pages. On account of the  g rea t scientific 
as w ell as technological im portance of sea turbulence, it w ill certa in ly  be 
devoted m ore room  in th is journal.

List of notations

f =  frequency
g =  acceleration due to gravity 
k =  wave number 
T =  temperature 

Tmin, Tmox =  time scales 
t =  time

S =  spectral density function  
U, u =  velocity

e =  rate of energy dissipation  
v =  kinematic coefficient of viscosity
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WIDMO TURBULENCJI M ORSKIEJ 

Streszczenie

W widm ie turbulencji morskiej można wyróżnić twory wirowe drobno-, śred­
nio- i makroskalowe, które zajmują obszar między wielkościam i określonym i z jed­
nej strony przez siły  molekularne, a z drugiej — przez wym iary mórz. Z każdym  
„regularnym” średnim ruchem wody morskiej związana jest jego własna kaskada 
wirowa, a z wzajemnego oddziaływania ruchów średnich i w irów wynikają dalsze 
kaskady. Dla w ielu  czynników fizycznych determinujących charakter turbulencji, 
można wyprowadzić uniwersalne wzory na funkcje gęstości widmowej turbulent- 
nych pulsacji różnych w ielkości fizycznych (posługując się przede wszystkim  anali­
zą wymiarową i teorią podobieństwa). W szystkie te wzory dają się potwierdzić do­
świadczalnie, ale na podstawie zbieżności danych pomiarowych i formuł analitycz­
nych nie można wnioskować o rzeczywistej obecności w  naturze tego czynnika, któ­
ry w  formule uznano za dominujący. Wskazano na to, że postać widm turbulencji 
może być bardzo zróżnicowana i trudna do przewidzenia w  sąsiedztwie pasma do­
pływu energii. Jest to szczególnie istotne w  strefie brzegowej, w  której mogą w y­
stępować co najmniej dwa czynniki generacji turbulencji: fale wiatrowe i krążenie 
morfologiczne. Pasma dopływu energii mogą się tutaj częściowo pokrywać, co poz­
wala na wystąpienie dużej różnorodności funkcji gęstości widmowych. Z tego w zglę­
du zalecane jest wykonywanie pomiarów turbulencji przy jednoczesnej rejestracji 
parametrów szerokiego tła hydrometeorologicznego.

12 — O c e a n o lo g ia  N r  9
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SPECTRE DE LA TURBULENCE MARINE

\

Résumé

Dans le spectre de la turbulence marine on peut distinguer des formations 
tourbillonnaires de micro-, m ézo-, et de m acro-échelle, qui occupent l’espace situé 
entre les grandeurs définies par les forces moléculaires d’une part, et par les dimen­
sions des mers d’autre part. A chaque m ouvement „régulier” m oyen de l’eau de la 
mer, est liée propre cascade tourbillonnaire, et les autres cascades résultent de 
l’interaction des m ouvements moyens et des tourbillons. Pour de nombreux facteurs 
physiques dominant les caractères de la turbulence, on peut déduire les formules 
universelles des fonctions de densité spectrale des pulsations de turbulence de diver­
ses grandeurs physiques (en se servant essentiellem ent de l’analyse dimensionnelle 
et de la théorie de similitude). Toutes ces formules peuvent être vérifiées expéri­
mentalement, mais la convergence entre les données des mesures et les formules 
analytiques ne permet aucunement d’affirmer la présence, dans la nature, du fac­
teur qui a été reconnu dominant dans la formule. Ceci résulte du fait que la for­
me du spectre de turbulence peut être très différenciée et difficilem ent prévisible 
au voisinage de la zone d’afflux de l ’énergie. Ceci est particulièrement important 
dans la zone côtière où peuvent se m anifester au moins deux facteurs de génération  
de turbulence: les ondes de vent et la circulation morphologique. A cet endroit, les 
zones d’afflux de l’énergie peuvent se recouvrir partiellem ent, ce qui permet l’appa­
rition d’une grande variété de fonctions de densité spectrale. C’est la raison pour 
laquelle il est recommandé d’effectuer les mesures de la turbulence conjointement 
à l’enregistrement des paramètres d’un large fond hydrométéorologique.
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