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Astract

A barotropic H - N model of wind - driven circulation for the Baltic Sea is
described. Model is based on the linearized set of the equations of motion
with constant eddy viscosity coefficients both the vertical and the lateral. The
model has been run on 5 x 5 Nm numerical grid and water movements are
forced by surface pressure and wind stress estimatated in standard way. The
results of calculations of water circulation due to strong winds of constant
velocity as well as due to mean climatic, multi - year averaged, wind fields for
selected months are presented. During computations the Baltic was assumed
as closed basin i.e. without water exchange through the Danish Sounds and
river inflows.
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1. Introduction

The results of the application of a barotropic numerical model to estimate
wind - driven circulation in o the Baltic Sea are described. The non - linear
version of the model was adapted to investigate the seiches characteristics in
small and shallow water basin (Frischmuth and Jankowski, 1996). The linear
baroclinic version of the model was applied in diagnostical studies of mean
climatic water circulation in the Baltic Sea (e.g. Jankowski and Kowalik,
1980; Jankowski, 1983; 1996).

The results of the computations are shown in a form of charts of stream
function for mass transport and sea level as well as of vectors of the mean -
depth and the surface currents.



2 Model description

2.1 Equations and boundary conditions

Model is based on following equations of motion and continuity equation
(Ramming and Kowalik, 1980; Simons, 1973):
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% = —pog 3)
- continuity equation:

Initial condition (dla t = 0):
u=v=w=p=0 ®)

Boundary conditions at the free sea surface (z = ¢ ):

P="Pa (0)
ou ov
pOKzE =T, pOKza - Ty (7)
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’U)C— 8t +Ugax+vgay (8)

Boundary conditions at the sea bottom (z = - H):

ou ov
pOKZ& 7'2, PoKza = 7'5 )
0H OH
WH = —UH 5 = UHa—y (10)
where:

u,v,w - components of the current velocity vector along the axes of the
Cartesian system of coordinates, the origin of which is located on the free
sea surface, the x - axis being oriented to the East, the y - axis to the North
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and z - axis vertically, upwards,
f=2-w-sing - Coriolis parameter (w = 0.729-10"°rad s~! angular velocity
of the Earth’s rotation about its own axis; ¢ = latitude),
po - water density (pp = const),
K, - vertical eddy viscosity coefficient (assumed constant
with z - axis),
Ap g - acceleration due to gravity,
73,72 - wind stress components at the free sea surface,
8 'rg - water shear stress components at the sea bottom,
ue, ve, we - current velocity vector components at the free sea surface,
ug, vy, wy - current velocity vector components at the sea bottom,
¢ - sea level (ordinate of free sea surface),
p,Pa - hydrostatic and surface atmospheric pressure, respectively,
H - sea depth.
Integration of the hydrostatic equation (3) with respect to z and taking
into account boundary conditions (6) for pressure yields:

P == pa + gpo(¢ — 2) (11)

Differentiating (11) with respect to = and y and substituting the results
into eqgs. (1) - (2) we obtain:

Bu 1 9p, 6{
ov 1 Opa oC
E%—fu— % 8y ga——I—K82+AhAv (13)

2.2 Mass transport and sea level equations

Integrating eqs. (14) - (15) and continuity equation (4) with respect to
z from z = —H to z = ¢ and taking into account boundary conditions (7)
- (10) we obtain the equations to calculate the mass transport components
and sea level:
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where:

¢ q
M, = [ poudz, M, = [ povdz - mass transport components
“H “H
along the z-axis and the y-axis

Pertinent lateral boundary and initial conditions for the mass transport
and sea level equations (14) - (16) can be written in a form (Ramming and
Kowalik, 1980; Jankowski, 1988):

Mo 0 at the closed (solid) boundary, 17)
"] (L) at the open (liquid) boundary.

M- 0 at the solid (closed) boundary, (18)
T @1(L) at the liquid (open) boundary.

for t=0, (=0, M,=0, ; M,=0, (19)

where:

M, M, - mass transport vector components, normal and tangential, to lateral
boundary L, respectively

®(L), P1(L) - functions describing water balance at the liquid (open) sea
boundary (i.e. river mouth or link with adjacent sea area).

Marchuk and Kagan (1977) proved that the set of egs. (14) - (16) subject
to the boundary (17), (18) and initial (19) conditions, possesses a unique
solution; therefore after estimation the external forces and model parameters
the set of equations (14) - (16) can be integrated through time to seek out
the values of the mass transport components M,, M, and ( in the sea basin
area.

2.3 Equation for the horizontal components of the current velocity

For case of stationary atmospheric forcing and disregarding the lateral
friction terms in the equations of motion (12) - (13) it can be easy to es-
timate horizontal currents velocity components. With the above mentioned
assumptions eqs. (12), (13) can be rewritten in the form:

_L10p O . P

= po O e + “022 (20)
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Assuming that the atmospheric pressure, wind stress components the
values of sea level ¢ and mass transport components M, M, (from the
solution of the set of egs. (14) - (16) ) are known the set of egs. (20), (21)
resolve into an equation for complex velocity D = u + iv (Jankowski, 1988;
Ramming and Kowalik, 1980):

*D  , 1 Opa  .Opay g ,0C  .OC

ﬁ_plD_poKz(ax ’ayHZ(%“a_y) (22)
where:

D = u +iv; p1 = i i= -1 (23)

(24)

Boundary conditions for eq. (22) basing on (7) and (9) can be rewritten in
complex form as follows:

D

at z =(: pOKzaa—z =71° =71, +iT, (25)
D

at 2 = —H : pOKz%—Z =rt=704 ’iT; (26)

In the case of constant with z the vertical eddy viscosity coeflicient K,
an analytical, Ekman - type, solution of eq. (22) with boundary conditions
(25), (26) may be found out in the form (Jankowski, 1988):

Do 75 cosh[pi(H + z)] _ P coshp:(z)]
poK.p1 sinhlpi(H + )] poK.p1 sinh[pi(H + ()]
g 8C ac 1 apa .apa
+if(8x+18y)+poif(8w +28y) 27)
where:
T =71, +iT,; =704 7;7'5; (28)

Introducing into (27) the values of sea level ¢ and mass transport compo-
nents M, M, from the solution of the set of eqs. (14) - (16) and estimates
of model parameters: i.e. the components of tangential wind stress 7., 7.)
and bottom stress 72, 7}, and the vertical eddy viscosity coefficient K. one

can calculate the horizontal components of the current velocity vector.



2.4 Model parameters and atmospheric forcing

Tangential wind stress components 7;, 7, and tangential bottom water
stress components 72, 72 were calculated by well tested formulae used in
hydrodynamical - numerical models (Simons, 1973; Ramming and Kowalik,
1980; Kowalik and Murty, 1993; Jankowski, 1988):
- wind stress components:

Ty = paCpWW,, T; = pCpW,W,. (29)
- bottom shear water stress components:
b_ b_ "
Ty, = RMx, Ty = RMy, R = m Mg + Mg (30)
where:

W, = /W2 + Wy2 - absolute value of wind vector velocity,
W,, W, - components of wind vector velocity,

Pa, Cp - air density and drag coeflicient, respectively,

r - bottom friction coefficient.

In our calculations the standard values for air density p, = 1.3-10 3g/cm?,
for drag coefficient Cp = 2.6 - 10~ and for the bottom friction coefficient
r = 2.5- 1073, usually used in numerical calculations of storm surges and
water circulation in the natural basins (Simons, 1973; Ramming and Kowalik,
1980), were applied.

For the case of mean climatic, multi - year averaged atmospheric forcing,
first the geostrophic wind was determined from the distribution of atmo-
spheric pressure:

Opa
W, = C,W,y = C, By - (31)

where:
Wags Way - module of geostrophic (gradient) wind vector velocity,
C, = 0.7 - reduction factor,taking into account weakening of wind
velocity due to friction effects in vicinity of the free sea surface,
% - horizontal gradient of atmospheric pressure (in hPa/100 km),
Br - coefficient including the stratification conditions at the sea - atmosphere
interface (assumed constant and equal to 4.69, i.e. mean value of data being
taken from Garbalewski and Malicki (1971)).

Next wind stress components are estimated by standard formulas (29)
mentioned above with W, = W,,, and taking into account deflection angle
between the geostrophic surface wind W, s and “real” surface wind W, o



equal to 15° (in counterclockwise direction) (Jankowski, 1988; Svansson,
1972).

The eddy viscosity coefficient K, was estimated by the Felsenbaum’s the-
ory of wind - driven currents, in which values of K,, depended on wind
velocity, Coriolis parameter and basin depth can be estimated by expres-
sions (Ramming and Kowalik, 1980; Jankowski, 1988; Svansson, 1972):

K.=oaW.H; if H<H, or K.=a™; if H>H, (32)
where:
H.. = a3W,/f - critical depth,
ai, an, as - coefficients equal to: 0.54- 1074, 4.7-10°%, 8.7-107%,
respectively.

The coefficient of the lateral eddy viscosity (the lateral friction coefficient)
A, as it is been found out (cf. Defant, 1961; Ozmidov, 1968) is dependent on
spatial scale of the dynamic processes and in general satisfies the Richardson
law:

Ah:CO-L4/3 (33)

where: L denotes the horizontal scale of the turbulent eddies, and ¢
- an empirical constant of proportionality with an order of magnitude of
0.01cm?? /s (cf. Ozmidov, 1968).

In shallow water basin the influence (role) of the lateral friction from
physical point of view is minor comparing to bottom friction, but because
of bottom variability and irregularity of the shore line one can include the
lateral friction terms into numerical model treate them as smoothing terms,
to filter out the parasite instabilties generated during numerical computations
due to above mentioned variabilities of the bottom relief and coast line.

In the model calculations the lateral eddy viscosity was estimated by for-
mula (33) with the horizontal scale L egual to several space steps of numer-
ical grid. After some experiments the final computations were carried out
with the value of the lateral coefficient of order of A, (5-107cm?/s).

3. Numerical method of solution of mass transport and sea level equations

The finite explicite difference scheme used by Hansen (Hansen, 1962:
Ramming and Kowalik, 1980) was applied to the system of eqs. (14) -(16),
and the numerical calculations were carried out with time step equal to 60
seconds and space steps equal to h, = h, = h = 5Nm. The locations of
the calculated variables on the finite difference grid (Arakawa C - grid) are
depicted in Fig. 1 and the layout of numerical grid points in xyz - plane are
shown in Fig. 2.



Finite difference form of equations for mass transport and sea level (14)
- (16) is as follows (Ramming and Kowalik, 1980; Kowalik and Murty, 1993):

MET o =(1-— 2Rm+1,n7')Mt T4+ 2f7'ﬁy + 217G

Tm+1,n Tm+1,n
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Stability condition for above the finite difference scheme are as follows (this
similar to standard CFLs criterion) (Ramming and Kowalik, 1980; Kowalik
and Murty, 1993):

h




where:

H,r - maximal basin depth,

T - time step,

h - space step: h = max(h,, hy)

hs, h, - space steps of the H-N numerical grid along the z -axis
and y - axis, respectively.

Results and comments

The model set up on the cartesian square numerical grid covering the
Baltic Sea area on the sea map in the Mercator projection (basic coordinate
lines: 19° E and 60° N, respectively).

Bottom topography of the Baltic Sea for the numerical model was smoo-
thed and Fig. 3 shows final form of the bottom relief of the sea basin used
in the model computations.

In Figs. 4 and 5 the calculated wind velocity vectors fields for selected
months are presented as well as the multi - year atmospheric surface pressure.

Figs. 6 - 13 display distributions of stream function for mass transport,
sea level, mean - depth currents and suface currents for the selected months
calculated by the model.

Figs. 14 - 21 present results of calculations of stream function, sea level,
mean - depth currents and surface currents for the case of strong winds of
constant velocity equal to 10 m/s blowing from basic wind directions.

Stream function ¥ was calculated from the mass transport components
M,, M, by means of the steady - state form of sea level equation (16) and
the standard formulas:

ov. . ov

Mx:_—a - 5
dy Y Ox

(44)

The spatial distributions of the circulational characteristics for the mean,
multi - year averaged, wind fields for selected months (Figs. 6 - 13) as well
as for strong wind (Figs. 14 - 21) are well correlated with the atmospheric
forcing and the Baltic Sea morphometry. The basics features of circulation
- cyclonic and anticyclonic gyres are located in the regions of the Baltic Sea
with the specific bottom relief and shore line structures (deeps, furrows and
banks, bays etc.).

The estimated wind - driven circulation patterns show the essential in-
fluence of the bottom relief and the complex coast lines of the basin on
the calculated circulational characteristics and they confirm the results of
the other investigaters (e.g. Kowalik and Sta/skiewicz, 1976; Simons, 1978;
Kielmann, 1981; Mélkki and Tamsalu, 1975; Krauss and Briigge, 1991).



Water circulation in the Baltic Sea, which is controlled by the complex
coast lines and bottom relief and driven by the wind and the thermohaline
forcing (the last not considered in the presented calculations), may have
some influence on the distributions of ecological, biological or pollution
fields.

Presented patterns of the wind - driven circulation in the barotropic Baltic
Sea may serve as the hydrological background for understanding of variability
of the ecological parameters giving the overall picture of sea water dynamics
in barotropic case.
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Fig. 1 The H-N numerical grid in the x -y - t - space
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Fig. 2 The H-N numerical grid in the x - y plane
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Figure 3: Bottom topography [ m ] of the Baltic Sea used in the model
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Figure 4: The multi-year averaged surface atmospheric pressure anomaly
[hPa] and the calculated quasi-geostrophic wind field [m/s] selected months:
April, June, August and October.
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Figure 5: The multi-year averaged surface atmospheric pressure anomaly
[hPa] and the calculated quasi-geostrophic wind field [m/s] selected months:
May, July, September and November.
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Stream function [Sv] . ] Mean—depth currents [em/s]

(Wind field for April) (Wind field for April)

Sea level [cm] Surface currents [em/s]

(Wind field for April) (Wind field for April)

Figure 6: Stream function for mass transport [Sv], mean - depth currents
[cm/s], sea level [cm] and surface currents [cm/s] for selected months: April.
The hatched areas in stream function distributions indicate the regions of
counterclockwise (cyclonic) water circulation.
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Surface currents [em/s]
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Figure 7: Stream function for mass transport [Sv],
[cm/s], sea level [cm] and surface currents [cm/s] for selected months: June.
The hatched areas in stream function distributions indicate the regions of

counterclockwise (cyclonic) water circulation.
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£ Stream function [Sv]

E (Wind field for August)

Mean—depth currents [cm/s]

(Wind field for August)

Sea level [cm]

£ (Wind field for August)

Surface currents [em/s]
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Figure 8: Stream function for mass transport [Sv], mean - depth currents
[cm/s], sea level [cm] and surface currents [cm/s] for selected months: Au-
gust. The hatched areas in stream function distributions indicate the regions
of counterclockwise (cyclonic) water circulation.
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Figure 9: Stream function for mass transport [Sv], mean - depth currents
[cm/s], sea level [cm] and surface currents [cm/s] for selected months: Octo-
ber. The hatched areas in stream function distributions indicate the regions
of counterclockwise (cyclonic) water circulation.
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Figure 10: Stream function for mass transport [Sv], mean - depth currents
[cm/s], sea level [cm] and surface currents [cm/s] for selected months: May.
The hatched areas in stream function distributions indicate the regions of
counterclockwise (cyclonic) water circulation.
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F (Wind field for July) (Wind field for July)
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Figure 11: Stream function for mass transport [Sv], mean - depth currents
[cm/s], sea level [cm] and surface currents [cm/s] for selected months: July.
The hatched areas in stream function distributions indicate the regions of
counterclockwise (cyclonic) water circulation.
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Figure 12: Stream function for mass transport [Sv], mean - depth cur-
rents [cm/s], sea level [cm] and surface currents [cm/s] for selected months:
September. The hatched areas in stream function distributions indicate the
regions of counterclockwise (cyclonic) water circulation.
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Figure 13: Stream function for mass transport [Sv], mean - depth cur-
rents [cm/s], sea level [cm] and surface currents [cm/s] for selected months:
November. The hatched areas in stream function distributions indicate the

regions of counterclockwise (cyclonic) water circulation.
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Figure 14: Stream function for mass transport [Sv], mean - depth currents
[cm/s], sea level [cm] and surface currents [cm/s] for the strong wind of
constant velocity blowing from North. The hatched areas in stream func-
tion distributions indicate the regions of counterclockwise (cyclonic) water
circulation.
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Figure 15: Stream function for mass transport [Sv], mean - depth currents
[cm/s], sea level [cm] and surface currents [cm/s] for the strong wind of con-
stant velocity blowing from Northwest. The hatched areas in stream function
distributions indicate the regions of counterclockwise (cyclonic) water circu-
lation.
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Figure 16: Stream function for mass transport [Sv], mean - depth currents
[cm/s], sea level [cm] and surface currents [cm/s] for the strong wind of
constant velocity blowing from West. The hatched areas in stream func-
tion distributions indicate the regions of counterclockwise (cyclonic) water

circulation.
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Figure 17: Stream function for mass transport [Sv], mean - depth currents
[cm/s], sea level [cm] and surface currents [cm/s] for the strong wind of
constant velocity blowing from Suthwest. The hatched areas in stream func-
tion distributions indicate the regions of counterclockwise (cyclonic) water
circulation.
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Figure 18: Stream function for mass transport [Sv], mean - depth currents
[cm/s], sea level [cm] and surface currents [cm/s] for the strong wind of
constant velocity blowing from South. The hatched areas in stream func-
tion distributions indicate the regions of counterclockwise (cyclonic) water
circulation.
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Figure 19: Stream function for mass transport [Sv], mean - depth currents
[cm/s], sea level [cm] and surface currents [cm/s] for the strong wind of con-
stant velocity blowing from Southeast. The hatched areas in stream function
distributions indicate the regions of counterclockwise (cyclonic) water circu-
lation.
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Figure 20: Stream function for mass transport [Sv], mean - depth currents
[cm/s], sea level [cm] and surface currents [cm/s] for the strong wind of
constant velocity blowing from East. The hatched areas in stream function
distributions indicate the regions of counterclockwise (cyclonic) water circu-
lation.
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Figure 21: Stream function for mass transport [Sv], mean - depth currents
[cm/s], sea level [cm] and surface currents [cm/s] for the strong wind of con-
stant velocity blowing from Northeast. The hatched areas in stream function
distributions indicate the regions of counterclockwise (cyclonic) water circu-
lation.
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