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An operatiolllal Baltic Sea circulation mode} 

Part 1. Barotropic version 

Lennart Funkquist 

The Swedish Meteorological and Hydrological Institute 

Introduction 

This report describes the a.pplication of a barotropic circulation mode! to 
the Baltic Sea. The mode! is designed to be run operationally and is easily 
modified for specific circulation studies. In the operational mode, it will 
give daily forecasts on water leve! and water transports. Coupled to an ice­
growth model, it will also be possible to make forecasts of ice-cover change 
and ice drifts. Further, it vvill act as a basic part of a modelling system for 
oil drift and spreading of chemicals. 

The model has a horizontal resolution of 5 km and is forced by a high 
resolution atmospheric model, which provides the wind stress and sea sur­
face pressure gradient forcing. The water balance is controlled by updating 
the river inflow and the water exchange through the Danish Sounds. 

A verification study will bEi presented in the next part of the report, where 
water leve! observations will be compared with results from the mode!. 
Easily recognizable barotrnpic features like topographically generated ed­
dies in the mode! will also be compared with estimates from analytical 
expressions. A non-linear version of the mode! including a Smagorinsky­
type of eddy viscosity {Sm,a.gorinsky, 1963) has been run on a finer grid {in 
the order of hundreds of meters). Results from these experiments will also 
be presented for limited areas of the Baltic Sea in the next-coming report. 



Governing equations 

We assume the water body to be homogeneous and incompressible with 
density p. We apply a spherical polar coordinate system (,\,ip,z) where 
,\ and ip denote longitude and latitude, respectively and z is the vertical 
distance above the surface of the earth. The sphere is rotating about its 
axis with constant angle velocity w. 

Starting from the linearized depth integrated transport equations, we can 
write the conservation equations for mass and momentum as 

1 
Tlt - --(U>. + (V cosip)"') 

Rcosip 
gh h 1 , 1 b 2 

Ut - fV - ---r,>. - ---p>. + -r Å - -r Å + AH'v U 
Rcosip pRcosip p p 

gh h 1 • 1 b 2 ½ - f U - -r, - -p + -r " - -r " + AH 'v V 
R"' pR 'P p p 

(1) 

where TJ is the surface elevation deviation from the equilibrium level and U 
and V are the volume fiuxes in the ,\- and <p-direction. r' and r6 denote 
the surface and bottom stress, p is the mean density of water, p is the at­
mospheric sea level pressure, h is the equilibrium water depth, AH is the 
horizontal eddy viscosity coefficient, f is the Coriolis parameter equal to 
2wsinip, R is the radius of the earth and g is the gravity acceleration. The 
subscripts on the r,-, U- and V-terms represent partial differentiations. 
The v'2-operator is defined as 

(2) 

The boundary condition at the shore is no volume flux except where the 
inflow from main rivers is specified. To maintain the right water balance, 
also the water exchange through the Danish Sounds is specified and the 
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evaporation is assumed to be equal to the precipitation. 

The bottom stress is modelled by a quadratic friction law and the bot­
tom stress components are written 

-,b>. = pCb(u2 + v2)112u 
,,b., = pCb(u2 + v2)1f2v 

whe:re Cb is a friction coefficient with a typical value of 0.0025. 

{3) 

The horizontal eddy diffusivity term has been included to suppress any kind 
of computational noise that can emerge from the wonlinear terms when the 
model is used in operational mode, meaning integration periods of the or­
der ,of montbs. However, in this application the on ly nonlinear term is the 
bottom stress term, w hy the eddy viscosity can be held at a relatively low 
value. For the first period of application of this mo del, a value of 50 m2 s-1 

has been chosen. 

For shallow water it is common to make both the lateral and bottom fric­
tion term dependent on the local depth. This option is included in the 
model and an evaluation of including this dependence will be made in the 
verification report. 

The vertical mean density in the Baltic Sea has a significant horizontal 
variation. This creates a horizontal gradient of th,e mean sea level, the so 
called steric effect, and amounts to a difference olf approximately 0.25 m 
between the northern and southern ends of the basin {Ekman and Mäkinen, 
1991). To include this effect in the model, the sea level output is modified 
according to a constant gradient in the <p- direction. 
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Atmospheric forcing 

The difference between the average precipitation and evaporation in t he 
Baltic Sea is of the order of 60 km3yr-1 • It is an order of magnitude less 
than the mean annual river inflow and has been neglected in a first version 
of the model. It is possible to cor rect the total water volume at the end of 
the year when precipitation and evaporation data a.re available. 

All atmospheric forcing is given by the high resolution atmospheric model 
HIRLAM (ref. HffiLAM) with a. typical resolution of 40 km. The forcing 
fields are at 3 hour interval and are held constant <luring that time of the 
t ime integration. Bicubic interpolation is used to produce the 5 km wind 
and pressure gradient fields from the HIRLAM grid. The wind stress is 
then computed using the relations: 

r'>. = Po.CD I w I w>­
r'" = Po.Cv I W I W'P 

(4) 

where w>- and W'P are the wind velocity components at a given height above 
sea level, Po. is the density of air and Cv isa non-dimensional empirical drag 
coefficient. As a. value on Cv the following relation suggested by Wu (1982) 
has been used. 

Cv = (0.8 + 0.065 I W10 I)* 10-s (5) 

where W1o is the wind velocity at 10 m height. 

Hydrological forcing 

The runoff regions around the Baltic Sea ha.ve been divided into 21 areas, 
each supplemented with a river outlet in the model. In la.ek of daily fore­
casts and even real-time values of fresh water inflow, monthly averages of 
runoff values from the years 1951 to 1990 (Bergström and Carlsson, 1993) 
have been used as boundary values after being scaled in order to account 
for the total runoff to the Baltic Sea. 
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In- and outflow through the Danish Sounds 

To complete the control of the water budget in the whole system, the wa­
ter exchange through the Danish Sounds has to be specified. This is done 
by relating the flow in both the Belt Sea and the Oresund to the water 
level difference between the gauge stations Viken and Klagshamn in the 
Oresund. The validity of this assumption, which is based upon a quadratic 
bottom friction law, has been demonstrated by Jacobsen (1980) and Stige­
brandt (1980), and from the latter the following formula has been taken 

Qo = (ho - h1) Ao f2g 
J lho - h1I Y~ (6) 

where Qo is the total flow, ho and h 1 is the water level in the Kattegat and 
the south-west Baltic Sea, respectively, A0 is the mean vertical cross section 
area, g is the gravitational constant and c is a constant with a typical value 
of 13. The division of the total flow into the both straits is given by the 
assumption that 27% is flowing through the Oresund. 

Numerical methods 

We use the finite difference form of the conservation equations. This means 
that a given function is defined only at discrete points in the region R 
where it is defined. Thus, for the one-dimensional case, we divide R into 
a set of intervals having equal length 6x, called the grid length. The ap­
proximation of the function u(x) is denoted by u; which stands for u(j6x). 
Derivatives are approximated by so called finite differences and as an ex­
ample the x - derivative of u can be approximated by (u.;+1 - u;) / 6x. 

However, there exist various possibilities to represent the variables in a hor­
izontal grid. Here we have adopted the commonly used C-grid {Mesinger 
and Arakawa, 1976), according to Figure 1. This grid has the disadvantage 
that the Coriolis term has to be approximated by a mean value at four grid 
points. On the other hand, the C-grid has in general much better disper­
sion and phase speed properties than other grid configurations. 
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Figure 1. 
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Position of variables within a C grid element. 

We define the following operators: 

(62:a)i; 

(ä%)i; 

- (a•+ .1 . - a -_ .1 •) / öx , ,,, , ,,, 
- (a•+.1 . + a - .1 •)/ 2 I -, ,J 1- -,,J 

(7) 

Corresponding definitions can be made for the y-direction. Applying the 
averaging operator in both directions we get the two-dimensional average 
operator 

6 



(8) 

We can also apply the difference operator twice and get for the x-direction 

(9) 

With the definitions d>. = Rc!,,p and d'P = i and omitting the indices i and 
j, the conservation equations can then be written as 

TJt - d>.(8>.U + 8,p(Vcosip)) 
- >. h 1 , 1 b 

U, - fV 'P - d>..ghö>..TJ - d>..-ö>..P + -r>. - -r + p p p ).. 

AHd>..(d>..8u + d,p8,p(cos<p8,p))U 

V.t -JUA'P - d gh8 r, - d gh8 e - d !::.s p + .!.r• - .!.Tb + 'P <p 'P 'P 'Pp'P p'P p'() 

AHd>.. ( d>..D>.>. + d,p8,p( cosip8'P)) V 

(10) 

T hus, spatial derivatives have been approximated by central differences and 
variables not given at the same grid point have been approximated by mean 
values from the neighbouring points. 

Time differencing is made using a variation of the forward-backward scheme 
according to Sielecki, 1968. This scheme has an implicit nature though the 
order in which the computations are done, makes it explicit. The time step 
limit can be estimated by von Neumann's method and results in 

(11) 

where f::1x is a true distance on the Earth. 

The final set of difference equations then can be written as 

7 



_ f'/n - lltd>.(ö>.Un + öip(Vncoscp)) 
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n ->. n+1 hc n+l d hc d hc n + l V - t:..t(JU "' + dipg oipf'/ + ipg fJipe + ip-fJ,pP -
p 

!.T,n+I + !.r6n - And>.(d>.ö>.>. + d~,6ip(coscp6ip))Vn) 
p 'P p 'P 

(12) 

where un stands for U(nllt). 

Grid configuration and bathymetry 

The mode! is set up on the same type of grid as the atmospheric mode!, 
a rotated latitude/longitude grid. This means that the poles of the com­
putational grid differ from the geographical poles. To keep the variation 
of the grid size at a. minimum, the equator has thus been moved to 60° N. 
Normally, ocean models covering basins at the scale of the Baltic Sea use a 
cartesian grid on a. polar stereographic projection, eventually supplemented 
with a. ma.p factor to account for the distortion of 'the grid size depending on 

the latitude. The rea.son to use a spherical grid in this application is firstly 
tha.t it facilita.tes data. exchange with the atmospheric mode! as the CPU 
time for the interpolation of the atmospheric forcing is decrea.sed when the 
ocean model shares the atmospheric mode! grid points. Secondly, if the 
ocean model will be extended to cover the Northt Sea. and maybe parts of 
the North Atlantic, the spherical grid has advanta.ges before a. cartesia.n one 
because of the grid distortion a.ssociated with the! latter type of grid. 

The Baltic Sea has been divided into a grid consisting of 165 * 301 grid 
points for a grid length of approximately 5 km., (see Figure 2). For a 
baroclinic model, the grid size is norma.lly guidedl by the size of baroclinic 
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Figure 2. 

The horizontal grid with a grid tength of 5 Ian for th< Battic sea. Here 

only the southern part of the area is shown. 
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eddies and waves with a typical size of the internal Rossby radius, while 
for a barotropic model, where the circulation is mainly governed by topog­
raphy, the resolution will be decided by the depth gradient. For the Baltic 
Sea with its complicated topography, a resolution of the lowest modes of 
topographic waves in the largest subbasins will require a grid size down to 
the order of 1 km. However, in practice it is the available computer power 
that limits the grid size. 

The depths are computed as mean values from a data base consisting of 
depths at approximately every second km. Figure 3 shows the depth dis­
tribution in intervals of 50 m. 

Summary 

A vertically integrated barotropic model has been described both in dy­
namic and numerical terms. The model is set up on a 5 * 5 km grid fo the 
Baltic Sea and has been in operational mode since the beginning of March 
1993. The model is forced by interpolated wind at the 10 m level and 
surface pressure from a high resolution (50 km) atmospheric model. The 
water volurne is regul~ted through river runoff and in- or outflow through 
the Belt Sea and the Oresund. 
A second part of reports on the barotropic mode) is planned to be released 
<luring 1994 and will cover verification and model experiments. 
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Figure 3. 
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