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Variations of the vertical stability in the Northern Baltie

Aarno Voipio and Pentti Mälkki

The deep basins of the Baltie are eharaeterized mainly by
three different layers. The less saline water extends from the
surface to a depth of about 50 to 70 metres. Below this layer
there is a sharp diseontinuity in the density gradient, whieh
exists all the year round and is ealled the permanent or primary
haloeline. At greater depth, varying, say, between 110 and 130
metres, there is a less pronounced layer of diseontinuity, the
secondary haloeline.

Vertical variations of salinity in the layer above the primary
haloeline are not great enough to prevent the thermal eonveetion.
Therefore, the upper layer ean be considered homogeneous during
the autumn eonveetion period, and deviations from homogenity
caused by the influence of runoff and heat, are small even in
the Sllinmer period.

When the salinity data are plotted against the logarithm of the
depth, the curve obtained is linear down to the depth of the
primary haloeline, as was shown by HeIa (1966). If the depth at
lower layers is given as the vertical distanee caleulated from
the preeeeding halocline downwards, new linear graphs are
obtained for the relation between the salinity and the logarithm
of the depth. The depths of the primary and the secondary
haloelines ean be estimated graphieally from the intersections
of the first mentioned plots.

As might be expeeted, when salinity is replaeed by density,
all the three layers display linear eorrelations between density
and the logarithm of depth (Fig. 1.) This relation ean be
expressed as follows:
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where ~ z is the value of G t at the depth z measured from
the surface (or from the preceeding halocline) and ~1 that
at the surface (or at the halocline), respectively. ki is the
characteristic constant of stratification and we call it the
stratification coefficient.

While the logarithmic function is found to be valid for each
layer found in the Northern Baltic sea, we must keep in mind,
that the density gradient cannot be strictly discontinuous.
The relatively independent dynamies prevailing in the different
layers cause at the boundary layers, i.e. at haloclines, a
stress which results in diffusion through the halocline. There­
fore the perfeet discontinuity at the halocline and the prop­
erties of the above equation become somewhat indefinite.

When we determined the values of ~ from a graph representing
the data for the layer between the primary and the secondary
halocline and used the values obtained for the parameters ki
and 6'f for the calculation of the value of sigma-t at the depth
of the primary halocline, z'+l, the latter value was sometimes
slightly smaller'and sometimes slightly greater than the former
value. Therefore, it is necessary to introduce in the equation
(1) an additional parameter, z~_l,i' which indicates the limits
of the validity of the equation, which then reads as folIows:

The values of z* have been determined in the following way (for
the primary halocline): The extrapolated value for G't is, when
calculated from the parameters of the layer 1

while the corresponding value at the same depth (one metrB below
the halocline) using the parameters for the layer 2 will be
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Sinee the left sides of these two equationsare equal, the value
of z* determines the differenees in the observed values. The
proeedure is presented graphieally in Fig. 2. As ean be seen in
the graph, there is an uneertainty in the determination of
kJ. l r} x..; l. beeause of the use of z =z'+l. In the ease of the

I

permanent haloeline this error is mueh smaller than that eaused
by inaeeuraeies in the determination of salinity and depth
beeause of the low stability just above the haloeline (see eq.(3».
In addition, elose to the seeondary haloeline the number of
depths used for the determination of z* was limited to the
standard depths only. As the diserepaney arises in third or fourth
significant number of sigma-t this uneertainty has been ignored •

The derivation of eq. (1) with respeet of depth yields, as z*
is eonstant,

(2)
cl Gof_
cl. i!.

=
.~

sinee the quantity used in oeeanography for stability has been
defined as follows:

we may simply eonneet the above equations and obtain for
stability a simple relation

• (3) E =

where again z is ealeulated from the surfaee or from the preeeding
haloeline. on the basis of the above relation the stratifieation
eoeffieient, kl , and the vertieal distanee from the surfaee (or
from a haloeline) determine the stability within the layer, but
values at the boundaries between the different layers rema10
undetermined. We may eonsider the distanee from haloeline z'
to zn, a thiekness parameter of the transition layer.

The ealeulated values of the parameters z~'and k~ are given
in the Tab1e 1. It ean be seen from Fig. 3, that the parameter
* .zl,2 is dependent on k2 • A elear positive correlation with

the eorrelation eoeffieient r = 0.746 was obtained. on the
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~other hand, when k
3

and z2,3 are plotted analogously, no clear
correlation can be found (Fig.4), which might be explained
in two ways: first, no real correlation exists; the high random
correlation depends on errors in the determination of halocline
depths,sccondly there is areal correlation, which can be seen
only when the boundary between the two layers is distinct
enough. The reason for the latter assumption can be easily
understood when looking for example at the curve in a year when
the boundary is very diffuse.

The fact that in the primary halocline a linear correlation is
found between the stratification coefficient and the thickness
parameter may indicate, that the limiting value of stability
in normal sea conditions remains below a certain critical value.
At the station F 81 the maximum stability value E = k2/z~ 2
varied between 0.83 and 5.2Gt-units per metre. As the estlmates
are based on samples tnken at 10 tn. intervals , a closer study.
of the limits of this variation must be left aside. It must
further be remembered, that most of the observations are made
during the s~wer, when the uppermost layer is more stratified
than in autumn and winter.

In the studies of ocean thermocline erosion Grant er ale (2)
have obtained similar types of density profiles. Also some
temperature profiles in lakes studied by ane af us (PM) have
the same characteristics: a decreasing stability down to the
thermocline, followed by a sharp transition layer and again
logarithmic decrease below the transition layer. Throughout
the Baltic Sea similar patterns of vertical density are found
in records 'from the southern Gulf of Bothnia through Bornholm
Deep, except in coastal regions.

The occurrence of the same density pattern in such
different aquatic environments, as lakes, stratified brackish
water and open ocean, may reflect a more prevailing feature
of the general circulatian. The dynamical analysis is at the
present time not possible, b~wever, because of the lack of
proper observations.
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On the other side, the study of the changes of these parameters
may give us some information on the details of the circulation
in the different 1ayers. For examp1e we consider the changes
of k3 and 6 3in time. If both parameters are increasing, it is
a clear sign of a total renewal of water in the layer 3. If 0 )
does not increase with an increasing stratification coefficient,
the inflow of new water is limited to the deepest part of the
layer 3, and does not reach the secondary halocline. Further,
when the stratification coefficient increases with a decreasing
"3' mixing penetrates the secondary halocline. This process

probably gains its energy from currents above the secondary
ha1oc1ine. The inflow of new water is not essential •

considering the cases when the stratification coefficient
remains unchanged, we may assrune thatan unchanged value of
(53 corresponds to a "complete" stagnation. A d4creasing

value of 6 3cannot indicate a renewal of water, since the new
water mass would be 1ighter than the old one. This could be
a sign of vertical mixing through the halocline.

A decreasing stratification coefficient with an increasing
value OfG) points out vertical homogenisation. Finally, a
decreasing value of k

3
with a decreasing or unchanged value

of 0'3 is a sign of vertica1 mixing through the secondary
halocline, while it may be destroyed.

The thickness parameter of the halocline mayaIso be used,
when analysing the circulation. A decreasing value of ~K
points out to strong advective movements, while an increasing
value is probably connected with vertica1 diffusion.

In addition to the above considerations, data from the Finnish
cruises of the years 1924-69 are studied. The parameters
evaluated on the basis of the data from station F 81, Gotland
Deep, are given in Table 1 and plotted in Fig. 5.

The possible mechanisms, which have resulted in the changes
of va1ues of these parameters, are short1y discussed below.
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Both ha1oc1ines remain practica1ly at constant depths.
k 2 decreases and G~ does not change, whi1e k

3
increases

and63decreases •. This indicates some exchange of matter
through the secondary halocline. However, no detailed
conclusions can be made due to missing data for 1925.

Both haloc1ines remain practically at constant depths.
k2 increases considerably and G~ decreases sligthly,
while k3 decreases and~ increases. These changes
probably indicate an inflow·of new water to the lowest
part of the intermediate 1ayer, which has induced mixing
inside and below the secondary halocline. At the same
time the va1ue of z~,3 has increased, i.e. the secondary
haloc1ine has become more diffuse.

o I \ 0
k2 , G 2 and k3 decrease slightly, while G3 and the
depths of both haloclines do not change significantly.
A rather quiet per iod during which slow exchange of
matter through both the haloclines have occurred and the
energy is perhaps gained from the internal waves (?).

A great decrease of k2 without any significant change
of G~. k3 increases and 6 3decreases. The secondary
halocline sinks and both haloclines get sharper •. These
changes indicate considerable movements in the intermediate
layer, which result in some erosion of the upper part
of the 1ayer 3. Since the depth of the primary haloc1ine
does not change, the increase ofG~ and the decrease of
k1 point out to an exchange of matter through the primary
halocline. Therefore it seems possible that the main
energy source for the changes in the lower 1ayer has
been the kinetic energy of the 1ayer 1. (Winds?}.

All quantities remain practically unchanged in the 1ayer 3.
In the intermediate 1ayer, however, considerable changes
take place. The primary halocline sinks and gets somewhat

more diffused, whi1e k2 increases without any significant
change Off;~. All this indicates the influence of the
1ayer 1 on the intermediate layer. This inf1uence has not
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reached the lowest layer, as can be confirmed by the sma11
oxygen content of the water near the bottorn. The exceptional
restlessness of the surface layer is indirectly shown by
the minimum ice cover observed during the \vinter 1929-30
(Jurva, 19y.y.).

There are no significant changes of the parameters for' the
interrnediate layer, except for a slight sinking of the
primary halocline and a considerable rise of the secondary
halocline. The latter change is connected with a small
increase of k

3
and a small decrease of (53' All these

changes point out to a slow mixing through the secondary
halocline without any significant inflow. The recorded
existence of hydrogen sulfid~ in the bottorn water agrees
with this assumption.

The most pronounced changes in the whole water colu~

take place in the layer 1, as seen from the great increase
of C5~ connected with the decrease of klo As described by
HeIa (19y.y.), the maximum changes in the sea level during
1926-35 were observed in the late autumn 1930. Since no
significant inflow of new water in the two lower layers
can be traced, the main source of energy causing mixing
in the whole water colrunn is probably gained from the
movements in 1ayer 1.

The decrease of 6 3, whi1e k
3

remains unchanged, indicates
slow mixing through the secondary halocline, which could
be caused by an inflow into the layer 2, since k2 and ()~

increase slight1y. However, these increases are perhaps
not great ennugh to be significant. A more detailed
analysis of the original ~ydrographic data and the

* p.o~nt .increase of zi 2 rather./to some vert~cal exchange. Again,
the energy source must be sought from the mobility of
layer 1.

The vertical m~x~ng through the secondary halocline
continues (k2 decrease,C53and z2,3 do not change, the
secondary halocline sinks). No pronounced changes of the
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parameters for layer 2 are observed. It is difficult to
explain why new cold water, rich in oxygen, has appeared
in the bottom layer, sinee the density differences are
neg1igib1e except for the values in the 1ayer between
70 and 90 metres, where some inereases of salinity were
found.

All parameters for layers 2 and 3 inerease ineluding the
depths of both ha10clines, which indicates powerful
inflows in both layers mentioned.

Deerease in all parameters exeluding G~, which inereases.
The changes Of63 andG'~ are connected with the rise of
secondary haloeline and the sinking of the primary .
haloc1ine, respective1y. New water masses have penetrated
into the 1ayers 2 and 3, espeeially at the upper part of
the layer 3, as ean be seen from the sharpening of the

two boundaries (Z~,2 and z~,3 deerease). A proof for
these inflows is found when considering the original data
for temperature and sa1inity.

All parameters for the 1ayers 2 and 3 increase, while the
seeondary halocline sinks and the primary ha10cline remains
at a constant depth. This indicatespowerful inflows in
both lower layers. The increases of sa1inity both at 100 m•
and at 200 m. were some 0.3 0/00.

sinee 195~ the most pronouneed feature was the rapid
inerease of the stability coeffieient to a level, which
has never been observed ear1ier. The subsequent slow
decrease (1960-65) created conditions favourable to the
intrusion of new water into the bottorn 1ayer by the end
of that decade. There is also a clear elevation of the
level Of63indicating the weIl known inerease in the
sa1inity.

During this period new water with oxygen appeared in
the Gotland Deep. The great inerease of ~ with deereasing
va1ue of k

3
points out, that the major inf10w took p1ace

in the boundary between layers 2 and 3. In agreement with
this assumption the va1ue of z~,3 is unusua11y great.
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TABLE 1 k is the stabi1ity coefficient, C;O density at the upper boundary 3*
thickness parameter of the ha10c1ine, 2' depth of the ha10c1ine.
Indices 1,2 and 3 refer to the layers above the primary halocline,
between the two haloclines and below the secondary halocline, respectively.

G~ k2 ()~ k
3

0 3{ -Year k . -*
31,2 ,AB' C;3 3 32,3 ~, (j 0-2001 31 ,2 2 2,3 . 3

1924 0.~9 ,.37 1.7C!1 6.07 1.35 63
T 2 0.64 8.82 1.45 119 - 4 8.0,26 o. ·1 .92 1.55 6.03 1.30 65 0 0.76 8.50 1.85 115 + 3 7.8

27 0.97 4.21 2.21 5.97 2.35 65 0.60 8.95 4.65 118 7.80
28 0.82 4.33 2.05 5.81 1.40 63 - 2 0.53 9.05 5.40 115 - 3 7.85
29 0.50 4.85 1.12 5.85 0.25 63 0 0.64 8.47 1.85 120 + 5 8.20+10 + 21930 0.81 4.i;g 1.63 5.81 1.05 73 + 4 '0.64 8.~ 2.80 122 -12 7.55
31 0.21 5. 1.59 5.80 0.75

~4 - 3 0.78 8. 3 5.95 110 + 5 7.57
32 0.84 4.31 1.62 5.89 1.95 - 4 0.78 8.04 2.10 115 + 5 7.34
~~

0.66 4.61 1.33 5.83 1.20 70 + 2 0.61 8.CO 0.85 120 +10 7.35
0.93 4.19 1.98 5.92 1.90 72 + 5 0.85 8.88 11.~g 130 -15 7.50

35 1.55 3.15 1.06 6.08 0.25 77 0.55 8.37 o. 115 7.51-
38 0.09 5~60 1.23 5.76 0.25 64 + 7 0.82 8.56 4.25 110 0 7.85
39 1.60 3.06 2.33 6.04 2.55 71 0.90 8.72 5.15 110 7.63

1954 0.55 5.22 2.~ 6.25 1.05 75 - 7 0.66 9.60 3.65 120 -10 8.28
55 0.58 5.39 1. 6.45 0.35 68 + 4 0.77 9.48 3.00 110 +20 8.60
56 0.63 5.23 1.33 6.34 0.35 72 - 4 1.15 9.37 7.40 130 -15 8.23
58 0.50 5.31 1.83 6.23 1.70 68 + 7 1.15 8.89 5.15 115 +10 8.10
59 0.~1 4.88 1.75 6.21 1.95 ~, -11 1.03 8.69 2.50 125 - 7 7.851960 o. 5 4.70 2.00 6.24 2.10 0.99 9.08 6.70 118 8.0861 0.41 5.25 2.11 5.97 1.55 57 - 7 0.90 9.23 6.30 110 - 8 8.29+19 + 562 0.65 5.01 1.55 6.24 0.70 76 - 9 0.79 8.99 3.20 115 0 8.09
63 0.90 4.77 1.65 6.41 1.70 65 + 1 0.86 8.82 2.20 116 - 5 8.2464 0.85 4.73 1.64 6.28 1.10 66 0.74 8.91 2.00 11 8.24
65 0.69 4.90 1.93 6.17 0.75 68 +-2 0.64 9.18 2.30 110 0 8.36+ 4 +1066 0.64 ,.10 2.00 6.29 1.30 72 -20 0.61 9.31 4.05 120 - 5 8.26
67 0.86 .77 1.40 6.25 0.50 52 0.64 9.20 2.35 115 8.54
68 0.62 5.05 1.65 6.18 0.95 65 +13 0.63 9.09 2.55 120 + 5

~.2369 0.71 4.95 1.91 6.21 1.90 59 - 6 0.70 9.00 3.00 113 - 7
8:~~70 0.73 5.12 1·72 6.47 0.85 70

+11
0.57 9.67 9.95 130 +27
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