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INTRODUCTION

This report is to describe the application of a previously
developed two~dimensional hydrodynamic numerical model
(W.Wilmot 1976) to Oresund between Sweden and Denmark. The
purpose of this application is to investigate the effect

of a proposed tunnel connecting Helsingborg in Sweden and
Helsingdr in Denmark on the circulation and salinity—
content of the Sound.

The model result is first compared with synoptic field data
from the Sound. The effects of the proposed tunnel are in-—
vestigated by comparing model results with and without the
tunnel.

The tunnel between Helsingdr and Helsingborg 1s planned to
be built partly below the bottom, but partly on an artificial
bank across the deeper part of the Sound. The exact position
of the tunnel has not yet been decided, Among “he different
proposals given, this report concerns only the situation

which gives the maximum change in the sectional area compared

"to the natural case.

Three alternative depths are given for the tunnel. The main
proposal is a distance from the free surface to the roof of
the tunnel of 24 m, Also the depths 28 m and 20 m can be
considered.

The sill depth through Uresund into the Baltic Sea is abou®
8 m and the tunnel is therefore not considered to change the
water exchange between the Baltic and the North Sea.
However, south of the planned tunnel (see fig 1) there are
areas with depths of 30 m and more. The circulation and
salinity of these areas are studied in the model with various
external conditons.’

The same study has also been carried out in a two-layer numeri-

cal model (Danish Hydraulic Institute 1677) and to a limited

extent 1n a channel model including an advanced turbulence
description (Technical High School, Lund 1976). The ultimate
result from the hydrodynamic model studies has been the basis
of an ecological model and other ecologilcal consilderations

(Vandkvalitetsinstitutet 1976).
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is about 50 meters in an isclated depth outside Landskrona.
The sill depth to thiz area is zbhout 24 meters. The sill
itself 1s a wide area on the bovder of Kattegatt where the
depth varies between 20 and 2h neters.

The opening of the Sound into the Baltic consists of two
channels: one to the east and one to the west of the island
of Saltholm. The sill depths of these charnels are only

8 meters.

The depth of Oresund between Helsingdr and Helsingborg -s

T

at most about 30 meters. This channel 15 situated midway
between Denmark and Sweden {see fig 1). The proposed tunnel
is planned to allow a maximum depth of 2k meterz in the
middle of the Sound. Other depth of the tuanel are also
being discucced, e.g., 28 meters.

A tunnel at & depth of 24 meters +i'1l not change the sill

depth to the deeper area inside Oresund but it will wer:
much change the sectional area where the deep water erchange

takes place.

Total Reduction Sectional Reduction
sectional of sectional area below of secticnal.
area ares 20 m area
. 2 2
Without tunnel 75 000 m 13 000 m
Tunneldepth 28 m 6l 000 n” 15 % 6 500 m2 500 %
2 R
Tunneldepth 24 m 59 000 m~ 21 % 2 500 m~ &1 %

Table. Reduction of the sectional area between Helsingdr znd

Helsingborg with different tunnel-slternstives.
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The width of the channel perpendicular to the centre of the
deepest part of the channel is of importance to the numerical

model. Compare the model representation and the real Oresund

in fig 1 and 2.

KOPENHAMN

Saltholm

——————— 10m depth
20m -

¢ 3m -o-

Lom -~

Figure 2, Modelrepresentation of Oresund
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Hydrography

Oresund is part of the entrance from the North Sea into

the Baltic Sea. The salinity in the surface water of the
Baltic Sea 1s, due to runoff, low compared with that of
Skagerack-Kattegatt and the North Sea. In the southern
Baltic the surface salinity is close to 8 % . To the north
of Oresund in Kattegatt the surface salinities vary, but

usually are between 20 % and oceanic salinity.

Fresh water amounting to approximately U450 km3 per year

(14 000 m3/s) flows from rivers into the Baltic. This

water is mixed with saline water and transported out through
“the Belts and Oresund. Through the mixing the outgoing
volume is increased to about 900 km3/year. Consequently
there is a transport of salt water from the North Sea into

the mixing region of about L50 m3/year.

The current pattern in Oresund and the Belts is often a

two layer system with an outgoing brackish water on top

of an incoming salty water. There are also records of
three-layer systems and of situations with an almost continous
increasing -salinity from the surface to the bottom. During
periods with strong westerly wind the outgoing current can
totaly cease and salt water penetrate into the sounds from

surface to bottom.

In Oresund the bottom water in the.deep area south of Ven
1s renewed through the channel between Helsingdr and Hel-
singborg mainly during the stormy autumn and winter seasons.
Salt intrusion during other parts of the year can also
occur when the pycnocline of Kattegatt is raised enough

to allow water to go over the sill (24 m). Mixing from

above 1s also a way of renewing the deep water in the area.

The proposed tunnel will probably decrease the amount of

water penetrating into the deep waters south of Ven during
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the stormy season. However, it is believed that enough water
will still be transported in to allow a total renewal of the

whole volume of bottom water at every stormy event.

The smaller salt intrusions during the rest of the year are
partly prohibited by the tunnel thereby causing a situation
close to stagnation during the spring and summer. Mixing
through the pycnocline can be changed if the tunnel increases
or decreases the density difference between the surface and
the bottom waters. A smaller density difference will thus

give a more intense renewal by mixing from above.

This model study devotes ifseif to the two latter problems:
Inflow of salt water under calm to moderate weather condi-
tions have been studied both with and without the tunnel.
The value of the vertical mixing coefficient has been compu-
ted as a function of density stratification and wind velo-

cities.

Water—lével

The tidal range in the south part of Kattegatt is only
about 12-15 cm and the tides in the Baltic are negligible.
The currents in Oresund caused by tides are therefore

small compared to other existing currents in the area.

Water-level changes due fo wind stress and alr pressure
dominate in Kattegatt and the Baltic. A westerly wind

will e.g. pile up water in Skagerack and Kattegatt while
water is driven away from the west part of the southern
Baltic. The wind effect can cause a difference of meters

in the water-level between Kattegatt and the Baltic Sea.

In the modelling work the effect of water-level differences
on the current (barotropic effects) has been separated
from the effects of the density differences (baroclinic
effects). Thé assumption thus made is that the baroclinic

response does not alter the barotropic response. This is
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generally accepted as valid in modelling. It means that
the integrated transport caused.by recorded water-level
gradients is calculated, This transport is then fed into
the baroclinic model as boundary values. The velocity

resulting consists of the "known" barotropic velocities

and the baroclinic response.
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PHYSTICAL MODLL STHUCTUR

Formulation philosophy

Oresund has sn observed salt~heat balance characteristic of a
fjord estuary (Rattray., 1967). River runoff provides a net flux
of water out of the Balwni. through the sill region. Brackish

water Tlows out of the Danish Belts and Oresund, carrying salt

3

which has been mixed uvpward from heavier ocesanic water flowin:

U

into the Baltic at depth. The deep inflow 1s driven by ihe den-
gity difference between the oceanic water in Kattegatt and the
brackish Baltic water. The density difference 1s maintained by
sources of buoyancy: runoff and sclar heating in the Baltic. The
inflow is highly time dependent. Tils 18 ezsentially due to
varying meteorological forcing, the finctustions in the river
runoff being of negligible importance., trong southgolng currents
in Oresund occur in connection with particular meteorological
conditions over the North Sea - Baltic Sea region, leading to an
almost complete renewal of the Oresund water. The vertical mixing
in the region plays an important role in the salt balance by act-
ing to reduce the salinity of .nflowing oceanlc water and to

increase the salinity of the outflowing brackish watzr.

Basic Approximations

The governing hydrodynamicsl equations express the velocity and
density fields as functions of space and time. Even in their
complete form they merely represent approximations to nature,
Turbulence can be formally represented by wi iniinite set of
coupled equations. It is impractical, however, to loox oy
solutions to any but che lowest few orders of turbulent equations
The turbulent equations are often avoided entirely Lv assuming
that the turbulence acts in a way analcgous to molecular yrosssses,
Turbulent diffusion is then represented as the

an eddy coefficient and the mean gradient. The

here does not attempt to go beyond this simple
of turbulence. However the vertical salt and heat diffusion
coefficients are not constants but funtions of the vertical

velocity differences and of the density stratification.
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The scaling of the basic equations gives an idea of which pro-
cesses predominate. The equation of vertical motion in estuaries
can be represented quite accurately by the hydrostatic balance.

That is to say that vertical momentum is unimportant.

The vertical pressure gradient adjusts itself to the density field.
Furthermore, density variations are only important in the momentum
balance through the horizontal pressure gradient. The density can
be considered as a constant when multiplying the accelerations or
friction terms (boussinesq approximation). The flow is incompressib-
le making the velocity field non—divergent. The vertical veloclty
enters in order to account for divergences in the horizontal flow.
Vertical flow i1s essential for the transport of salt, heat and

horizontal momentum 1n estuaries.

Further simplification of the equations can be achieved by applying
knowledge of estuarine circulation obtained from field observations.
It is often observed in long narrow fjord type estuaries that the
predominant gradients run along the channel. The cross channel
gradients are much smaller. This is often due to the fact that a
major source of fresh water is present at one end of the channel.
Oresund is of this type. This situation allows for a reduction in
the number of space coordinates. The salt and heat équations can

be averaged across the channel. The momentum equations along and
across the channel can be decoupled by assuming that the cross
channel velocity is much smaller than the velocity along the
channel. This could be viewed as a canal model in which the velo-
city along the channel is accelerafed or decelerated by width

varilations.

The equations remaining, after all of the above simplifications
have been made, are still non linear and quite difficult to solve
analytically. The salt, heat and vorticity equations are time
dependent and non linear. The continuity equation and non linear

equation of state complete the set of equations to be solved.

It has been assumed that the barotropic response of the basin
is independent of the internal density field. That is the water
transport through Oresund due to water level changes are not
influenced by the density field. The transport caused by water

level changes inside the Sound is neglected.
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The barotropic response is calculated in a one dimensional

canal model. (Svansson, Szaron, 1975). The forcing is the
measured, time dependent waterlevel difference between the north
and south model boundary. The transport is modified by bottom

stress.

Salt-heat conservation

The salt and heat balance eguations in three dimensions can be
averaged across an eatuary of width b (x,z) (Pritchard, 1958)
by assuming lateral homogeneity,(figs A, @. This 1s equivalent
to assuming that the cross estuary variations of salinity

and heat are small compared to the longitudinal variations.

The boundary conditions are not obvious. There is no clear

point at which the effect of the Sound on the Baltic or on

the Kattegatt can be considered to end. If the observed vertical
density distribution are specified, a problem occurs in the
regions of outflow where the outgoing water carries a different
density than the one specified. An unrealistic boundary layer
results and the interior solution is greatly in error. Instead
only the density of the inflowing water is specified. The hori-
zontal gradient of density is set to zero in outflowing regions.
The predictivé equations for salinity and temperature states

that the time change of density is due to advection and turbulent
diffusion. Dilution by fresh water maintains the horizontal sali-
nity gradients. The fresh water source is at the surface and so
tends to stably stratify the estuary. There are no fluxes of salt

or heat through the surface or bottom.

Equation of state

The equation of state for sea water expresses the relation between
density and temperature, salinity and pressure. In a shallow

estuary pressure effects can be ignored and the density can be

represented as, P =p, (1 + o, 1073 )
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where Ot is defined from Knudsen”s Hydrographical Tables, (1901).

Dynamical balance

A Boussinesqg dynamical balance is considered along the vertical-
longitudinal plane of the channel. The density variations do not
affect the accelerations or frictional terms. The cross channel
balence can be approximated by geostrophy (Pritchard, 1956,
Stewart, 1957), in which the pressure gradient adjusts itself

to variations in the long channel flow. The vertical accelera-
tions are negligible and the pressure gradient adjusts itself

to variations in the density field. The longitudinal momentum

equation can be written as,

Su Su gu 81 [ Su S Su
st tYex TV~ ex toow Puex ) T as B )

where Iis the pertubation pressure which remains after the
hydrostatic pressure due to water of a constant density, g o’

is substracted and A Av are the horizontal and vertical eddy

h,
viscosities. The coriolis acceleration% ~-fv, as well as the
R . u
lateral ddvection.of lateral shear, vy are eliminated by

making the canal assumption. The cross channel velocity, v, and
its derivative,ﬁi is negligible at the center of the channel.
It is present agﬁ%he sides in order to allow for acceleration
and deceleration of the flow due to width variations. It does
not contribute to the long channel dynamics, however.

In the vertical direction the gravitational acceleration pre-
déminates. The pertuabation pressure gradient adjusts to varia-

tions in the vertical density gradients. The equation can be
written,

where p 1s the variation of density from a mean value p and
I is the variation from the hydrostatic pressure due to®that

mean density. .

A vorticity equation (Fig € ) for the component of vorticity
perpendicular to the vertical plane X~Z, is obtained by cross
differntiations of ( 2 ) and ( 3 ).

The voritcity is defined as the vertical shear of the horizontal
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velocity,

__ Su
n Sz -

The contribution due to the norizontal shear of the vertical

velocity, &w ig eliminated by the hydrostatic approximation.
S§x

The surface and bottom boundary conditions orn the vorticity

equation can be expreszed as the stress . At the surface, the

vorticity is proportionsl to the wind stress 1_.

W

At the bottom, 1t i1s proportiocnal to the bottom stress =

b*
The stresses are obtalned froma non-linear drag law,
>
T=2¢C uiu
o Pulul
vhere CD is the drag cocefficient wnich iz =-out 2 °10—3. in

the case of the wind stress, u 1s the wind velocity at ten
meters height and @ 1s the density of air. The bottom stress 1is

found using the water velocity and the mean water density o,

The boundary conditions for the vorticlty equation =r the over
o I

boudaries are that the vorticity te contiauos,

L =0, :
This implies, through continuity, that the vertical shear of the
vertical velocity is a constant on that boundary. The contri-
bution to the vertical velocity of the density field is zerc.

The vertical velocity is linear with depth and i1s due to depth
variations affecting the karotropic flow alone. In other words,
the open boundary is 1n a region where the density flow 1s

essentially horizontal.

The vorticity is predicted by the vorticity equations and
appropriate boundary conditions. The vorticity i3 added tc Tl =
estuary through wind stress at the surface and Trictional stress
at the bottom. Vorticity is generated internally by horizonta..
density gradients. Vorticity is advected by the flow and diffvsed

by turbulent viscosities.

Continuity Equation

The approximation of incompressibility implies that the flow 1S
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non-divergent. When the continuity egquation in three dimensions
is integrated across the channel.(Pritchard, 1958) and the kine-
matic boundary conditions are applied, the following equation

results,

8 $ _ .
g;-(bu) + g;‘(bw) =0 7

The continuity equation( 7 ) is identically satisfied if we

define a transport stream function, vy,

Sy
bu = - 8z 8
bw = + %i

The vorticity is given by the equation,

. S ( 1 &Y )

%z ' b6z 9
The stream function is found by vertical integration of equation
g and by application of the boundary conditions on the flow.

The stream function is given on the bottom and at the surface,

Y= ¥ (x) z= h(x)
¥ (x,t) z= 0

The stream—function, ¥ _., 1s zero an the bottom. The stream-

function at the surfaci is due to the runoff transport and
meteorological time dependent transports. The difference between
the. streamfunction at the surface and at the bottom in any ver-
tical column is the barotropic transport (specified) through
that section. The flow i1s obtained when equation g is

integrated. The flow depends on the density structure through

the vorticity generation term in the equation in fig g,

Turbulent processes:

The eddy viscosity coefficients (momentum diffusion) have been
assumed to be independent of depth

2 6 2
A, = Lo em7 /s Ay =107 cm /s
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The vertical edér diffvsi~ities (salt and heat diffusion) have
been considered as & function of the stability

2 _ g sp

0 i

N

and the local zhear

- o ou
" Sz
2
K, . n
vz
N
K
The relation between the “z2tic  and the density gradient
AV

and shear has been investigated by Kullenberg (1976) in the

Baltic. The result can be summarized Ly “he “olloving.

J

5 R
Z—-=-*~ for R. Rfc
R Rl 1 L

i

|

n
'._A
)
o
s
2y

e

S|

where A, has a minimum value (=40 cin /s

2
R, = EQ
1 n Rfc = Critizal Richardson flux number =0.1
. i , ) W
If the wina speed exceeds 10 m/s A, = 4o -~ = -
K Tx.r = ¢ m/s
This Is meant to represent the extra turbulence crezted in Ore-

sund by wind action. The wind is only allowed to increzse the

mixing above the main pycnocline.

Scales

The governing equatilions can be written in non-dimensional form
by expressing all variables as the product of & characterigtic
scale and a non—-dimensional variable. The resulting non-
dimensional parameters determine the unicue soluticns to

the equations. These parameters express the relative

importance of processes.

The scales established 1n the model are as follows:

15 -horizontal velocity scale = 1 cm/sec
L

~horizontal length scale = 105 cm

~vertical length scale = 107 com

™~
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. 2
g -gravity = 103 em/sec
g -scale of o, = 10—3

B 7

-salinity scale = 1

T —temperature scale = 1%

A1l other scales can be derived from these basic scales.

>

time scale, for example, is L/U = 107 sec.

The

15
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4, NUMBRICAL METHOD

4.1 NOTATION

The non-dimensional equations and their boyndary conditions are
a predictive set and can be numerically integrated in time from
e known initial field. The variables are defined on a grid

(Fig E). Finite difference approximations to the equations

are written. The sum and difference operators adopted by

Shuman (1962) are used throughout:

(1 =(C 1 ) /2

. + .o
i+1/2 0 Liyn

-( ) )/ Ax

x i+1/2 i-1/2

4,2 NUMERICAL FORMULATION

The leapfrog scheme is used for the time differencing. The
prediction at the n+l time level is determined from evaluation
of the variable at the n-1l- level, the advection and sources and
sinks at the n time level and the diffusion in the horizontal

as a "lag'", that is, at the n-1 level. The vertical diffusion is

implicitly represented as the average of the n+l and n-1 time

" levels. The implicit scheme is used for vertical mixing so that

the small grid spacing in thé vertical direction does not un-
necéssarily restrict the time step. Each vertical column is
represented as a tri-diagonal matrix equation which is solved
using a variation of the Gaussian elimination. The advection
terms have been represented in Arakawa (1966) form to eliminate

non-linear instability.

The equation of state is computed in the form suggested by
Friedrichs and Levitus (1972). It requires less computer time
than the Knudsen- (1901) form.

4.3 NUMERICAL PROCEDURE

The procedure to obtain the solution as a function of time can

e s 1zed as follows:
b ummarized as foll






The finite difference grid.

Tigure 7

THHS
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3)
b)
5)
6)
T)

22

initialization of the physical fields and paramcters
time stepping of the salinity and temperature equations
(Figs F and G)

computation of o, (Fig I)

time stepping othhe vorticity equation.(Fig H)
computation of the streamfunction (Fig J)

periodic suppression of the computational mode
output of the vertical mixing, temperature, salinity
and streamfunction

return to 2) until computation with the physical

fields is complete
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FIELD MEASUREMENTS

In order to obtain data o verify the numerical models used
for prediction of the effects of the tunnel, field measure-
ments were carried out from April 27th to June 10th 1976.
The program included recording instruments and observations
from ships traversing Jresund. The number of waterlevel

recordings in the Soun: were increased during the period,
In the "Appendix" is shown which field measurements were
carried out. The stations occupied by ships or recording

instruments are shown in fig 13.

Recording instruments

The recording instruments were suspended from subsurface
bouys. These were kept 1in position by three zanchors. The
periods in which the different meters were working properly
is shown in fig 1lba, b, c. The material has been separated
into three groups: Corrsct record, Partly usable, Not usable.
The lable "Correct record” has been given to periods during
which the instruments recorded without errors and thz bouy-—
system was in order. Fzartly uasble records are, for example
where the depth of the subsurface bouy changed due to strong
currents; and record containing only few erronecus recording.
Periods when the bouy was at the surface or vwhen seaweed
prevented the revolution of the rotor for example are lebel-
led: Not usable, The instruments below the pycnocline were,
during the last part of the study, especially exposed to

floating weed.

Complementary measurements with recording temperature -
salitnity - chains were carried out by Danish Hydraulic
Institute. The location of these instruments is shown in
fig 13. The imstruments at Station 1 was damaged when
recovered and the record was not usable. The other two

instruments, however, recorded correctly.


















SMHTI

31

MODEL VERIFICATION

Two periods during the field measurements carried out in May-
June were selected to test the model. During the first period,
(May 12 - 15), most of the recording current meters were work-
ing correctly. This period is therefore suitable for verifying
the currents. The second period, (May 29 - June 1) contained
the most intense field measurements including both recording
current meters, temperature and salinity records, as well as
measurements taken from ships continously cruising in the
Sound. Unfortunately the current meters in the lower layers
did not work properly during this period, which implies that
only indirect verification of the current in the lower layers
can be made. However, the period is suitable for verifying

the mixing.

The second period was actually studied first and it seems

logical to discuss the result in the same order.

The salinity and temperature at the Baltic boundary were

almost constant during both periods. (The bounday data, used
when the transport was computed to be into the model, were
taken from a recorder near the southérn boundary). The boundary
data were taken constant with depth. (The depth at the boundary

being only 8 meters).

In the Kattegatt values from a thermistor chain were taken

as boundary values for temperature. Profiling of salinity

was carried out from ships and a T-S diagram with all salinity
values from both verification periods was constructed. The

T-S curve shows that the relationships between temperature

and salinity did not change during the verification periods.
Thus the boundary values for salinity were constructed from
measured temperatures and the T-S relationship. New boundary

values were given every hour.

Water level records from Hornbeck and Viken at the northern
end of the Sound and from Klagshamn at the southern end

were used 1n a one dimensional channel model to compute the
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integrated transport due to water level differences between
Kattegatt and the Baltic. The transport values computed were

fed into the two-dimensional model as barotropic forcing.

It should again be mentioned that the model boundary conditions
are such that at a level where the current is out of the model
the boundary valuea are set equal to the value at the first
interior point. In other words, the model is allowed to find
its own boundary value. At a level where an inflow is computed,
the model is using given boundary values, for example: measured

temperatures or salinities.

Figure 1h. TInitial szlinity field.

The current and density fields used as initial conditions for
the verification runs were totally artificial. Starting from
zero velocity and with the salinity and temperature distribution
shown in fig 14 the model was run for 6 days with constant
boundary conditions. The constant boundary salinities and
temperatures used were similar to the starting values for the
verification period studied. The boundary transport was small.
The salinity and current field after 6 days are shown in figls.
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Agreement between the model and reality is consequently not
achieved by starting the model with measured internal
salinity- and temperature fields. The model itself with the
needed boundary conditions, its inbuilt mixing assumpfions
ete., is able to compute natural fields from artificial

initial fields.

The wind stress and bottom friction were computed with the

formula:

T = CD'p'u- Iul

where CD =-0.002
p = density of air or water
u = wind at 10 m hight or current velocity at the

gridpoint closest to bottom

The vertical eddy coefficient for momentum AV is a constant.

AV = L0 cmg/s

The vertical eddy coefficlent for salt and heat KV varies
with the density stratification and the shear.
The horizontal mixing coefficients are constants.

6

_ _ 2
AH = KH =10 cm"/s.

Verification period 29 -31 May 1976

The prevailing winds were mostly weak to moderate. However,
a west to northwest wind with a velocity of nearly 10 m/s
was blowing on the 31st. This wind together with a weak low,
piled up water in the southern Kattegatt and drove the water

of Oresund south at all depths.

Currents

The computed currents were compared with recorded values at
Stations 2, 3 and 5 and at Station 549 from the Danish Belt
Project. (See fig 16). At 7 m depth the computed currents show
the same behavior as the along channel component of the recorded
current. Station 2 and 549 are difficult to compare to the
computed current because of the big difference between the
recordings of the stations. The agreement between computed

currents and Station 2 is, however, good. The agreement at
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the other two shations arc also acceptable if one bears in mind
theat the computed current 1s a mean over the width of the

channel and that recordings were taken at the Svedish side,
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The agreement at 14 m, Station 2, is poor. This can be due
to the fact that the pycnocline and the turning point for
the current is close to 14 m. A slight error in the real
depth of the current meter and/or an error of the computed
depth of the pycnocline results in large derivations of the
current values. The poor agreement can of course also be

the result of an error in the computed current profile.
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Figure 17. Computed and recorded currents.

Because of the lack of current records from deeper layers
during the first verification period the verification of

the deep current had to be done in an indirect way. The
thermocline boundary between the salt water and the brackish
water is very sharp and well recorded by a temperature
conductivity chain and a thermistor chain at Station 3 and
by hand-made measurements in a section across the Sound near
Station 3. The recorded thermocline (as recorde from e.g. the
TC chain) rises about two meters between 75-05-30 at mid—
night and T6-05-31 at 8 p.m. The intransport in the lower

layer causes this change.

The computed transport in the lower layer results in a rise






36

of the thermocline to the same level as the measured one.
This indicates that the computed transport in the lower

layer is of the right magnitude (see fig 18).

124

16—

20+

e measured temperature
— —~— — —computed temperature

Figure 18. Temperature at Station 3, 30 of May at midnight and
31 of May at 8 P.M.

The vertical mixing coefficient for salt and heat used

varies with density stratification and velocity changes as
explained above. For small density gradients and/or large
shear stresses the value of KV (KV = turbulent diffusion
coefficient for salt and heat) is the same as the turbulent
diffusion coefficient for momentum AV. Momentum mixing 1s not
so strongly decreased by a density gradient as is the mixing
of salt and heat. A water body transported from the salt
water up to the brackish layer loses its momentum fast,but can
return to the salt layer without being mixed altogether with
the brackish.water. The ratio between KV and AV is, thus,

decreasing where there is increasing density gradient.

In the work by Kullenberg (1976), a form for the dependence
of KV/AV on the stratification and the shear is given. The
formula is based on dye experiments in open waters and is

regarded as more applicable in this study than results from
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tank experiments. However the experiments only give a value

of the ratio KV/AV° Although it is quite clear that there is
a dependence of density stratification also on AV’ the value
has been kept constant in this study due to lack of informa-

tion on how AV should change.

As an example of the resulting mixing coefficient KV a situation
from 31.5 is discussed. In figure 19 one can study the computed

salinity gradient.
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Figure 19.

In the northern part of Oresund a rather weak vertical gradient
is advected into the Sound from Kattegatt accompanied by a
steep horizontal gradieant in the surface layer. In the southern
part, the steep vertical gradient from the earlier existing
current system 1s still persistent. Figure 20 shows the
vertical mixing coefficient KV. One plot is from the northern
part of Oresund, the other from the south. The vertical current

shear at the two locations 1s about the same.
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Figure 20, The eddy diffusion coefficient KV’
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The form of mixing introduced in the model can be verified

by studying figurei8, The vertical temperature gradient

.computed compares well with the recorded stratification.

The vertical gradient in a model can be advected in from the
boundary and therefore be purely defined by the boundary
conditions. The situation in figl8, however, was created by

a north-going current at the surface and a south-going

current in the bottom waters which means that the gradient

is created by mixing the surface water, whose salinity and
temperature were defined by the boundary condition at the
Baltic boundary, with the bottom water settled at the Katte-
gatt boundary. The surface temperature and the temperature

in deep waters in fig 18 do not coincide exactly with the
computed values. This depends on small errors in the boundary
data. However the computed depth of the thermocline is correct
and the sharpness of the gradient is also very well reproduced

in the model.
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The second verification was carried out with the same
mixing and friction coefficients and the same boundary
structure as the first one. The initial fields were again

created from artificial ones.

The winds during the period were strong most of the time.
Before the verification period started, a strong south-east
wind had prevailed for about two days. After a few hours

of north wind during the 12th, another storm from the south
carried surface water from Oresund out into Kattegatt. On
the 1L4th the wind turned west and north-west and the weather
situation and water level changes forced the water south

through Oresund at all depths.

Currents

The computed currents were compared with recorded values

at Stations 2 and 5 and at Station 549 from the Danish Belt
project. Between Helsingborg and Helsingdr there were two
strings of current meters (Stations 2 and 5L49). One string
with meters at 7 and 25 m depth was in the center of Oresund.
Another with meters at 7, 1k gnd 19 m depth was closer to
the Swedish coast (fig 13).

Vert.2, 7m

80 e measured currents

computed -~ - \

1004 ———=—— measured -« - , Station 549 \y
/s ' ~

Figure 21 a.
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Figure 21 b.

Comparison between the along channel component of the mea-
sured currents and the computed currents shows that there
is good agreement at 7 m depth between the computed values

and the recorded values from the center of the channel.

During the first half of the verification period there is

a rather big difference between the different recording
stations. The outgoing current at the surface is stronger
at the Swedish coast probably due to the rotation of the
earth (Coriolis effect). During the last half of the period,

the computed current agrees very well with the recorded one






SMHI

b1

at both stations. At 14 and 19 meters depth (see fig 12 b)
the agreement is also good exept‘for some hours at the 1hth.
There is then a marked peak in the velocities which is to-
tally absent in the model results. The reason is the following:
On the morning of the 1lhth there was a south~-going current
running at all depths. The salinity recordings imply that
there was a two layer system with a horizontal boundary
between the layers. At midday when the wind turned from south
to west (wind velocity 12-15 m/s) it forced the surface layer
towards the Swedish coast. For a few hours all meters at the
Swedish side were recording in the surface layer. This theory
is supported LSy the salinity records, especially the record
from 19 m which shows a marked decrease in salinity during
the episode from normal deep water salinity (28-30 % ) to a
salinity value normally found in a south—-going surface layer

(20-21 %, , see Tig 22).

When the strong current at 19 m ceased the salinity went back
to the high value indicating that the pycnocline again was
close to horizontal. The wind was by then north-west and the
wind speed was decreasing. The model computes the current
averaged ovér the width at every depth and can not represent
a situation where there is a big difference between the two
sides of Oresund. The computed mean current is, however,
representative of the transport as the slope of the pycno-

cline does not affect the volume transported in an axisymme-

trical channel.
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The current meter at 25 m depth showed wesk currents and

the record has no resemblance to the computed current at

24 m which is the de=pest calculated current at this stebicn.

The meter is probably placed in a semi~isolated deep with
quiescent water.

The agreement between measured and computed currcnts at

Station 5 is acceptable if on bears in mind that ‘re conputcs

current 1s a mcan over the width of the channel and that the
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recordings were made of the Swedish coast.
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Figure 23. The currents in Station 5.
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RESULT

The influence of the tunnel on the cilrculation has been

studied with.

1. northgoing current in the surface waters; southgoing

current 1in the deep waters,
2. southgoing current at all depths.

These situations are predominant in Oresund. Tn most of the
cases studied, the transport through the Sound has hezn low
(6 000 mB/S)o During periods with stable weather conditions
the current through Oresund can be wesk “or seversl weeks

and the reduction of the flow in such situations i1g important
for the judgement of the total effect of the tunnel on Ore-
sund. Cases with strong currents have been studied too (see

paragraph "Critical flow').

The bottom friction and the turbulent mixing co=sf{icients
used were the same as in the verification runs. To get 3
comprehensive picture of the changes caused by the z—resence
of a tunnel, different stratified situstious were studied
The depth chosen for the mein pycnocline were 10 m. 13 0

and 16—i7 m. The greatvest eilfect on the in~rerspoeyt of de:o
waters 1s present when the pycnocline lies Zecep and vhen one

ey

current situation 1z succeeded by another in a rever endily

system, If one current situation prevails Tor seversl days

the decreasing salinity inside the tunnel (1ncreasing

pressure gradient) tends to accelerate the flow. After o TFew
days the volume flow, over the tumnel, is almost the same as 11
would be without the tunnel. The water coming in 1s, hcrever,
drawn from asnother depth in Kattegatt and mest of the time

less saline than the water transported without the tunnel,

With the tunnel roof at 2k m and the pycnocline at 16-17 m
the model gives reductions of up to L0 % of the deep water
transport. Periods with the pycnocline deeper than 16 m are,
however, rather rare (less than 20 % of the year). The
reduction of the deep water transport with a pycnocline at

"normal" depth (pycnocline at 10 m) is in the model below 10 7






s

Le
the i Carael o omerachive, with GThe tunmel roof at
20 m, the modal gives ceducion of 10-15 7 with a deep

file 1t o=z not show any substantial reduction

Tor cases with the ocaocline at "normzl" depth.
Salinlty changes siov!. duz ©o the tunnel. Tn a run including

o '

Tive days with tunmel . ~of 2t 2k m and with the pycnocline
at 16-17 o depth tns decern water salinity decreased 1.5 %».
“his was not a =.- <7 :tate value. If the run had been
continued the decrease would have continued too. However,
an sxtrewms zituation, witl the pycnocline at great depths
and with a low run off fvou the Baltic, 1s not likely to

-
L

persigst more than a fev da nerefore, the decrease 1.5 %o

15 o good estimate

2o 1n sallnity possible

due to the tunneal.

k]

Leat of thez model results with the
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CRITICAL FLOW

When the transport in the
flow condltions can exist

After the construction of

where the secu_u

lower layer 1s very hig, critical
. area 1g small.

a tunnel *the critical section in

the lower layer will te situated in the tunnel section. The

decreased cross section caused by the tunnel will increase

the number of situations with critical flow

South going current at all depth

During periods with critical flow the upper limit for the

deep water transport through the tunnel section will

be setoeiol

by the level of the pycnocline. The maximum transport will be

less than the transport without the tunnel. 24 model rTun was

carried out with an increasing water level difference between

the Kattegatt and the Baltic

low velocities.

Fig 25 shows a

Figure 25.

If the water level difference
the twe-iayers also increases
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Where u, = velocity in the upper layer
u, = velocity in the lower layer
hl = thickness of the upper layer
h2 = thickness of the lower layer
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Figure 26,

When the transport is increased further, due to an increasing
water level difference the pycnocline in the vincinity of the
tunnel is forced to rise. The Kattegatt interface is however

stationary. In this way a pressure gradient 1s created which

constitutes the check that is significant for critical flow.

Pressure gradient due to Pressure gradient due to
water level differences the pycnocline slope

AP = g-p(z)-AH AP = - g-Ap-Ah

Figure 27,

The mixing behind the tunnel is not changed to any degree
worth mentioning. The intransport of salt water is however

increased and therefore the interface rises.
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When the transport 1s great the pycnocline is forced to rise
st1ll more. More salt water is transported through the tunnel
section but the pressure gradient working against the current

1s also increased.
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Figure 28.

The mixing behind the tunnel increases due to bigger velocities
and a greater. interface area available Tor mixing between
tha. kayers. The southgoing bottom water is partially tran-

sported over the shallow southern sill and into the Baltic.

When there is a transport from the Baltic into Kattegatt

the salt-water behaves like the undér—current at the mouth

of a river. During periods with medium transport an equilibrium
develops between the salt-water transported through the
interface by turbulent mixing and the water coming in over

the tunnel.
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Figure 29.
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The pressure gradient that depends on the water levels in
the Baltic and the Kattegatt drives the surface water north-
wards. The pressure gradient in the other direction which
depends on the slope of the interface preponderates in deeper
layers over the force from the surface slope and forces the

bottom waler southwards.

If the slope of the water level and thereby the transport is

big no southgoing curvent can persist.

Figure 30.

Over the tunnel the deep water velocity 1s almost zero. There
is a balance between the pressure gradient and the friction

between the northgoing surface water and the bottom water.

The model shows that the current in the lower layer in an
examined situation turns from southgoing to northgoing when

the current in the surface layer is = 80 cm/s.

In the same situation without the tunnel the current in
the model was 70 cm/s 1in %he upper layer. The intransport
of deep water was 350 m /s. This is a very small tran-

sport.

The tunnel will thus reduce the southgoing transport with
only a small amount in situations with strong northgoing

currents in the upper layer.
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