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Abstract

Re BultS of a number of mixing eksperiments in the Transition Area
carried out during different seasons over several years are summarized,
relations between mixing and environmental conditions are presented 'ande some applications are discusoed.

Introduction

Results

•

The Transition Area. consisting of the Sound. the Great and the
Little Belt, and the Kattegat, !orms the connection between the Baltic
Sea and the open ocean (North Seal. An undcrstanding of the !low and
mixing conditions in the Transition Area is crucial to the understanding
of the conditions in the deep and bottom waters of the Baltic Sea and
hence to our ability to model and predict the development in the Baltic
Sea which is also subject to man's various uses. Thc Transition Area is
characterized by large variability, with situations of two-Iayer !low, out
{rom the Baltic in the top laycr, and a very stable stratification, as well
as situations with !low out of or into the Baltic over the whole water
column. Normally the separations between the Baltic water and the Katta­
gat water, and between the· latter an::! the Skagerrak water. are marked
by' strong salinity frOIits, which oscillate between the Darss Sill in the
'south and the Skaw latitude in the north.

In this paper results are' summarized {rom field experiments in
various parts of the area aimed at determining thc mixing in different
layers of the water column. The experimento were carried out during
different-, seasons, over oeveral years. BO an to cover a large range of
environmental conditions. Horizontal and vertical mixing parameters were
determined [rom tracing of rhodamine dye injected at subsurface levelo,
with the density adjusted to the appropriatc sea water denoity. The dye
was trac<;ld over periods of half a day to oeveral days, towing an in situ
fluorometer after thc ship, cruising in an organized fashion over the area
(Kullenberg 1969. 1974). During the tracing. Dalinity and temperature
profiles were taken at intervals as well as wind observations. Salinity,
temperaturc and current profile oboervationo werc carried out at anchor.
over periods of half a day to daya, before thc dye tracing an~ in many
caDes also after the tracing. In Dome cases current data froIl\ moored
instruments have also been obtained. These environmcntal observations
havc been used to determine appropriate mean values of curre~t shearo.
and vertical density p'radiento, taking averages over periods of time com­
parable to the averaging time used for determining. the mixing para­
meters.

The mixing has been quantified by applying different mixing models
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to the observed dye concentration distributions. After injections in
thermocline or haloc1ine layers the dye was usually found to be distrib­
uted in thin layers with a thickness in the range ZO to ZOO cm, often
pulse-formed with sharp boundaries, and slowly decreasing concen­
tration. Such layers could exiat for days in the highly stratified waters.
An effective vertical mixing coefficient K z has been calculated from ob­
servations on such layers using the equation {Kullenberg 1969, 197'1}:

h2 Cl
Z In C

1t (tz - t 1) Z

maximum concentrationG at the time s t 1 and t z .

Several surface layer experiments have also been done, and K z
calculated from the obGcrved penetration of the dye down into the nearly
homogeneous Gurface layer. .

The horizontal mixing has been studie s by means of the equation
given by Joseph and Sendner (1958)

C{r,t) = M - r!Pt-----;::--- e
21t {Pt)Z. h

{Z}

where P is the horizontal diffusion velocity M the injected amount of
dye, r the radius of a circ1e with an area equivalent to the observed
area covered by the isoline C{t}. Alternatively thc longtidunal and late­
ral variances 6x Z and 6. Z of the observed conccntration C{x, y, t) have
been calculated, and the 'f consistency with the Joseph and Sendner model
prcdiction has been checked.

•

The values of thc mixing parametero are given in Tables 1 and Z.
It is noted that the vertical mixing has varicd ovcr a considerable range,
c1early depending upon thc environmental conditions. Mean values are
also given in Tablc 1 of thc vertical current shear, the wind and the
Brunt-Väisäla frequcncy squared, NZ =.1L -J:!E.., whcrc p is the density,

p dz
g the acceleration of gravity and z thc vertical coordinatc.

Mixing in relation to environmental conditionl:l

Using some of thc present experiments and experiments from
other areas Kullenberg (1971; 1974), later corroborated by Buch (1979),
showcd that for persictant winds above 4 - 5 rn • s - 1 the vertical mixing
in thc wind-mixed layer could be cxpressed through thc relation

P VI Z
K = Rf . c . ~ . _a_ .13 1 (3)

z d D - dz
N

2

Hcre Rf is the !lux Richardson number, Cd the surface drag coefficient,
pnlp thc ratio of dcnsities of air and water, Wa thc wind velocity and
dq! dz thc gradicnt of the horizontal current vcctör. This re oult is shown
in Fig. 1 for the prcsent data.

It is c1car that the wind has a strong influence on thc mixing.
In many cases it may be relevant to considcr the vertical mixing as
e ssentially an entrainmcnt from the decp layer into the surface layer.
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The entrainment velocity u e ~an be determined from the mixing co­
cfficient, under the assumption that only entrainment occurs (Kullenberg
1977)

u
e

(4)

whcre t.p is the density change across the pycnoc1ine. The ratio of en­
trainment velocity u e to friction velocity ~ is found to be related to
the overall Richardson number Ri*,' in basic agreement with results
from other laboratory and field investigations,

u -1
ghlU-

e = c ·Ri Ri = P" (5)
- *' *" 2
u u

* *'
where c is of the order of 5.

The energy transferred from the wind

E k "0 W a k P;, cd Wa
3 (6)= =w

""
(1<. being the wind factor)

in partly consumed for vertical mixing. It is important to note thai:
this is only a small fraction of the energy available, on the basis of
thc present experiments on an average 100/0 (Kullenberg 1976). This is
in good agreement with othe r re sults.

The momentum transfer coefficient Km can be related to thc
wind (Kullenberg 1976)

The ratio of vertical transfer of matter and momentum is often ex­
pressed as

•
K

m

K z
K

m

Rf
= Ri

W
a

2
(7)

(C)

wherc Ri
-2

= N"Z . (~) is the Richardson numbcr. Combining (3) and
dz

(3) yiclds
~a cd W

Z

K Ri ·K . a
= Rf = Ida Im z p

di'~

Vlhich shows that the relations are consistent, "0
Uning (3) and (7) we find

(9)

('la)

being the wind I3treCG.
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Inserting (V being the surface current velocity)
o

V ~o
0k =-- ~ :. .' =W ~ ~d .2a W a

K z
K

m

Rf
= Ri

V 2
p' o·

W 2 T
a 0

W 2
a. f (11)

The surface current velocity V 0 is by the Ekman theory (Ekman 1905)

V =o

T
o

o (K f) 1/2
m

implying

0 2
= Rf

Ri
( 12)

showing that these expre ssions are also consistent.

Besides the energy input from the wind the tidal energy may be

• important in parts of the Kattegat and the frictional influence of the

boundaries generating mixing in the narrow parts of the Belts. The tid::>J.

current amplitude is typically 20 cm .s - 1 and using estimates given
- 1

by Pingree et al. (1978), we find that a mean wind speed of 5 m' s will

produce an equivalent rate of energy dissipation per unH mass.

As regards the horizontal mixing, the vertical shear effect has

been shown to be an important mixing mechanism in the transition Arec:.

(Kullenberg 1972, 1974).

Applications

An important factor in environmental considerations is the rate s

of dilution which can be expected for different conditions. The volume

V(t) of a dispersing patch can be estimated as follows, assuming that

the rotationally symmetrical approximation may be used.
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V{t) = TI' r 2 • H =9 TI 6 2. Hrc
(13)

, where 6 2 and
x

an

Y/ith r = 36 • The variance 6 can be obtained from the Joseph and
rc 2 rc 2

scndner theory as 6 = 6 p2 t2 or as 6' = 6 . 6
2 rc. rc x y

6 are the longitudinal and lateral variances, re spectively, fory . .
elliptical distribution. The latter expression can be predicted by means
of a shear diffusion model (Kullenberg 1974) as

6 6 -_ K dU. dv t
2

x' Y • dz dz ui'
(14) .

where U is the mean current in the longitudinal direction, v is the time­
dcpendent tranGversal current' component with oscillntioll frequency (l).

The thickness of the patch H{t) can be obtained from the vertical
mixing as

H = f/rKt
yielding two expressions for the volume

dU uv 2 v-::-:;:-
V 1 = 9 TI K . dz . dz' t f1 2 Kt (15a,b)

This quite c1early shows the importance of environmental vari­
2.bility in this context.

The results of the mlXmg studies can be used to estimate the
!lux of different lJubstances through the pycnoc1ine layer, by using the
diffusion approximation

•
(16)

where Q is the rate of transfer of the property m, given in mass
m

per volume.

Taking the Sound as bounded by the Drogden Sill and the line
Elsinor -Helsingborg, with the pycnoc1ine at 10m depth, the area A =
360 km2 . A mean value of the vertical mixing is K = 0.5 cm2 . s - 1 .
Knowing the volume transport Ts through the Sound, which is on an aver­
age 6 . 109 cm3 • s - 1 (Jacobsen 1979), we can e stimate the increase of
salinity in thc top layer during the passage through the Sound. as

KA ds
~ sO/oo = dz

T
s

A few examples are a.s followes (data from Herman and Olsen 1976):

ds -20
dz = 1. Ü· 10 /00

o
observed f::" 0 = 1:.5 /00

-1
. cm ~ s = 5.4

o
/00



ds
=

dz

observed t. s

-2 02.3· 10 '/00

o
= 5.5 /00

- 1
. cm

o
f:,S = 6.9 /00

6.

The same can be done for phosphate and nitrate.

~; == 6.25 .

observed l:l P = 0.2

-410 11 g at

- 1
~g at ·1

1
-1. . l:lP

- 1= 0.2llgat .1

dN -3 - 1
dz = 8' 10 ~ g at . 1

- 1
observed l:lN = 1.0 Ilgat· 1

-1
cm

- 1= 2. 4 Il g at . 1

•

•

These results are fair1y consistent and indicate the applicability
of the approach over limited areas.
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stability parameter N2,
!.2g;

~ke 1 . Observation depth, mean vertical shear dz I ,
overall Richardson number Ri , wind W , mean vertical exchange coefficient K

. Wa f~l
.. a

and the factor =2 I d !
N ' Z.

t ,
! -2 W2 r

Area and I ]epth in- N ;~!102 ~ W K :...e {28 11
date . terval Idz: a

I !Ji2 -'~z II 1
i -2 -1 I -1 I 2 -1;! 2 .. 1....1 'm sec sec I msec I cm sec lern' sec"

)' $ I l I >

!
1.9.10-2

I
Sound i 16 18 3

I
11'.04The - 5·9 5.4

,.
I I650226
,

I -2
119.3

I
19.6.105ISE Katte- I 12 - 14 5.6.10 5.4 10 I 0.10

I I I

gat I
; I

,
I !

650621
. , II ! II I

i

I i
:1.2.10

6
The Sound i 12 - 14 I -2

9.6 8.4 10 } 0.0817·7·10 If !

651117
I \
I I
! I

Kattegat
j

4.8.10-3 I 1.8 I10 - 15 i 0·5 4-5 0.2
! I ~
1661024 I II iI I; -3IKattegat 20 - 25 7.0·10 0.4 3.6 2 I 0.07
I !i 661027 ! i

I
l i

I 18 - 24 : 9.5.10-3 5.9 2·7 8.5 I 0.35 !4. 5·1 0
6

f Kattegat

; 670816 I I

I
I

{ i
I

b.7. 10
8i I -5

; The Sound ~ - 1)0 ;7.9. 10 4.0..6.3 ! fI.03 8 35
i I I

~

; 671207
,
! .

l I

I \ i• The Sound 0 - 10 : 2.2.10-5 4.1 0.01 6 I 60 !6.7·10
8

J ii 671208
• : !
IKattegat 11.4.10-3 4.8 0.6

~ 6
17 - 25 5 0·7 :8.5·10

i I i
j 671220 !

jKattegat 17 - 19 i 2.5.10-3 7.7 0.4 8 1.5 ;2.0.107

j 671221
I

I -3 1 6! The Sound 7 - 11 .4·9·10 5·1 1.9 9 0.9 ,8.4·10,
; 680320.,

l

I The Sound 8 - 10 13.9.10-3 7.3 0.8 10 1.2 '2.3.107
I

: 680322
Table 1 continued.





Table 1 continued

j

; 6
11.3-10

i

I 7,1.8.10
i:
I 5
14•2 '10

I
)

I
I 6
i3.2·10
~
!

0.21

0.18

0.02

0.1

0.01

0.01

0.03

0.02

0.02

0.07

0.05

0.17

2

3

5

3

5

3

3

11

7-8

3-4

0-1

1-2

11-12

-1
msec

3.5

Ri

0.8

0.34

1.1

13.31.8

5.0

8.0

9·5

6.2

6.1

i~1102
-1

sec

-2
N

-1
sec

! -5
13•0-10
~

i

I
14.2-10-3
I

I
i -3l8.8-10
i
j

! -2
!1.6-10

I . -3
14.3 -1 0
I

I
I -3i2.8-10
!

8-10

8-10

9-13

14-16

15-17

14-16

0-6

15-20

45-50

15-20

50-55

30-40

Depth im;
tervaI I

m I

iBal tic

;Little Bel t,
•1760929
~
!Knlundborg
~

1800307
!

IKattegat
!

1750710

!Kattegat

175071.1
I
I

!Kattegat.
i
:750714

!Kattegat,
1750717

,
I

iLittle Bel t

1760928
!,

!S Great Bel t
I
/760810
I:
!S Great Bel t
!
1760811

!Bal tic

1750510

,

;750510
IiS Great Bel t.
17601-13
:

I
IBaI tic
1

:750509

[Area and
! date
I
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Table 2. Diffusion time,

horizontal diffusivity Kh ,

product cr cr •xy

2

symmetrical varianee cr2 , diffusion velocity P ( p2(1) =crre2 ' p2
(2) see eq. 2.), apparent

re Gt
horizontal length seale lh' longityehinal varianee cr~ , transversal variance cr: ,and the

Area and t
2

P(1) P(2) ~ lh
2 2

crre crx cry
cr cr
xy

date
2 -1 -1 2 -1 2 2 2

sec cm cm sec em sec cm sec em em cm cm

The Sound 2.2 • 104 7 0.10 0.09 3.2 • 10
2 . 4

2.8 • 10 1.6 • 10 - - -
650226

SE Katte- 2.2 • 104 1.1 • 107 0.06 0.08 1.3 • 10
2

1.0 • 104 - - -
gat 3.8 . 104 5.4 • 107 0.08 0.07 3.5 • 10

2
2.2 • 104 - - -

650621 4.8 • 104 1 .0 • 10
8

0.09 0.10 5.2 • 10
2

3.0 • 104 - - -
The Sound 7.2 • 103 3.0 • 10

6
0.10 0.09 1.1 • 10

2
5.2 • 103 1.8 • 107 1.8 • 10

6
7.0 • 10

6

651117 1.3 • 104 1 .7 • 107 0.13 0.10 3.3 • 10
2 1.2 • 104 2.3 • 107 1.0 • 107 1.5 • 107

Kattegat 1.5 • 104 5.1 • 107 0.19 0.16 8.5 • 10
2

2.1 • 104 4.1 • 10
8

2.0 • 107 9·0 • 107

661024

Kattegat 1.1 • 104 4.7 '. 107 0.25 0.29 1.1 • 103 4 8 7 5.4 • 1072.0 • 10 1.7 • 10 1.7 • 10

670816

Kattegat 2.9 • 104 1.2 • 10
8

0.15 0.23 1·9 . 103 3.3 • 104 2.5 • 108 5·0 • 107 1.1 • 108

671220 4.9 • 104 9.5 • 10
8

0.26 0.23 4.8 • 103 9.3 • 104 8.9 • 10
8 2.8 • 10

8
5.0 • 10

8

Kattegat 1.2 • 104 1 .2 • 10
8

0.37 0.32 2.5 • 103 3.3 • 104 2.8 • 10
8

1.0 • 107 5.3 • 107

671221

Table 2 continued.
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Table 2 eontinued.

Area and t 2 p( 1) P(2) ~ lh
2 2

O're O'x O'y O'x?y

date
2 -1 -1 2 -1 2 2 2

see cm cm see cm sec cm see cm cm cm cm

Kattegat 4 7 0.16
2 4 8 7 71.4 • 10 3.0 . 10 0.17 5.4 • 10 1.7 • 10 1.6 • 10 1.8 • 10 5.4 • 10

681127

BaI tie 3.8 • 104 8 3 4 - 9 7 8
4.3 • 10 0.20 0.20 2.9 • 10 6.3 • 10 3.7 • 10 3.0 • 10 3.3 • 10

691209

BaI tic 2.7 • 104 1.6 • 10
8

0.19 0.19 1.5 • 103 3.8 • 104 2.3 • 10
8

4.1 . 107 9.7 • 107

700830 6.0 • 104 2.4 • 10
8

0.11 0.11 1.0 • 103
4.7 • 104 1.4 • 109 3.4 • 107 2.2 • 10

8

BaI tic 2.4 • 104 1.2 • 10
8

0.16 0.16 1.3 • 103 3.3 • 104 1.5 • 10
8

5.6 • 107 9.2 • 107

700902

Great Bel t 1.1 • 104 - - 0.25 - - - - -
750409 1.8 • 104 5.2 • 10

8
0.51 0.42 7.2 • 103 6.8 • 104 - - -

4.9 • 104 4.0 • 109 0.52 0.28 2.1 • 10
4

1·9 • 105 - - -

BaI tic 4.8 • 104 1.6 • 10
8

0.11 0.09 8.1 • 10
2

3.8 • 104 8
3.1 • 107 8

5.3 • 10 1.3 • 10

750509 6.7 • 104 2.9 • 10
8

0.11 0.11 1 .1 · 103
5.1 . 104 - - -

BaI tie 105 6.1 • 10
8

103 104 8 8
10

8
1.0 • 0.10 0.09 1.5 • 7".4 • 9.4 • 10 1.6 • 10 3·9 •

750510 1.4 . 105 1.2 • 109 0.10 0.12 2.0 • 103 1.0 • 105 - - -
Table 2 contlnued.
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Table 2 continued.

•
Area and t

2
P(1) p( 2)

~ Ih
2 2

Grc Gx Gy GxGy

date 2 -1 -1 2 -1 2 2 2sec cm cm sec cm sec cm sec cm cm cm cm

104 10
8 0.61 104 104 8 8 8S Great 1.0 . 5.5 • 0.93 1.4 • 7·0 • 6.0 • 10 1.8 • 10 3.3 • 10

Belt 2.3 . 104 4.2 • 109 1.35 0.53 4.6 • 104 1.9 • 105 - - -
760113

N Little 4 9 0.27 0.32 3 5 4.1 • 109 9 95.2 • 10 1.2 • 10 5.7" 10 1.0 • 10 2.2 • 10 3.1 • 10

Belt

760928

N Little 4 9 0.52 0.55 4 5 9 8 1.9.1093.5 • 10 2.0 . 10 1.4 • 10 1.3 • 10 3.9 • 10 9.7 • 10

Belt

760929

Kalundborg 1.8 • 104 1 .3 . 10
8 0.26 0.16 1.8 • 103 3.4 • 104 1.8 • 10

8 6.2 • 10
6

3.3 • 107

780307 2.5 • 104 5.0 • 10
8

0.37 0.42 5.0 . 103 6.7 • 104 6.4 • 10
8

9.1 • 107 2.4 • 10
8

Kattegat 2.4 • 104 2.8 • 10
8

0.29 0.10 2·9 • 103 5.0 • 104 - - -
750710 3.2 . 104 6.2 • 10

8
0.32 0.21 2.4 . 103 7.5 '. 104 1.2 • 109 1.0 • 10

8
3.5 • 10

8

Kattegat 1.2 • 104 6.9 • 107 0.28 0.38 1.4· 103 2·5 • 104 1.7 • 108
2.4 • 107 6.4 • 107

750711

Kattegat 8.0 . 104 1.0 • 109 0.16 0.17 3.1 . 103
9·5 • 104 1.7 • 109 3.1 . 10

8
7·2 • 108

750714

Kattegat
104 108

103 104 9 108 . 10
8750717 2.3 • 8.1 . 0.f)0 0.35 8.8 • 8.5 • 1.4 . 10 1.1 • 1).0 •


