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Abs tract

Wind current and temperature data collected on_.the Bouée Taboratoire in the
Medlterranean Sea have shown the screen effect of the therOcllne on.the momentum flux.
-The application of this hypothesis to the EKMAN's theory in an, ;impulsive system gives a
model which explains in quality and in.quantity the nature of the phenomena observed
during the generation of the drift current in.the layer above the thermoellne

Ré s umé
o - Les observations de vent, courant et température effectuees a.la Bouee Iabora-
toire en Mediterranee ont nettement confirmé l'effet d'écran de la thermocline vis-a-vis
du transfert de la quantite de mouvement, Cette hypothése appliquée a la théorie d'EKMAN
en régime impulsionnel donne un .modéle qui rend trés bien .compte, tant au point de vue
qualitatif que quantitatif, des phénoménes observés au cours de 1l'établissement du cou-
rant de derive dans la. couche au-dessus de 1la thermocline

INTRODUCTION : THE BASIC HYPOTHESIS

‘Between 1964 and 1970 numerous observations for the wind, current
~and temperature were collected on board the Boude Laboratoire in the Mediter-
ranean Sea, at both.points : A, 42° 47' N and 07°.29' E, and B, 42° 14' N and
05° 35" E (Fig. 1). The data reveal two completely different systems according
to whether the water is homogeneous from the - Surface down to the bottom (as in

W1nter : ,Ap/p ~ 10 4 to 10 6) or stratified (s in summer : Ap/@) ~n 10 5).
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In winter, there is no apparent correlation between wind and current
(STANISIAS, 1970 a). This can undoubtedly be explained»by the fact that in an

almost homogeneous ocean (Lp/p KZlOﬁB) horizontally bounded, the vertical
component of the Coriolis' forces cannot be disregarded because, in such con-
ditiens, the buoyancy and Coriolis'forces are both of similar magnitude

g Ap/p e 20U .

On the other hand, when surface stratification occurs, the wind-current
relation bears a closer ressemblance to the results given by the EKMAN's theory
for a homogeneous, unbounded ocean (GONELIA , 1970). Nevertheless, even if the
theory can be accepted as valid for an ocean with constant stratification, it

does not account for all observed phénomena. We have in fact noticed in all sea-
sons except winter : :

- almost permanent inertial oscillations,

the amplitude of the mean drift current decreasing,

the current deflected at an angle- of more than 45° from the wind
direction at the surface and increasing with depth (GONELIA, 1968,
1969 ; STANISIAS, 1970 b),

no cocherence between currents on both sides of the thermocline
(GONELIA , CREPON and MADELAIN, 1969) ,

and:finally, during the generation of the drift current, the import-

ance of the inertial component that has the same magnitude throughout
the whole surface layer., '

The problem therefore consists in determining which basic hypothesis

of fers a suitable model that explains most of these phenomena. Contributions
have been made by many authors completing EKMAN's theory in finite depth, with
friction on the bottom or an eddy viscosity coefficient varying with depth
(FJELDSTAD, 1930 ; NOMITSU, 1933). The various models do not seem applicable to
the system observed at the locations of the Boude Laboratoire when stratification
.occurs., The screen effect of the thermocline on the momentum flux has caused us
to examine. EKMAN's theory in the case of a two-layers ocean where sliding occurs
without friction at the interface, at the level of the thermocline. We will treat
the instance of the permanent system and the instance of the impulsive system in
turn. While confronting the observations, we shall compute the eddy viscosity

coefficient and the drag coefficient that intervene in the calculation of wind
" stress, ' '

PERMANENT SYSTEM

In the equations of motion, undimensional quantities will be used. The
inertial period T will be taken as unit of time

2
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Figure 1 - Location of the "Bouée lLaboratoire", positions in the Mediterranean Sea.

The contours shown are surface isopycnals obtained by the research vessel
"ELIE MONNIER" in February - March 1960, The "Bouée ILaboratoire" was moored at posi-

- tion A (42° 471 N, 7° 29! E) from Febryary 1964 to May 1968, ‘and since 1t has been
: " moored at position B-(42° 14t N, 5° 34! E), :

=N/Wsin ® = 1 thus f =2 wsin =27

where ® is the latitude and ® the velocity of the earth's rotation. Addi-

: ~
tionally, the depth D =2 (m v T)l/ , equal to twice the EKMAN's depth
DE will be taken as unit of length ; v is the coefficient of eddy visco-

sity assumed constant (here v = 1/47 with the chosen units).

3




2

Suppose we have a level oce
geneous upper layer, h deep, slidin

With EKMAN's usual hypothesis, &

an, horizontally unbounded, with a homo-
g without friction on the underlying layer.

he equation of motion for the permanent system

in the Northern hemisphere is written :
, 2 2
2imwu-~- (147)9d uQ z =0 (1)
‘where u  is the complex velocity of the current.

The conditions at the boundaries are

: - - on the one hand, at the surface gz = 0 the wind stress is constant
and permanent, thus ou/Qz = 4 7T where T, 1s not the real stress but the

rate between the wind stress by the density of the water ;
' - on the other hand, a perfect sliding at the in@erface Z = - h,
ou/dz = 0., L
By writting that the‘general solution
- i 2 (l+i)] =
w (z) A e2n(1+1)(z[+Be (L)l 2|

satisfies the conditions at the boundaries, one obtains
- i s ]l
A = Aléit e i7/b (e:ﬂh _ el'Fh

) / (ch 47h - cos 4 xh)
2 o | ;

and

B == M—P;.. T e—iﬂ/4 (e"‘iLll‘Tr.h -

~ @]

e~%&w / (ch 47wh - cos 4yn)

In particular, for g - 0

~iyg/4t sh 4#7h -~ i sin 4xh
Uh(o) = A + B = \/?:: .,—O e 17—[:/4

a graphic represen
becomes infinitel
(ﬂJTO eﬂ-ln/2

tation is given in Fig. 2.
v great at an angle of 90°

/ 27mh).

When h MmmmssmlL'meomwaw
to the right of the wind stress

L
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On the other hand, when h increases, uh(O) moves rapidly towards
—i7t/U
the limiting value of the EKMAN's spiral (n, V2 T e i/ ).

For 2z = - nh we have

ch 4th - cos dth

The graphlo representation is also given in Pig. 2. When h moves
towards zero, B (-h) becomes infinitely great, like . uh(o)

(=h) .~ uh(O) noT e“iﬂy? / 27th

On the other hand, when h - becomeslgréater,

BN R () wbene o (a) = VE 7, o7/ BN

is EKMAN's solution for an infinitely deep ocean ; in other words, at the level
of the thermocline, the current would be roughly equal to twice the current at
the same depth h of the EKMAN s spiral. ‘ '

It should be p01nted out that the function uh defined in the in-

terval (- h, + h) by'taklng its symmetric about 2z = O can be written in Fouri
serie

T ingt /h
) Z

u (z) = z a e :

R n=- 00
with :
+h .
a_ = (1/2n) s u/(z) oI/
A |

thus
" (t/nh) / (1 +n°/8n°)
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This other expression of uh(Z)A would have been directly obtained
by treating the equation (l)‘at the sense of distributions, by inserting into
the right side of the equation the stress distribution obtained from the "image"

+® :
theory : 2 T, L  8(z - 2nh)  where § is the DIRAC delta-function.
n=-00

With. the two different expressions of ﬁh(z) one can easily check
‘that the mass transport

@)

R = J u (z) dz = T e“iﬂyé /2xn
-h ,

which is identical to the result obtained for an ocean of infinite depth

IMPULSIVE SYSTEM

1. Equation of motion and general solution

The drift current phenomenum in Situ, far from being permanent is rather,
transient and impulsive. Taking the same hypothesis as above, the wind stress is
assumed to vary as the time, and at Initial time the ocean to be at rest. The equa-
tion of motion, treated in the sense of distributions, can be written :

+ 0
Ow/dt + 20 - (14m) Fu/z%= 24%) T §(u-2mm) @)

n= -0

It has been shown elsewhere (GONELLA,‘lQ?O) that the elementary solution
“corresponding to the distribution 5(z) 8(t) is :

- 2 o
E (z,8) = ¥(t) I oV o2 imt

where Y(+) is the Heaviside function ; in other terms; it is the response of an
ocean of infinite depth to a wind stress impulse 1/2 on .the surface at zero time.
The elementary solution for (2) is directly derived from ‘B, by convolution with

7



+ oo + 0 \ -
L 8(z -2nh) "= (1/2h) L 8(z/2n - n)

nN=-0 n=- @

thus B (z,t) = (12n) E_(z.%) &y 8(z/2h - n)

where the symbol % is the convolutioﬁ product. Now, a property of the serie

. i 2h
L 8(z/2h - n) where n is an integer (+ or -) is that is equals I e12nnz/ ;
n : ' ' n
one can also write
‘ ingtz/n
E (z,t) = (1/2n) E (z,t) % X e ,
W(28) = (1/2n) E_ &

and since

: 2 ) +too .2 . _ _

t—1/2 Tz VAT elnﬂz/h _ s . /t ell’l'IE(Z J)/h . 1/2 ag

(z) ' - @

2
—ﬁtng/ﬂh inTz /h
e e
‘we have for Eh(z,t) the expression in Fourier serie

: e—ﬂtng/llh2 einz/h

Finally, the solution that corresponds to the original problem is derived from
the elementary solution Eh(z,t) by convolution with the stress 27T (t) thus

u (z,8) = 27T (t) E (z,t)

*
(t)

Similarly, it can be shown that, when the case of an initial velocity distribu-
tion -u

h(Z,O) in the upper layer occurs, the general solution equals
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Uy

* Eh(z,t)

z)

@.4) = 2T(8) 3 Blmb) ¢ (0]

5, The particular case in which o(+) = T, Y(t)

A wind with constant direction and amplitude blows over an ocean
initially at rest. The solution is written : ' '

t
uh(z,t) =27t f Eh(z,e) ao
[e]
. + @ ~b(n)on® t
‘hence uh(z,t) - -2 N ? ———————— elnnz/h
27t n= - - b(l’l) : o
with b(n) = i+ n? /8n°
and further : ulz,t) = y(z) - 1 (2,1)
“where uh(z) ;' _T._O__ 7 einnz@ / b(n)

is the solution for the permanent system and,

1h(z,t) = -

the inertial component (term in e“glﬂt)t It should be noticed that ih(z,t)
can also be written : '

~im/2 + 00 fﬂ%ng/ﬂhg
o © -21irtt : .
ih(z,t) = e e T (1421 L mmmmmmmm e cos nytz/h) .
21 h n=T b(n)
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| Dimt
When t is sufficiently great : ih(z,t)_ﬂu (R/h) e

. -2imt
- and w (z,t) - u (z) - (R/h) e

When a wind starts blowing over a two-layer ocean with interface
sliding, a drift current is generated in the upper layer comprising

_ T & Man current that decreases and is deflected with depth (Uh£52 :
the solution for the permanent system).

- and an inertial component - ih(z,t) which tends to acquire the same
value at every levels

It should be noted by integrating the velocities in the surface layer
that the result is the same as that obtained by CREPON (1967) ;

R(t) = R (1-e2imty

However

> 1f, at initial time, there was an initial velocity distribution
uh(z,O) the follo

wing component would be added to the inertial component

' ROV i
uh(Z,O) (;) E (z,t) =~ ~;;— e

(o]

when t  is sufficiently great, with R(0) = [ Uh(Z:O) dz .
-h

CONCLUSION - COMPARISON WITH OBSERVATIONS

self than with

latter would have to take into ac

introduce "dissipation factor"
(CREPON, 1967 a, b

caused by the '"radiation™ of the inertial oscillation
5 POLIARD and MILIARD, 1970).

10




29

A serie of relatively complete data for the wind, currents and tempe- !
ratures at differents levels were obtained during two particular periods : octo-
ber 26th - 27th 1966 (GONELLA , CREPON, MADELATIN, 1969) and July 29th - 30th
(STANTSIAS, 1970, b). The meteorological and oceanographical observed conditions
are summarized in tables I and IT. . '

From these elements we can ascertain that the proposed hypothesis coro-
borates the observations, especially for : :

- the amplitude of ‘the inertial current that has the same magnitudé
throughout the surface layer,

- the attenuation of the mean current as a function of the depth and
a closely marked deflection to the right from the wind direction.

It can be noticed that the inertial amplitude is distinetly higher than
the mean drift current ; this can be explained by the presence of a velocity dis-
tribution 'uh(z,o) that is not at zero at the onset of -the wind.

The observed angular deviations enable us to compute the "eddy viscosity
coefficient" v . In October 1966, we have : ’

Arg uh(~h) - Arg uh(o) n, 5Qo

which gives a h ~ (5/32) D and further a depth D " 190 m and a eddy viscosity
~coefficient v = D°£/87° «w, 500 CGS. In July, an angular deviation of 70° between

the surface and the depth h ~,20 m give a D 110 m and a y A, 120 CGS. The
turbulence in the surface layer is greater in October than in July. This difference’
may be accounted for by the fact that the homogeneity, in the upper layer is greater
in October than in July because of the greater amount of mixing and cooling (sea’
tables I and II). Thus, the angular deviation between two levels.can be used to
represent the turbulence in the layer under study. ’

Furthermore, the same observations enable us to compute the drag coeffi-
cient. The observations made in 1968 enabled us to measure a mean current. that was
proportional to wind velocity squared (GONELIA, 1969). It would be fair: to say

2
- that I(l) =P,ip C, V (z) when €, 1s the drag coefficient of the wind V(z)
‘ - ' o
measured at the level 2z . And since T = peau Rf ope‘obtalns CZ = peau Rf/pairv .

 In the two instances studied above, this_give us a 014 R,ll,10'4 WhiCh corresponds

to a coefficient ¢ oy 12.10_4 ; the incertitude of this determination corresponds

10

(1) Here the usual sealar dimensions are used.
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TABLE I

Gale of October .26th - 27th, 1966 (Point A),
Average values taken over one inertial period (Tﬂq{l7 h-30)

Beginning 26.10 - 1966, 12 h 00

Wind (m/s)| Direction in| Angular | Mean amplitude Mean
Level or mean which wind deviation inertial tempe -~
current or current from wind current rature
(em/s) is heading | direction (em/s) (°c)
ATR + 14 17 80° 0° - 15,4
WATER | - 5 17,5 165° 85° 38 19,22
- 15 12,5 190° 110° 37 19,21
- 20 12,0 . 190° 110° 37 - 19,20
- 25 11,0 200° 1 120° 36 X
- 30 X X X X : 15,50
- 40 X X X X 13,58
X No observation
- Mean level of the thermocline :.30 m
= Mean velocity in the surface layer : 12,5 em/s heading to 170°
- General current weak both before and after:the gale.

to the incertitude of the thermocline depth. Here it must be pointed out that
the drag coefficient determined from the May 1966 observations (ClO n, 30,107

GONELLA 1968) did not take into account the screen effect of the stratlflcatlon
which,though weak, was nevertheless present in that season ; the resultant value

must be reduced by at least half, and. one then obtains a magnitude of ClO which

corroborates the above values and the value found by wind profiles (ClO "\ 12,10"
' LACOMBE, GONELLA, ESKENAZI, 1966). E

4

Thus the hypothesis of sliding layers at the level of the thermocline
gives us model to enablc us to understand and compute the behaviour of the curren

12
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TABLE II

Gale of July 29th - 30th, 1969 (Point B)

Avérage values taken over two periods beginning 29.7.1969 .

10 h 00

Wind (m/s)| Direction in Angular | Mean amplitude Mean

Level | OF mean which wind | deviation inertial tempe-
current or current | from wind current rature (2)

(m) (em/s) is heading | direction (em/s) (°c)

AIR |+ 14,5 14,5 140? 0° - 20,7

WATER|- 5 19 225° - 85° 50 20,2

- 10 18 240° 100° 4s 19,7

- 15 16,5 270° 130° 40 19,4

-30 )| o2 0° 220° < 10 15,2

- 60 AR - 330° ©190° < 2 13,1

- Mean level of the thermocline : 20 m -

- Mean velocity in the surface layer : 16 em/s heading towards 230°

- General current weak (< 4 cm/é)'before the gale ;' no observation after
the gale. : -

- (1) The mean current at 30 m was computed during the first inertial period
in the gale ; during the second period the level rises occasionally.into the
surface layer (internal wave ). o

-~ (2) Here, the accuracy is only * 0,1°C.

at the "Boude Laboratoire" during an atmospheric disturbance. However, the com-
- parison of ‘the drag coefficients obtained from the adr and water profiles methods
raises a problem with regard to the - momentum flux. The ?ClO values obtained byv

both methods (air and water) have in fact approximetely the same megnitude, and
most of the energy from this momentum transfert would therefore be transformed
into current. The amount of energy thereby released to the waves by the tangential
wind stress at the surface would have approximately the same magnitude as the in-
certitude on the determination of the drag coefficient. It seems henceforth esta-
blished that a more detailed study of the genesis of surface currents should in-
corporate wave genesis, : -

13
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