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1. INTRODUCTION

The computation of wind-driven steady circulation in the Baltic is
given by the numerical solution of the unsteady equation of motion. The
equations of mass transport and sea level (MTSL) are solved in time until
a steady motion occurs. This approach enables the estimation of the abso-
lute value of the sea level directly from hydronumerical equations.

In previous papers by Kowalik [6, 7], Staskiewicz [8] and others, the
classical way of solving the» problem by adopting the stream function of
the mass transport (MSF) for the steady state equation was presented.

It is worth noting that the MTSL method may be directly applied
to the calculation of unsteady wind-driven circulation in the sea.

2. EQUATIONS AND BOUNDARY CONDITIONS

The equations for unsteady wind-driven flows are taken as — Dru-
et, Kowalik [1, 6],
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At the free surface (z= £) we assume the following boundary conditions:
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and at the bottom (z= — H):
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where:
u, v, w — components of current velocity along,
X, Y,z — axes respectively (the origin of the rectrangular system of

coordinates is at the sea surface: x — points to the East,
y — to the North and z — vertical upwards),

t, — sea level variation from its undisturbed surface,

Uf, v{, uH, VH — horizontal current components at the sea surface, and at

the bottom respectively,

A — eddy viscosity coefficient,

Q@ — density (taken as a constant later on),

2 — Coriolis parameter,

g — earth gravity acceleration,
Tx, Ty — components of wind stress at the sea surface,
R — coefficent of the bottom stress,

Mx= / Qudz
—H components of mass transport along

t X, y axes respectively.
My = \] QOv dz

Integrating equations (1—3) from the bottom to the sea surface and
taking into consideration the boundary conditions (5 — 8), we obtain, after
certain transformations, the equations of mass transport and sea level:
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Assuming suitable initial and boundary conditions for Mx, My, £ we
may solve the equations (9—11). Due to the difficulty in obtaining the
proper boundary conditions for the sea level, such a numerical scheme was
chosen which permitted us to avoid this obstacle. For this purpose, the
numerical grid given in Fig. 1 [3] is suitable. It allows us to treat the boun-
dary in such a way, that only one of the mass transport components i.e
normal to the contour, is present at the boundary.
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The finite — difference form of equations (9—11) written in the nu-
merical grid, is:
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X, h — time and spaces steps of numerical grid.

The difference scheme (12—14) approximates the differential opera-
tors up to the first order in time and the second order in space [5]. The
numerical stability conditions for the case of the shortest waves in the
numerical grid are [4]:
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The last condition in the frictionless flow (R ~ 0) is given by Courant —

Friedrichs — Levy’s criterion:
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The preliminary calculations confirmed that the scheme is conver-

gent for all wave lengths (Fig. 2), but convergence is very slow in time.
To speed it up a smoothing operator was applieid in the form:

B AMx; BAMy

Fig. 2. Sea level time-variations during computations
Rye, 2. Zmiany poziomu morza w czasie obliczen



where:

A—J2L *JU
dx2 3~ dy2

B = 107 analogue of the lateral eddy viscosity.

3. PHYSICAL PARAMETERS APPLIED TO THE MODEL

The parameters of R, Tx, Ty have to be defined before calculations are
performed. In our model we used the following way to ascertain them.
The bottom stress coefficient was estimated by Ekman’s formula [6]:

R=Te s)

The eddy viscosity coefficient (A) was calculation by Felzenbaum’s theory

[2]:

a) for shallow water, if H”~ Hkr

A = 0.54 10-* WH, and (19)
b) for deep water, if H> Hkr

A= 47.10m8 V2 (20)
where:

W
Hkr= 8.710-“ 2r
W — absolute value of wind velocity above the sea.
The components of the wind stress Tx, Ty were calculated with the
help of the following expressions [1, 2]:
Tx= v W Wx (21)
Ty—7W Wy (22)
where:
Y= 3.26 10“«
Wx, Wy — components of the wind speed.

4. THE RESULTS OF PRELIMINARY CALCULATIONS

The results of calculations obtained comprise the vertical distributions
of components of current velocity at some chosen points in the Baltic. The
current components were calculated by integrating the stationary equa-
tions (1, 2) with boundary conditions (6, 8):
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where:

i= 7T—1 T= Tx+ iTy
M= Mx+ iMy

The unknown values of sea level and mass transport components in this
expression were found by means of numerical solution of the mass trans-
port and sea level equations (9—11). To make our information about the
vertical structure of current more precise, we considered drift and gra-

dient components of current velocity, which were calculated by the for-
mulae:
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In the calculations we took the time step as x — 60 sec, the numerical
grid step as h = 5 Nm and the Coriolis parameter was equal to Q=
1.2368 10-4. The wind field was homogeneous. The speed of the wind
was W = 10 m/s. Two cases of wind directions were considered — wind
from the south and wind from the west. Figures 3—5 illustrate the results
of calculations.
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Fig. 4. Vertical distributions of
current  velocity = components
(cm/sec) at point = 54°40'N,
I = 19°37'E, for wind (10 m/sec)
from west and south:

a) drif components,

b) gradient components,

c) total components

Rys. 4. Pionowe rozkiady skta-

dowych predkosci pragdu (cm/sek)

w punkcie o wspo6trzednych

y = 54°40'N X= 19°37'E dla wia-

tru (10 m/sek) zachodniego i po-
tudniowego:

a) sktadowe dryfowe,

b) sktadowe gradientowe,

c) sktadowe petne



Fig. 5. Vertical distributions of current velocity components (cm/sec) at point
\>= 57°50'N, A= 22®11E, for wind (10 m/sec) from west and south:

a) drift components,

b) gradient components,

c) total components

Rye. 5. Pionowe rozktady skitadowych predkosci pradu (cm/sek) w punkcie o wspot-
rzednych ip = 57°50'N, \ = 22®11'E dla wiatru (10 m/sek) zachodniego i potudniowego
a) sktadowe dryfowe,

b) sktadowe gradientowe,

c) sktadowe petne
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Streszczenie

W pracy oméwiono zastosowanie metody ,,MTSL” do badaA cyrkulacji wiatro-
wej w Morzu Battyckim. Metoda ta bazuje na numerycznym rozwigzywaniu uktadu
réwnan nie ustalonych dla wydatkow masowych i poziomu morza (9—11) ze statymi
(w czasie) sitami wymuszajgcymi (naprezenie styczne wiatru). Uktad réwnan roz-
wigzuje numerycznie w czasie do momentu wystgpienia ruchu ustalonego.

Zadanie poprawnych fizycznie warunkéw brzegowych dla poziomu morza jest
skomplikowane i dlatego tez zastosowano w obliczeniach numerycznych schemat
H —N, ktérego siatka pozwala na zadanie warunkéw brzegowych wylacznie dla
sktadowych wydatkéw masowych, normalnych do brzegu.

Kryteria stabilnosci schematu numerycznego dla przypadku fal najkrétszych
wigzg krok czasowy z krokiem przestrzennym siatki, gtebokosciag morza oraz wspot-
czynnikiem tarcia przy dnie (15— 17). Wstepne obliczenia wykazaty, ze schemat
jest zbiezny i dla pozostatych dtugosci fal (ryc. 2).

Sktadowe predkosci pradu obliczono na podstawie analitycznej zaleznosci (23),
otrzymanej przez catkowanie ustalonych réwnan ruchu (1, 2) z warunkami brze-
gowymi (6, 8).

Przedstawione rezultaty wstepnych obliczen (ryc. 3—5) ilustrujg pionowg
strukture sktadowych catkowitych predkosci pradu oraz sktadowych dryfowych
i gradientowych dla wiatru zachodniego i potudniowego o statej predkosci 10 m/s.
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CIRCULATION DUE PAR LE VENT DANS LA MER BALTIC
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Résumé

Dans ce travail, les auteurs présentent l'application de la méthode ,MTSL”
a I’¢tude de la circulation du vent dans la Mer Baltique. Cette méthode est basée
fur la résolution numérique dun systéme d’équations non-définies pour les débits-
-masse et le niveau de la mer (9—12) avec des forces de contrainte constantes dans
le temps (contrainte tangentielle du vent). Le systeme d’équations es résolu numé-
riguement dans le temps jusqu’a l'apparition d’un mouvement stabilisé.

L’introductons des conditions aux limites — correctement définies du point de
vue de la physique — pour le niveau de la mer, s’avére trés compliquée, et cest la
raison pour laquelle on a utilisé, dans les calculs numériques, le schéma H-N dont le
maillage permet la définition des conditions aux limites pour les composantes de
débit-masse, perpendiculaires a la cote- exclusivement.

Dans le cas des vagues les plus courtes, les critéres de stabilité du schéma nu-
mérique relient entre eux le pas de temps et le pas d’espace du maillage, la pro-
fondeur de la mer, ainsi que le coefficient de frottement sur le fond (15— 17). Les
calculs préliminaires ont montré que le schéma est également convergent pour les
autres longueurs de vagues (Fig. 2). Les composantes de la vitesse du courant ont
été calculées sur la base de la relation analytique (23) obtenue par intégration des
équations de mouvement établies (1, 2) avec les conditions aux limites (6, 8).

Les résultats des calculs préliminaires que nous avons présentés (Fig. 3—5)
illustrent la structure verticale des composantes intégrales de la vitesse du courant,
ainsi que les composantes de dérive et de grandients pour un vent d’ouest et pour un
vent du sud de vitesse constante 10m/s.

REFERENCES

LITERATURA

1 Druet Cz., Dynamika morza, Gdansk 1970.

2. Felzenbaum A.l, Tieoreticzeskije osnowy i mietody raszczota ustanowiw-
szichsia tieczenii, 1zd. AN SSSR, Moskwa 1960.

3. Hansen W, Hydrodynamical methods applied to oceanographic problems,
Proc. Sympos. Mathem.-Hydrodyn. Methods of Phys. Oceanography, Hamburg 1962.

17 — Oceanologia Nr 9



. Jankowski A. Pewne aspekty zastosowania schematu réznicowego H —-N

do obliczen cyrkulacji wiatrowej, Studia i Materiaty Oceanologiczne 16, 1976,

21—38.

Kagan B.A., O swoistwach niekotorych raznostnych schiem ispolzujemych pri

czislennom integrirowani urawnienij dinamiki priliwow, Fizika Atmosfiery i

Okieana 6, 1970, 7, 704—717.

Kowalik Z., Wind-driven circulation in a shallow sea with application to the

Baltic Sea I, Acta Geophysica Polon. 21, 1969, 1, 13—38.

. Kowalik Z., Ustalone prady wiatrowe w plytkich morzach z zastosowaniem
do Morza Baltyckiego Il, Przeglad Geofizyczny, 15(23), 1970, 2, 145—162.

. Staskiewicz A. Diagnosticzeskije raszczoty cyrkulacyi w baroklinnych ba-

siejnach, Institut Okieanologii AN SSSR, Moskwa 1974, praca doktorska — ma-

szynopis.



