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Currents and stratification in the Belt Sea and the Arkona
Basin during 1962—1968

by

Jurcen KieLmann, Worrcane Krauss and Karr-Heinz KeuNECKE

Summary: A great number of observations, mainly on temperature and current fluctuations
in the Arkona Basin, have been made during the years 1962—1968 (figs. 2 and 4). Corresponding
to the wind conditions over the Baltic Sea (mean value about zero, fluctuations of about 5 m sec—1),
currents and stratification are extremely variable. The mean currents in fig. 7 are towards NE for
the entire eastern part of the Arkona Basin, but the actual flow can have any direction (fig. 32).
The current fluctuations are non-Gaussian (fig. 10). The mean stratification in the Arkona Basin
underlies also great variations. Temperature fluctuations of 8°C: and salinity fluctuations of 3%/,
occur within 2 days (fig. 5). In the mean thermocline level we find also in the central part of the
Arkona Basin a current towards NE (fig. 9).

The current spectra of the Belt Sea and the Arkona Basin are principally of the same shape, but
inertial waves do not occur in the Belt Sea (fig. 13).

The mode decomposition reveals the strongest baroclinity in the period range from approximately
10 h—40 h; at the inertial frequency the major baroclinic mode contains 10 times the energy of the
barotropic one (fig. 28). The spectrum of the barotropic mode corresponds to the spectrum of the
windstress whereas the spectra of the internal modes correspond to divergence and curl of the stress
field (fig. 28).

The strongest signal are the inertial currents. In general their wave length seems to be short; they
consist of at least 4 internal modes and the barotropic one (fig. 37).

The Reynolds stress due to inertial waves leads to negative viscosity (fig. 40). The seiches currents
are very weak compared to the inertial currents. The oscillations in the Arkona Basin seem to be
short-crested and strongly influenced by Bornholm and the Rénne Bank.

Towed thermistor cable records lead to the conclusion that several features of the temperature
structure are of quasi-permanent character.

Zusammenfassung: Wihrend der Jahre 1962—1968 wurden im Arkona Becken und in der Beltsee
zahlreiche Messungen iiber Strémungs- und Temperaturschwankungen mit Hilfe von Beobachtungs-
masten durchgefiihrt (Fig. 2 und 4). Entsprechend den Windverhiltnissen (Mittelwert nahezu Null,
Schwankungen ca. 5 m sec—!) sind Schichtung und Strémung sehr verdnderlich. Die mittleren
Stréomungen setzen im 6stlichen Teil des Arkona Beckens generell nach NE (Fig. 7), die momentane
Stréomung kann jedoch jede Richtung annehmen (Fig. 32). Die Stromschwankungen folgen keiner
Gauflverteilung (Fig. 10).

Die mittlere Schichtung unterliegt groBen Schwankungen. Temperatur und Salzgehaltsdnderungen
von 8°Ci bzw. 3%/y, treten innerhalb von 2 Tagen auf (Fig. 5). Im Bereich der Temperatursprung-
schicht findet man auch im zentralen Arkona Becken, abweichend von der sonstigen Stromrichtung,
eine Stréomung nach NE (Fig. 9).

Die Stromungsspektren in Beltsee und Arkona Becken zeigen den gleichen Verlauf; Tragheits-
wellen treten jedoch in der Beltsee nicht auf (Fig. 13).

Durch Zerlegung nach Eigenfunktion ergibt sich, daB die starksten baroklinen Effekte im Perioden-
bereich von ca. 10—40 h auftreten. Im Bereich der Tréagheitswelle betrdgt die Energie der 1. baroklinen
Eigenfunktion etwa das 10-fache der barotropen (Fig. 28). Das Spektrum des barotropen Anteils
entspricht dem Spektrum der tangentialen Schubspannung des Windes, wohingegen die Spektren
der baroklinen Anteile sdmtlich dem Spektrum von Divergenz und Rotation der Schubspannung
entsprechen (Fig. 28).

Das stirkste Signal sind die Tragheitswellen. Thre Wellenldnge scheint im allgemeinen sehr klein
zu sein. Sie setzen sich aus wenigstens 4 internen und der barotropen Welle zusammen (Fig. 37).
Der von den Trigheitswellen bewirkte Reynoldsstress fithrt zu negativen Austauschkoeffizienten
(Fig. 40).
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Bie Seichesstrémungen sind schwach im Vergleich zu den Trégheitsstromungen. Die Seiches
im Arkona Becken scheinen kurze Kammlédngen zu besitzen, was verstdndlich wird, falls die Schwin-
gungen im Arkona Becken sich aus kreuzenden Wellen zusammensetzen (Umlaufen Bornholms).
Schleppkettenmessungen ergeben, dafl zahlreiche Inhomogenitdten des Temperaturfeldes quasi-
permanenten Charakter besitzen.

1. The Belt Sea and the Arkona Basin

The topography of the Baltic Sea can be characterized by a system of basins separated
by sills. The westernmost and shallowest one is the Arkona Basin, having a mean depth
of 46—48 m. The sea floor rises towards the west to about 20 m, where the Darss sill
(18 m) separates the Arkona Basin from the Belt Sea. Detailed maps of the topography
have been published by B. Scuurz (1956).

The Belt Sea coversthe area from the Samsd-Belt (sill depth 26 m) to the Darss sill (18 m).
Its southern parts are the Kiel Bay, the Bay of Mecklenburg and the Fehmarnbelt,
which plays a major role for the water exchange between the Kattegat and the Baltic
Sea. According to J. P. JacoBseN (1925), ¢/, of the entire water exchange between these
seas occur through the Fehmarnbelt.

The hydrographic conditions in the southern parts of the Belt Sea during summer
are characterized by a strong vertical temperature and salinity stratification. According
to H. Wrrtic (1953), the average salinity at the surface increases from about 109/, in
the east (Gedser) to 179/, in the north west (Little Belt). Water of low salinity (10—149/,,)
flows from the Arkona Basin along the coast of Laaland towards the Great Belt and
water of high salinity (15—18°/,,) enters the Arkona Basin in the lower layers from the
Great Belt towards Fehmarnbelt. The temperature difference between the surface and
the bottom water is typically 7—10°C with a thermocline somewhere between 10 and
20 m depth which generally separates the two water masses. Due to the Coriolis force
the isohalines are strongly inclined in the Fehmarnbelt (H. WATTENBERG, 1949) where
the currents reach maximum values. Towards north, beyond the belts, the less haline
surface layer becomes shallower and ends in the Kattegat where the Kattegat water is
separated from the Baltic water by a front. Towards east, the Darss sill (18 m) allows
only water of generally less than about 209/, to enter into the Arkona Basin. The position
of the Belt Sea front (or several fronts) is highly variable under varying meteorological
conditions (H. WarTENBERG, 1949; R.KANDLER, 1951). Strong westerly winds of
long duration drive the fronts towards east and sometimes beyond the Darss sill. Under
strong easterly winds the entire water column can consist of Baltic water in the area
from Gedser to Fehmarnbelt flowing towards the Kattegat. Thus, the hydrographic
conditions in the Belt Sea are highly variable, depending mainly on the large-scale
meteorological conditions. They have been studied mainly at the light vessel Fehmarnbelt
(H. WEmEMANN, 1950; K. WyrTki, 1953, 1954).

The hydrographic situation in the Arkona Basin has been studied less intensively in
former times. The basin is separated towards east from the Baltic proper by the Bornholm
island and the Roénne Bank where the bottom rises about 15 m below sea level. This
bank with its shallow part, the Adler Grund (6 m), and the shallow areas towards Riigen
(about 25 m depth) prevent the haline Kattegat water entering the basin from flowing
directly towards east. The only deep connection to the Baltic proper is given by the
Bornholm Gatt between Bornholm and Sweden (sill depth 46 m).

The hydrographic conditions in the seas around Bornholm have been subject to
several cruises by ‘Poseidon’ during the years 1922—1938 (G. Scuorr, 1924, B.
ScruLz, 1934, 1956); the observations made, however, have been published only partly.
In fig. 1, we display a distribution of salinity 1 m above bottom, based on data of “‘Posei-
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don” obtained during 18. 7.—6. 8. 1938, which shows the spreading of the bottom water
towards east. Asmentioned above the Rénne Bank and the shallow areas towards Riigen
force the haline bottom water which overflows the Darss sill to proceed towards NE.
Through Bornholm Gatt it enters the Bornholm basin and spreads SE. Due to the
variable overflow of the Darss sill water of different salinity is found in the basins. In
the present case more haline water (> 17%) covers the bottom of the Bornholm
Basin whereas the water in the Arcona Basin reaches only 15%/,. Several lenses of high
salinity can be found near the bottom, depending on the variable inflow.

The hydrographic situation in the Arkona Basin and the Baltic Sea east of Bornholm has
been described by G. WissT (1957) by means of a temperature and salinity section through
the deepest areas of the Baltic Sea from Kiel-Helsinki. Under summer conditions a
strong thermocline which separates the warm surface layer (about 16°C) from the cold
winter water (about 2—4°C) is found in about 20 m depth. The salinity in both water
masses is only slightly different. Due to the inflow of Kattegat water the salinity increases
strongly near the bottom from about 7—15%, in the Arkona and the Bornholm Basin.
These mean conditions can be highly disturbed asshown by I. HELa& W. Krauss (1959).

A new technique to study the variability in the Baltic Sea by means of moored observa-
tion masts has been introduced since 1959 (W.Krauss, 1960) which allows to study
a broad frequency range of fluctuations. Further information was gained by continuous
records of temperature and salinity with depth (G. SiEDLER, 1961, G. Krause 1969)
and by towed thermistor chains (K. -H. Keunecke, 1972).

The observations carried out by means of observation masts have only partly been
published yet. The major contributions have been concerned with:

1. the short periodic fluctuations in the periode range from 0,5—7 hours in the Arkona
Basin and the Fehmarnbelt (W. Krauss, 1966a),

2. the spectra at Fehmarnbelt obtained during 1962 and 1964 (W. KRrauss, 1966b),

3. the relationship between the fluctuations in the Arkona Basin and in other areas
of the Baltic Sea, mainly at the inertial frequency and in the seiches range (J. Kigr-
MANN, W. Krauss & L. MacaARD, 1969).

In the following sections we review the results on mean conditions and fluctuations
obtained during the years 1962—1968.

2. The stations

The measurements during 1962—1968 have been performed with the research vessels
“Alkor”, “Planet” and “Hermann Wattenberg”. The stations carried out in 1962—1965
are given in table 1 and displayed in fig. 2. They concentrate on the western and eastern
parts of the area under consideration.

During 1968 it was planned to moore one station (1968—2) for half a year and to
add four more stations for a period of four weeks. They were planned to be located
along the central axis of the Arkona Basin (WSW—ENE) separated by 3, 6, 12 and
18 nm, allowing horizontal correlations over 3, 6, 9, 12, 18, 21, 24, 27 and 39 nm.

This correlation program failed to be sucessful due to fishery activities in the area
which damaged three out of five moorings. The remaining data, however, are still a very
useful material. The cruises and the stations are shown in fig. 3. The stations in the
Arkona Basin are displayed on a larger scale in fig. 4. Observation masts have been
used at stations 1968—2, 1968—3 and 1968—4; at the stations 1968—1 and 1968—5
Geodyne current meters were used. The length of the records obtained is given in table2a,
the positions of which are contained in table 2b.
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Tafel 2 (zu J. Kielmann, W. KrauB} u. K.-H. Keunecke)
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Table 1:

List of stations 1962—1965

No. Station @ A depth sampling At length of record depth of current meters
1 Bornholm 1962, Mast Siid 55°19,5'N 14°22,2E 48m  12min  21.8. 759—30.8.14™ 9,19, 23,29, 33, 43
2 Bornholm 1962, Mast Ost . 55°20,6'N 14°258E 51m  12min  21.8.15%—27.8.1230 12, 22, 26, 36, 42, 46
3 Bornholm 1962, Mast Nord 55°21,5'N 14°23,0'E 48 m 12 min 21.8.215—-29.8.121%5 9,19, 23, 29, 33, 43
4~ Bornholm 1963 55°09,6’'N 14°17,2E 44m  12min  14.8. 720—22.8. 750 15 19, 25,29, 35, 39
5 Fehmarn 1964 . . 54°36,8'N 10°57,8E 28m 1h 13.4.15%— 8.6.1200 10,12, 14, 16, 20,22, 24, 26
6 Bornholm 1964, Mast o 55°20,2'N 14°29,0’E 54m 30 min 31.7.1200—18.8.16% 25,29, 35,39, 45, 49
7  Boknis Eck, 1964/65 54°34,9'N 10°06.1'E 25 m 1h 12.10. 1530—15.4. 1430
8 Bornholm 1965, Mast 1 . 55°05,5'N 14°09,0E 46m 2h 11.7. 910—27.8. 110 10, 16, 26, 30, 36, 40
9 Bornholm 1965, Mast 2 . 55°00,0'N 14°09,0E  45m 1h 4.8. 6%—25.8.12% 9,15, 25,29, 35, 39
10 Bornholm 1965, Mast 3 . 55°02,5'N 13°51,0E  47m 1h 4.8. 610—25.8 1110 11,17, 27, 31, 37, 41
Table 2a: Stations with moored instruments in 1968
Water sampling Number
Station Position depth (m) Period of observation internal of data poimts
1968—1 ¢ = 54°57,6'N 46,5 4.6.10%1—15. 6.03% 20 min 773
% = 13°21,5E
1968—2 ¢ = 53°02,4'N 48 15. 5. 1210—-16. 10. 0410 2h 1846
A = 13°50,6'E
1968—3 ¢ = 55°04,3’'N 47,5 4. 6.1400—16. 6. 2200 2h 149
A = 14°01,3’E
1968—4 ¢ = 55°05,0'N 48 4.6.15%5_24.7.19% 2h 603
A = 14°06,0'E
1968—35 ¢ = 55°08,5’'N 48 4.6.1802— 1.7. 622 20 min 1910
A = 14°26,0'E
Table 2b: Anchor stations of ‘‘Planet’’ for continuous T, S measurements
Station Position Water Period of observations sampling Number
depth (m) interval of profi les
Al ® = 55°04,2’N 47 17. 7. 210020, 7. 060 30 min 112
A= 13°55,8'E
A2 ® = 55°19,3'N 48 22.7. 990227 1900 30 min 20
A = 14°41,1'E
A3 © = 55°03,4'N 47 23.7. 213024, 7.18% 30 min 42
A = 13°56,2'E



As in earlier years fishery activities in the area conflicted with the program. Stations
1968—1 and 1968—3 could be kept only for a period of about 11 days, station 1968—5
for 3 weeks, station 1968—4 for 7 weeks and station 1968—2 for 5 months. The distribu-
tion of instruments is shown in table 2c; the stations 1968—2, 1968—3, 1968—4 have
been equipped with current meters and temperature sensors, 1968—1 and 1968—5
with current meters only.

Table 2¢
Distribution of instruments
Station 1968—1 1968—2 1968—3 1968—4 1968—75
depths of cwrrent records (m) . . . . . . . . 11 12 11 11 12
17 18 17 17 18
27 28 27 27 28
31 32 31 31 33
37 38 37 37 38
41 42 41 41 42
depths of temperature records (m) . . . . . . 14 13 13
20 19 19
30 29 29
34 33 33
39 40 39
43 44 43
46 45 45

The observation masts have been equipped with a main compass and the current
direction was observed relative to the direction of the masts orientation. Due to an
instrument failure these compasses did not operate at the positions 1968—3 and 1968—4.
For station 1968—+ it was possible to determine the reference direction; station 1968—3
will be omitted due to the shortness of the record.

3. The mean wind field and its fluctuations over the Arkona Basin

The mean wind during a summer period may be inferred from the time 1.5 — 16. 10.
1968. The mean value is very weak over the Baltic Sea. The average wind velocities and
air pressures are summarized in table 3 for selected stations shown in fig. 3.

Table 3

Mean values M, mean deviations D for wind velocity components u, v
(m sec™) and air pressure (mb) during 1968

Station u component v component airpressure

M D M D M D
Fehmarnbelt . . . . . . . . . . . .. —0.36 6.92 —0.33  4.32 1014.8 8.07
GedserRev . . . . . . . . . .. .. —0.72  5.84 —0.79  4.44 1014.9 —
Moen . . . . . . ..o —0.35 6.98 — 0.25 5.11 — —
Falsterboe . . . . . . . . . ... .. —0.85 5.77 —0.85 4.39 1013.9  10.54
Dueodde . . . . . . .. ... ... —1.23  6.86 + 0.66 4.23 1013.6 21.28
Average . . . . . . . ... ..... —070 647 4031 450 10143 13.30

94



Tafel 3 (zu J. Kielmann, W. KrauB u. K.-H. Keunecke)
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Tafel 4 (zu J. Kielmann, W. Kraul} u. K.-H. Keunecke)

Fig. 5: Range of temperature and salinity fluctuations during anchor stations A 1, A 2 and A 3,
shown in fig. 4



Tafel 5 (zu J. Kielmann, W. Krauf} u. K.-H. Keunecke)
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Fig. 7a—c: Mean currents in the surface layer 0—20 m (fig. 7a), the cold winter water 20—40 m
(fig. 7b) and the bottom water z > 40 m (fig. 7c)



. Tafel 6 (zu J. Kielmann, W. KrauB u. K.-H. Keunecke)
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Fig. 9: Progressive vector diagram for 18 m at stations 1968—2 and 1968—4 during the period
4, 6.—24. 7. 1968



The wind field is mainly dominated by fluctuations of an order of magnitude of 5 m sec™*
due to meteorological depressions and high pressure cells. The average wind velocity
is about !/, m sec™? towards NW and, therefore, negligible. In consequence, we find no
mean wind produced current system.

4. The vertical temperature and salinity structure in the Arkona Basin
Mean vertical distributions of temperature and salinity can only be determined

from a great number of repeated continuous records. Examples are shown in fig. 5,

the number of records can be seen from table 2b. The curves show the envelope of the

individual records. Typically, three layers are found in the Arkona Basin

a) the warm less haline surface water (about 0—20 m)

b) the cold winter water, having about the same salinity (about 20—40 m)

c) the warmer and haline bottom water (inflow from the Kattegat).

These conditions are best shown at anchor station A 2. The wide range of fluctuations,
however, becomes evident from inspection of all the records. Within a period of 21/, days,
the salinity varies by 39/, at the bottom and about 19/, at the surface. The temperature
fluctuations are about 2°C at the surface, 8°C within the range of 20— 40 m and 3,5°C
at the bottom. Within 1 day (A 2, A 3) the fluctuations are less but still remarkable.

For later analysis (eigenfunctions) we need the mean density distribution and the

z
with respect to actual events. In fig. 6a and 6b such a mean density and I'-distribution
is displayed for station A 2. The eigenfunction analysis is based on these distributions.

stability I' = — Ji . Itis obviousfrom fig. 5 that such mean values can be very misleading
P

5. The mean currents and their fluctuations in the Arkona Basin

As mentioned above, the mean wind velocity is negligible during summertime. Most
of our current measurements extend over a period of less than 6 weeks and, therefore,
reflect the prevailing meteorological conditions during that time. In fig. 7a—7c we
summarize the mean current conditions based on all records during 1962—1968. Heavy
arrows are based on records of more than 14 days. Fig. 7a displays the average currents
in the surface layer 0—20 m. In the central parts of the Arkona Basin (lower left corner
of fig. 5) the current is towards NW, in the eastern area towards NE. The average
velocity is about 5 cm sec™. The cold winter water (fig. 7b, 20—40 m) moves also
towards NW in the central area and towards NE otherwise. The bottom water (z > 40 m)
(fig. 7¢) follows the topography and moves towards NE.

Corresponding to the wind conditions the currents in the surface layer are very weak.
The mean velocity increases with depth, indicating that the movements in the cold winter
water and the bottom water are not directly produced by the wind but are of thermohaline
origin. Mean current velocities of 5—10 c¢cm sec™ in the bottom water are common
in the Arkona Basin.

The light arrows in fig. 7 are based on records of less than 14 days. Their direction
is highly variable; average velocities of 20 cm sec™ for a period of 8—14 days do occur in
all depths, even near the bottom.

The details of the mean current structure in the central Arkona Basin may be seen
from station 1968—2, which operated for 5 months (fig. 8). The main current direction
between surface and 40 m is towards NW which means an outflow from the Baltic to the
Kattegat due to the river surplus. There are, however, two levels with currents towards
NE, the 18 m level and the near bottom layer. The flow in the bottom layer towards NE
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has been described in fig. 7¢ already, the currents in the 18 m depth has not been re-
cognized before and cannot easily be understood from linear theories. It is directed 90°
towards the right of the surface currents. Its quasi-permanence becomes evident from
fig. 9, which shows two progressive vector diagrams for 18 m depth at station 1968—2
(A—B) and 1968—4 (C—D) for the period from 4. 6.—24. 7. 1968. The current occurs
in the mean thermocline level between the cold winter water of the Baltic (ranging
on the average over !/, year from about 20—40 m depth) and the warmer surface layer.
In non-rotating systems similar currents (countercurrents) within a thermocline have
been observed in laboratory experiments.

As is to be expected from the wind records, strong fluctuations are superposed on the
mean current and temperature field. Histograms of these fluctuations are shown in fig.
10a—e for stations 1968—2 and 1968—4. Fig. 10a and d display the histograms of the
current components and temperature at station 1968—2 for the entire period of observa-
tion. As can be seen from the original records (not displayed) the fluctuations are partly
quasi-periodic (inertial waves etc) and partly of stochastic nature. The temperature
records additionally contain a longperiodic trend due to the rising temperature during
spring. Thus, the data cannot be treated to be uncorrelated. Furthermore, the time
series are not stationary in a statistical sense. This also can be seen from the original
records, and, additionally, from comparision of fig. 10a with 10b, which shows the
histograms of the current components for the shorter period from 4.6.—4.7.1968
only. The distributions show striking differences. Fig. 10c and e display the histograms
for station 1968—4. The records of this station are taken at the same time as those
used in fig 10b of station 1968—2. Thus, 10b and 10c are directly comparable. Both
distributions are significantly different. Therefore, the processes occuring at these two
stations, separated by about 9 nm only, must be less correlated. Inhomogeneities in
horizontal direction seem to play a dominant réle. Even in vertical direction marked
differences occur as has been proven by a y?-test. Finally, it may be noticed that the
histograms are, in general, not Gaussian. Due to the large fluctuations a Gaussian
distribution would be flat compared to the observed ones. We come to the conclusion
that the fluctuations are dominated by quasiperiodic phenomena (mainly inertial
waves) which are either small-scale phenomena (locally created) or which are strongly
distorted horizontally by superimposed stochastic processes or spatial inhomogeneities.

The quasiperiodic nature of the dominant processes becomes evident frcm inspection
of fig. 11 which displays autocorrelation functions of the current components of station
1968—2. The autocorrelation functions decrease rapidly for time intervals of a few
days and remain periodic (inertial period) afterwards.

The dominant réle of the inertial waves is also evident from the mean kinetic energy
spectrum of station 1968—2 (fig. 12). The mean spectrum (u? + v2)/2 is obtained by
averaging over all depths. The general slope of the spectrum is due to the wind spectrum
(next section), the minor peaks have been interpreted as seiches and their non-linear
interaction with the 120" — wave (W. Krauss, 1973). The dominant peak reveals
inertial waves.

6. The velocity spectra in the Belt Sea and the Arkona Basin

The main differences between the Belt Sea and the Arkona Basin in the fluctuations
of the currents may be seen from fig. 13 which displays the amplitude spectra of the
current components at Boknis Eck (a, b), northwest of Fehmarn (c,d), in the Arkona
Basin (e, j) and in the Bornholm Gatt (k, 1). As will be described in the next section,
the general slope of the spectra corresponds to that of the wind spectra. The most striking
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Tafel 8 (zu J. Kielmann, W. KrauB u. K.-H. Keunecke)
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Fig. 13: Amplitude spectra of current velocities at Boknis Eck (a, b), northwest of Fehmarn (c, d),
in the Arkona Basin (e, j) and in the Bornholm Gatt (k, 1)
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Tafel 11 (zu J. Kielmann, W. KrauBl u. K.-H. Keunecke)
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Tafel 14 (zu J. Kielmann, W. KrauB u. K.-H. Keunecke)
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difference between the spectra in the Belt Sea and the Arkona Basin is the occurence of
inertial waves in the Arkona Basin (peak at about 14 hours). They do not occur in the
Belt Sea which seems to be too small for their occurence.

7. The amplitude spectra 1968

By means of power spectra analysis the energy distribution as a function offrequency
(hours™) has been computed for some meteorological stations and for the current and
temperature records of 1968. They are displayed in figs. 14—23 as amplitude spectra.

Figs. 14 and 15 show spectra of the tangential stress of the wind at the light vessels
Fehmarnbelt and Gedser Rev. Fig. 16 is the spectrum of the station Moen. The stress
spectra have been computed according to _T’ = pc| o) IU, using ¢ = 1,2 - 102, The spectra
decrease with increasing frequency v approximately according to v—°7 in the range
102 < v < 5-10~%(h—1) and according to v—0%3 for v < 10—2(h—1). The eastcomponent
of the stress, (¥, is stronger than the north component, 7(¥), due to the prevailing
southwesterly winds (Data: May—October 1968). The wind is the main driving force
for the currents in the Ekman layer. The fluctuations in deeper layers should be additional-
ly produced by the curl and the divergence of the wind field (M. Tomczaxk, 1966, 1967;
W. Krauss, 1972). Informations about curl and divergence are difficult to obtain from
standard observations. The stations Fehmarnbelt and Gedser Rev are separated by approxi-
mately 69 km, Moen is located 60 km from Gedser Rev, lying on a line perpendicular
to the connection between Fehmarnbelt and Gedser Rev. We, therefore, tried to compute
also the spectra of the curl (rot) and the divergence (div) of the tangential stress from
the same records (about 6 months) used in figs. 14—16. The spectra are shown in fig. 17.
Compared to the stress spectra the spectra of rot , and div; are rather flat; they decrease
according to v—03. The air pressure (not reproduced) obeys a law proportional to v—1.°,
The sea level spectra of the Baltic Sea for long records (1 year) (L. MacaarD& W. KrAuss,
1966) have generally a shape which can be approximated by v—11 in the range 10—2
< v <5107t (h—1).For the present purpose we installed a tide gauge at Bornholm (Ham-
mershavn) for the time from 5.6. 122—23. 7. 11" 1968. The spectrum is shown in fig. 18.
Besides a general slope according to v—1-3 peaks occur at the seiches periods 26,2 and
16,61, being the first and second harmonic of the system Western Baltic — Gulf of
Finland. The temperature spectrum 2 m above the bottom (T 46) of the !/, year record
at station 1968—2 is shown in fig. 19. It falls off like the sea level spectra (of long records)
according to v—11, giving some indication that the shape of this spectrum is governed
by the same processes as the spectrum of the sea level fluctuations. In the interior of
the water body (30—44 m as examples) the spectral level is raised considerably in the
range 102 < v < 10—1(h—), probably due to internalmodes. Thereis, however, no cut-off
at the inertial frequency. The current spectra of stations 1968—1, 1968—2, 1968—4
and 1968—5 are displayed in figs. 20—23 (u 12, v 12 = u and v component in 12 m
depth). Depending on the lengths of the records of the different stations and of the
sampling interval shown in table 1 the resolution and bandwidth is different for different
stations.

The general shape of the spectra is the same as that of the tangential stress of the wind
(v—%7) indicating the strong relation between wind stress and currents observed. The
peak at the inertial frequency is a common phenomena of all stations and all depths.

The temperature spectra of station 1968—2 are shown in fig. 24. As mentioned above
the energy level is raised for frequencies above v &~ 10—2 (h—1).
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The following laws can be derived for the spectra:

Wind velocity U~ v—07 Current velocity u e~ v—07
Tangential stress T~y 07 Sea level C~ vyt
Air pressure P~y 16 Temperature near
the bottom Tg ~ v 11
Divergence and curl of Temperature in
the wind stress ~ vy 03 the interior T ~v—07

8. The energy distribution as function of frequency and depth

The records of 1963 and 1965 Mast 1 have been used to plot the energy distribution
as a function of frequency and depth (fig. 25a and b). From fig. 25a we conclude that the
period range from 10h —40 h (seiches range and inertial pzriod band) is the range
of highest variability. The energy in this range is strongly dependent on frequency and
depth. For periods longer than about 50 hours the energy becomes nearly independent
on depth which means that the Baltic responds mainly barotropically for low frequen-
cies. Thus, the stratification may be neglected in a first approximation for long-periodic
processes (G. WaLIN, 1972). For higher frequencies (periods less than 10 hours), the
energy decreases rapidly with increasing frequencies. This is displayed on a larger scale
in fig. 25b for periods less than 10 hours.

9. The energy distribution in the seiches range and at the inertial
frequency
The range between 10 hours and 40 hours thus remains as that range in which the

processes are dominated by baroclinic effects and in which the energy level is comparable
to the longperiodic one.

In fig. 26a—g we display energy distributions for this range. All have in common
that the highest energy occurs close to the inertial frequency. Often we find at this
frequency an energy maximum in the surface layer, a minimum in the thermocline
depth (about 20 m) and at least a second maximum in the deeper layers. This can be
interpreted by the mechanism proposed by W. Krauss (1972): the inertial waves in
the surface layer are due to the direct influence of the variable wind whereas the maximum
below the thermocline stems from curl or divergence of the wind field. Besides the
energy concentration close to the inertial frequency a secondary maximum below the
thermocline is very common somewhere in the seiches range. For comparision, the
theoretically obtained seiches periods (W. Krauss & L. Macaarp, 1962) are indicated
at the top of each figure. Generally, the maxima do not occur at any of the theoretical
eigenperiods.

The 1962-stations (figs. 26 a—c) are separated by 2 nm only, the 1955 stations by 5 nm
(station 2 and 3) and 10 nm (station 1 and 2, 1 and 3). Even over these short distances
remarkable differences occur.

10. The mode structure

For bai‘otropié oscillations in narrow elongated basins it is known that the Coriolis
force is of secondary importance (A. Derant, 1960; D. B. Rao, 1966). Free baroclinic
modes, however, are strongly dependent on f. They either exist as Kelvin waves, limited
to a narrow strip along the coast or are bounded by the frequency limits N and . We
believe that the observed fluctuations (besides inertial currents) are mainly forced ones.
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Tafel 16 (zu]J. Kielmann, W. KrauB u. K.-H. Keunecke)

Fig. 27: 1.—4, modes at station 1968—2
(left: vertical velocity w, right: horizontal velocity component u)
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The main forcing function for ocean currents is the wind which produces surface
currents and a well mixed layer near the surface (Ekman layer). Ekman suction occurs
at its lower boundary. This Ekman suction is the main driving force for the deeper
(stratified) layers. As shown in the appendix these forced motions in the deep layers
can be formally decomposed into the system of modes of the entire water column. There
is no restriction with respect to frequency. The only condition to be fullfilled for the
decomposition is that the measurements are taken outside the viscous surface layer.

In the Arkona Basin the Ekman layer should have a depth of about 10—15 m. Our
measurements generally cover the layers deeper than 12 m .Therefore, only the velocities
at 12 m could be influenced by a small Ekman current which decreases exponentially
from surface to 12 m.

The mode structure of the half-year records of station 1968—2 has been computed
by the following procedure:

1. The time series u (z;) and v (z;) have been filtered for the frequency bands shown

in table 4.

2. At each time step the filtered series have been decomposed into the Oth, [st, 2nd 3rd
and 4" mode A, (t) ¢, by the method of least squares (W. Krauss, 1966¢ p. 2051T).
The eigenfunctions are based on the density distribution of fig 6 and are shown in
fig. 27.

3. From the amplitude distribution A, (t) the variance

1 M

1 M
2n = iz ! An tm) — 2, 2] n— ~r An m .
S MZ (Aq (tm) — a,)? is computed a M Z (tm) )

m=1 m=1

4. In order to interprete the variance as an energy measure the s,? are divided by the
frequency band of the filter width forwhichthis energy is representative E,, = s2,//Av.

Table 4
Frequency bands used for filtering

Central Frequency (h—1) Period (h) Filter limits (h) bandwidth (h—1)

1103 « . . ..o e 1000 1050 —666 10—3

2. 500 666 —400 .,

3. 330 400 —285 vy

4. 250 285 —222 .

5. 200 222 —-181 .

6 - 166 181 —154 -

7. 143 154 —133 .

8 . 125 133 —117 .

9 . 111 117 —105 y
1-10—2 100 105 — 66,6 10—2
2 50 66,6— 40 .

3 33 40 — 28,5 '
4 25 28.5— 22,2 .
5 20 22,2— 18,1 .
6 16,6 18,1— 15.4 .
7 14,3 15,4— 13,3 >
8 12,5 13,3— 11,7 ”
9 11,1 11,7— 10,5 "

10 -

1-10—1 e 10,0 10,5— 6,7 10—1

20001« « e e 5,0 6,7— 4,0 10—1
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The result E, for the 0t" to 4" mode is shown in fig. 28a—e. The result is as follows:

1. The maximum of energy in the longperiodic range occurs for all modes at frequencies
2-10—2 —4 - 10—3 (h—) (250—500 hours).

2. The inertial waves are dominated by the first and second mode. The energy of the
first mode is more than ten times larger than that of the zerot? at the inertial frequency.

3. The energy of the 0 (barotropic) mode decreases with v — 1* with increasing
frequency. Thus, the amplitude decreases with v ——07 which corresponds to spectra
of the tangential stress of the wind field (figs. 14—16).

4. The energy of the 15t — 4" mode decreases with v—%6 which yield for the amplitudes
v—03, This corresponds to spectra of the divergence and curl of the tangential wind
stress (fig. 17).

From this we conclude that the driving force for all the baroclinic motions which are
responsible for the great variability in the sea, are the curl and the divergence of the
wind field as has been stated already theoretically (M. Tomczaxk, 1966, 1967 ; W. Krauss,
1972). :

We finally reproduce in fig. 28f the ratio E,/E, of the dominating 15t to the barotropic
0™ mode. The figure demonstrates once more what has been derived already from the
energy plots of fig. 25:

1. The inertial waves are dominated by baroclinic modes.

2. The barolinic first mode is larger than the barotropic mode in the period range from
10—20 hours.

3. The baroclinic effects decrease with decreasing frequency.

4. The amplitude ratio A,/A, > 0,5 for periods shorter than about 40 hours.

As stated already in section 9, the period range from 10—40 hours is mainly responsible
for the large variability in the Baltic Sea.

11. Current direction and velocity of the modes

The amplitudes A,(t) of the filtered records ofstation 1968—2, computed in section 10,
have been used to compute current direction and velocity for each frequency band. The
procedure is as follows:

1. Aj(t) and A)(t) are computed according to section 10 for the u and v components.
2. Velocity amount and direction are obtained according to

Al(t) / 12 12
AV(t) sloa| = ]/ {Aﬁ(t) } + [AX(t) !

Classes of 20° width ranging from 0°—19°, 20°—39°

¢n(t) = arctg

...... 340°—359° have been

. 1 8
defined and the mean current velocity |y, | ———QZ | Un (ta) | has been computed for each
n=1

20° sector. Thus, we obtain current “‘ellipses” for each mode and frequency band.
These ellipses are displayed in figs. 29—31.

For periods less than 10 hours the currents are equally distributed over 360° with
about equal amplitude of the 15%—4" mode and a slightly dominating 0" mode. For
periods greater than 10 hours the currents become more elliptic with a main axis from
NW-—SE. At the inertial frequency (13, 3—15, 4 hours) the [% and 24 mode become
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Tafel 17 (zu J. Kielmann, W. KrauB u. K.-H. Keunecke)
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Tafel 18 (zu J. Kielmann, W. Krau$ u. K.-H. Keunecke)

Fig. 290—31: Current ellipses for the 0th—4th mode and frequency bands given by table 4
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Tafel 20 (zu J. Kielmann, W. KrauB u. K.-H. Keunecke)




Tafel 21 (zu]J. Kielmann, W. KrauB u. K.-H. Keunecke)
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BORNHOLM 1968-2

Fig. 33: Comparison of current velocities at different depths after low pass filtering 18 h—oo
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Tafel 23 (zu J. Kielmann, W. KrauB} u. K.-H. Keunecke)
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Tafel 24 (zu J. Kielmann, W. KrauB3 u. K.-H. Keunecke)
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Tafel 25 (zu J. Kielmann, W. KrauB u. K.-H. Keunecke)
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Tafel 26 (zu J. Kielmann, W. KrauB u. K.-H. Keunecke)
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Fig. 36: Filtered temperature records (10—18 h) at station 1968—2




dominating. The main axis of the first and second mode are orientated perpendicular
to one another.

In the seiches range 18 — 40 hours the O mode increases. For 18, 1 — 22,2
hours it is orientated perpendicular to the Rénne Bank, for longer periods the main
axis of the current ellipse has the direction of the Arkona Basin. Generally, the 15t and 274
mode ellipses are orientated perpendicular to one another. For periods larger than 40
hours the velocities of the 0% mode increase and the internal modes decrease. The
main axis of current ellipses of the 0™ mode turn from a W—E direction with increasing
period to a N—S direction which may be interpreted in such a way that for increasing
periods the currents belong more to the system Western Baltic — Gulf of Bothnia.

12. Long periodic currents

The current records of station 1968—2 have been filtered by a low-pass filter (50h — co)
in order to study the response of the Baltic in the longperiodic range. The results are
displayed in figs. 32a and b. As can be seen directly from the figures, the currents are
mainly barotropic (nearly independent of depth).

According to fig. 28f this was to be expected. For longperiodic current (and sea level)
prediction, the Baltic, therefore, can be treated approximately like a homogeneous
water body.

The baroclinic eftect becomes more important for periods less than 50 hours (fig. 28f).
To demonstrate the effect fig. 33 shows filtered records for station 1968—2, low-pass
filtered from 18 h — oo, thus eliminating mainly the inertial waves. For comparision,
two current components of different depth are drawn on each line. The striking differen-
ces confirm the baroclinic effects in the 18 h — 50 h period range.

13. Inertial currents

Asin other areas (F. WEBSTER, 1968) the inertial currents are the dominant signal
in the current records of the Baltic Sea, not only in the Arkona Basin but also in the
Gotland Deep (E. Horran, 1969). Fig. 34 shows the vertically averaged energy spectrum
vE(v) of station 1968—2. In this representation the relative areas under the spectral
curve are preserved on a logarithmic scale (F. WEBsTER, 1967). The energy in the
inertial frequency band corresponds to energy in the entire period range from 250—1000
hours.

In the homogeneous surface layer the inertial waves can be created directly by variable
winds as obvious from the Ekman problem (V. W. Exman, 1923). Observations near
the surface have confirmed this relationship (R. T. PorLarDp & R. C. MiLLARD, 1967).
In the deeper layers of a stratified fluid they should be due to divergence and curl of
the wind field (M. Tomczaxk jr., 1966, 1967; W. Krauss, 1972) which is confirmed by
fig. 28.

Inertial waves are intermittent phenomena (e.g. M. Tomczaxk jr., 1969). They
typically occur for 1—2 weeks. According to fig. 281, they are the strongest baroclinic
phenomena. Figs. 35a and b show at the top the tangential stress of the wind and below
the filtered current records (filter 10—18 h) for station 1968—2. The exact inertial
period at this station amounts to 14.6 hours.

As can be seen from fig. 35 the occurence of the beats can be closely related to time
ranges of highly variable tangential stress. The beats are obviously of a baroclinic type:
they are highly variable with depth.
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Temperature fluctuations of inertial period are common phenomena as is evident
from fig. 36 which displays the filtered temperature records at station 1968—2. They
are either due to a vertical component of velocity (internal waves close to the inertial
period) or due to horizontal advection by the inertial currents. The latter would include
strong space inhomogeneities in the temperature field.

The baroclinity of the inertial waves has been shown by fig. 28f. We further display
a mode decomposition in the time domain. The filtered velocity records (10—20 h)
have been decomposed into modes at each data point. The result is shown in fig. 37
for the u-component where a different scale has been used in the upper and the lower
parts of the figure. At the top the decomposition into the 0"—4% mode is displayed.
The 15t and 27 modes are dominant in all the records.

The remaining part of the figures contains (in a different scale) the original filtered
time series (O), the approximation of this record by the 5 modes (A) and the difference
D = O — A for each depth. As can be seen the approximation is reasonably good.

The main unknown with respect to inertial waves is their wave length. According to
theory it should reflect the wave length of the curl and divergence fields of the wind which
are completely unknown. Fig. 38 displays simultaneous filtered records of inertial waves
at stations 1968—1, 1968—2, 1968—4 and 1968—5. There are events which occur
simultaneously at several stations. But others do not.

The strong baroclinity of the waves indicates that they are mainly internal waves
close to the inertial frequency. The wave length may have any value between about
10 km and several hundreds of km. Some information can be obtained from cross spectral
analysis between station 1968—2 and 1968—4 which are separated by about 16,8 km.

Fig. 39 displays the coherence k = V (C2 4 Q?)/E, - E, of the current components
in the period range from 10—15 h (C = Cross spectrum, () = Quadrature spectrum,
E,, E, energy spectra). The coherence in the seiches range between the stations is
extremely poor. At the inertial frequency it increases to values of about 0.5—0.7. The
mean phase lag between station 1968—2 and 1968—4 amounts to 270°, varying between
231° and 306° for all depths. Thus, the wave arrives at 1968—4 about 10.9 hours later
than at 1968—2. From this we get a phase velocity of ¢ = 42,8 cm sec—! along the line
which connects 1968—2 and 1968 —4. The wave length obtained for the inertial waves
amounts to 22.5 km which is surprisingly small but fits into the picture that the energy
varies considerably even over very short distances.

14. Eddy coefficients due to inertial waves

Because of the fact that inertial currents are the strongest signal in the spectrum they
should give the major contribution to the eddy coefficients efficient for long periodic
fluctuations and mean currents. The eddy coefficients have been computed at station
1968—2 from the filtered records (10—18h) of u, v, and T in the following way:
1. The filtered records are taken to be deviations u’, v/, T’ from the mean values.

T’ [ot

2. w' was computed according to w' = — otz where 8T/0z were taken from the
: , Z
mean temperature profile of the mast records.
S -
u’ w viw
Sou'w, vVw = — Ty =—
du [cz ov/dz

have been computed where du/dz, v [dz again were taken from the mean profile of
the mast records.
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Tafel 28 (zu J. Kielmann, W. KrauB u. K.-H. Keunecke)

BORNHOLM 1968
STROMSCHWANKUNGEN IM TRAGHEITSBEREICH
(gefilterte Daten 10-20h)
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Tafel 29 (zu J. Kielmann, W. Krau8} u. K.-H. Keunecke)
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Tafel 30 (zu J. Kielmann, W. KrauB u. K.-H. Keunecke)
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The results are displayed in figs. 40a and b. Surprisingly, the eddy coefficient due to
inertial currents is negative in the entire layer of the cold winter water which lies below
the Ekman layer. Positive values are only obtained in the Ekman layer (above 15 m)
and near the bottom (deeper than 38 m). , is the mean value of p, and p,.

Negative viscosity means that the internal waves transfer energy to the mean currents.
Thus, the motion of the cold winter water could be induced by the inertial waves.

Negative viscosity has been computed also in other areas of geophysical fluid dynamics
(V. P. STarr, 1968). In the present case the result should be taken with care because
the weak pointin these computationsis the derivation of the w’-field from the temperature
fluctuations. Additionally, the recording levels for u, v and T are different as shown by
table 2¢. It may, howewer, be worthwhile to consider the possibility of such an energy
transfer.

15. Seiches

The barotropic seiches of the Baltic Sea are wellknown (G. NEumanN, 1941, W. Krauss
& L. Macaarp, 1962). They often occur, especially in connection with the 120 h fluctua-
tions, which are due to the windfield (L. Macaarp & W. Krauss, 1966). They are
strongly damped, which may be due to the fact that their energy is partly lost to non-
linear seiches due to bottom friction (W. Krauss, 1973). Another reason may be that
they loose energy to internal seiches at the sills of the Baltic.

The system of free internal seiches for a longitudinal section of the Baltic has been
computed by W. Krauss (1963). Their wave lengths in the Arkona Basin are typically
70 and 40 km for the first and second mode, respectively. The mechanism by which
they are produced is less understood. From fig. 30b (current ellipses for 22, 2—28, 5 h)
we conclude, that the dominating barotropic seiche of about 27 hours is an oscillation
in ENE — WSW direction and the 15! baroclinic mode is in direction SE—NW, that
is nearly perpendicular to the Rénne Bank, which indicates, that the baroclinic one
is induced by the bottom topography.

During summer 1968 a tide gauge was installed at Hammershavn (Bornholm island);
the spectrum of the records is shown in fig. 18. The 27 h and 17 h seiches occured
during the periods of 9.—16. 6. and 5.—14. 7.

The strongest seiches were observed during the time of 7. 7.—14. 7. 1968. Fig. 41
displays the meteorological conditions at Dueodde (Bornholm), the sea level variations
at Hammershavn and the currents at station 1968—2.

As can be seen the currents do not reveal the seiches but are completely dominated
by inertial waves. Current records, therefore seem to be not very suitable to analyse
seiches in that area. The current velocities due to seiches should be about 6 cm sec™!
according to their amplitudes at Bornholm. This is rather small compared with the
inertial currents.

Being aware of these difficulties we tried to compute the main direction of the seiches
by a method independent of that used in fig. 30b.

According to Y. Nacarta (1964) the principal direction @ of the orbital velocity of a
wave field can be computed from the second moments of the velocity components,

2 My; ()

tan 2 @ = — w1
an M,, — My,

and

2 — NIzo + My, — ]/(1\/‘[20 — IVIOz)2 ‘}“4—1\41127

¥
My + My, + ]/(leo — Myp)? 4 4 M;,®
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is a measure of the long-crestedness of the wave field. When the directions of the waves
are random, v = 1, and in case of waves with infinite long crests, y = 0. The results
for v? are given in table 5 for filtered records (23—29 h) of stations 1968—2 and 1968—4.

Table 5
Long-crestedness of seiches of period 26.1 hours

2

depth (m) 1968—2 1968—+4
12 000000 0.22 0.40
8 . oo 0.20 0.80
28 ..o 0.50 —_
32000000 0.75 0.40
38 . Lo 0.56 0.92
42 0 00 o 0.70 0.20

The principal direction and the amplitude of the seiches currents, (4- 180°) is shown
in fig. 42.

At the central station 1968—2 the 26.1 h- seiche represents a long wave in the surface
layer down to 18 m, which crosses the Ronne Bank. If we interpret the current ellipse
of the 0 mode in fig. 30 b as a superposition of two ellipses with main axis in direction
WSW — ENE and WNW — ESE, belonging to the wave field which surrounds Born-
holm island north and south, then the currentsin 12 m and 18 m depth would be mainly
due to the 0™ and 15t mode. In the deeper layer the wave arriving through Bornholm
Gatt becomes dominant and the superposition of both waves (including strong baroclinic
components according to fig. 30 b) yields a short-crested wave field in the Arkona Basin,

At station 1968—4, which is closer to Bornholm, we obtain in principle the same
result. The wave through Bornholm Gatt becomes more dominant and, consequently,
due to superposition of both main wave directions, the wave field gets more random.

Thus, it may be stated, that the seiches currents in the Arkona Basin are small compared
with inertial currents and that probably Bornholm and the Rénne Bank are responsible
for a very complicated structure of the wave field.

16. Temperature sections by means of towed Thermistor cables

During the survey in 1968 a preliminary type of the towed thermistor cable was
used for the first timewhichhasbeendescribed by K.-H.Keunecke (1972). Thereforea part
of this cruise was planned to be a test for the cable and its handling aboard the R. V.
“Planet”. Roughly outlined, it consisted of a cable having a length of 40 m, which was
equipped with 26 thermistors, equally spaced along the cable at intervals of 1,5 m.
The temperatures were measured with an accuracy of 4+ 0,1° C and were recorded
every minute on punch tape. The ship speed for the tows varied between 4 and 7 kn.
The angle between the horizontal coordinate and the cable was 45°—60° depending
on the speed. Hence temperature profiles were recorded only in the upper layer extending
from the surface to depths of 30—33 m.

It turned out that the instrumentation worked fairly well. Therefore the observed
spatial distribution of the temperatures could be a useful supplement to the previously
described measurements in the Arkona Basin. However it is wellknown from many
authors (e.g. W. Krauss, 1966¢; K. D. SaBinin, 1969) that the interpretation of data
from a towed instrument is a crucial problem. In general, such observations do represent
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Tafel 31 (zu J. Kielmann, W. KrauB u. K.-H. Keunecke)
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Tafel 32 r(zu J. Kielmann, W. Krau8 u. K.-H. Keunecke)
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neither the true spatial distribution at a definite time nor the actual temporal fluctua-
tions, but a superposition of both. Furthermore the temperature stratification in the
Baltic Sea is much more complicated than in the ocean, because of the very different
water masses and the bottom topography.

During July 1968 the thermistor cable was used three times. The courses are shown in
fig. 3. At first on July 3—5 (course 1) two temperature sections had been made in the
Arkona Basin. The measurements were continued from July 10—11 in the Midbaltic
(course 2). The cable was towed from the southern tip of Oland (56°10" N, 16°35’ E)
west of the island Gotland to the latitude of Stockholm (59°20" N, 17°10" E). Course
3 was made from the position 58°35' N, 20°40’ E through the Midbaltic to the Arkona
Basin (55°03’ N, 13°50" E) on July 15—17. Finally five temperature sections were
made along course 4, July 21—22.

The long sections (course 2 and 3) show the expected and wellknown summerly
temperature stratification of the Midbaltic Sea. Below a thin mixed surface layer of
a depth of about 15 m a strong thermocline extends from 15 m to 25 m. The vertical
temperature gradient amounts up to 1—2 °C/m. Below the thermocline the gradient
decreases to about 0,1 °C/m. The temperature difference between the uppermost thermistor
at the surface and the deepest one at 32 m varies between 12°C and 15°C. In these
temperature sections considerable horizontal temperature gradients occur as can be
seen from the two examples in fig. 43 and fig. 44. They show the temperatures of 8
thermistors at depths of 3.2 m, 12.8 m, 16.4 m, 20.0 m, 22.4 m, 26.0 m, 29.6 m, 32.0 m.

Fig. 43 shows the records west of the island Gotland during course 2 along a distance
of 76 nm. The temperature fluctuations have a typical wave length from less than 1 nm
up to 20 nm. The short fluctuations seem to have no distinguished wavelengths. This
example has been chosen because of the obviously periodical deformation of the thermo-
cline. In this record the temperature variations of about 7°C at a depth of about 20 m
correspond to vertical displacements of the thermocline of approximately 15 m. The
shown features are probably produced by an internal wave. Assuming that the speed
of the ship of 7 kn is large compared to the phase velocity of the wave, a wavelength
of 16 nm can be read off the observation. However there is no information on the fre-
quency of the wave. But it is likely that an internal wave of this wavelength is an internal
seiche. The wavelike pattern was observed along course 2 only in that part of the
section which is shown in fig. 43.

In order to consider the spectral wavenumber distribution of the temperature fluctua-
tions amplitude spectra have been calculated from two temperature series of course
2 (363 nm). The position of the first thermistor was 15,4 m just below the mixed surface
layer while the second, at 20 m depth, was situated approximately in the center of the
thermocline. The amplitude spectra (fig. 45) of these series do not show any significant
peak at a specific wavelength.

For wavelengths of less than 3 km the amplitudes decay approximately proportional
to K=, when K is the wavenumber. The obvious oscillations as shown for example
in fig. 43 occur only with a few wave trains and their spectral contribution therefore is
negligibly small.

During July 1968 the described temperature stratification of the Midbaltic Sea was
quite different from that of the Arkona Basin. This can be seen from fig. 44, where the
course 2 temperatures are shown (from Bornholm Deep to Arkona Deep). At the left
hand side there is still the typical temperature distribution which has been observed along
course 2 and 3 in the Midbaltic. Already in the Bornholm Gatt the thermocline becomes
more diffuse. It extends from 15 m to 30 m, and its strength decreases. Additionally,
inversions occur below the thermocline. The water of the Arkona Basin has a totally
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different temperature stratification, as can be seen at the right hand side of fig. 44. Here,
the strong thermocline has disappeared. Below a depth of 25 m strong inversions of about
3°C, occasionally of 5°C, occur. The direct presentation of the temperature fluctuations
at selected levels does not give satisfactory information in case of such a complicated
temperature structure as has been found in the Arkona Basin. However, one important
feature is seen from fig. 44: The transition between the different types of water happens
rapidly over a very short distance. Especially, the transition zone between the water of
the Bornholm Gatt and the Arkona Basin is clearly marked by a thermal front. The exten-
sion of this transition zone is less than 1 nm. The inclination of the front is approximately
1°—2°.

The most detailed investigations with the thermistor cable have been carried out in
the ArkonaBasin. The temperature sections of course 1 are presented in fig. 46. Here, the
isotherms are plotted instead of the temperature at a constant depth. They have been
calculated by linear interpolations from the temperatures of the 26 thermistors. This
section as well as those of fig. 47 reveal a very complicated temperature stratification.
The depth of the thermocline varies between 12 m and 28 m. In some cases a thermocline
does not even exist. The temperature gradient is rather constant, from below the mixed
surface layer down to the lowest thermistor.

In the western part of the section in fig. 46 there is an intrusion of warm and obviously
saline water, over a distance of 4 nm. The 11° and 13° isotherms show a wavelike pattern
which is disturbed only by the intrusion. The corresponding periodic vertical displace-
ment of about 15 m of these layersin a mean depth of 20—30 m has probably been
produced by a long internal wave. The wave length is approximately 20 nm which
is nearly one third of the length of the Arkona Deep. It is likely that this wave is an
internal seiche.

This situation in the Arkona Basin changed considerably on July 21—22, as can be seen
fromfig.47. The mixed layer hasincraesed in thickness to nearly 25 m. Furthermore, temper-
atureinversionsofmore than 3°C occured. Theseinversions were not found all over the area
of investigation, but they were confined to certain locations. In order to observe the
temporal variability of this temperature structure 5 repetitions of course 4 have been
carried out (fig. 47). Itturned out that the characteristic pattern of the isotherms appeared
every time at the same position in the sections. Hence, this thermal structure has been
surprisingly stationary during the time of observation of 25 hours. The pattern was
probably produced by warm saline water from the North Sea. This inflow must have
happened shortly before the observation, because the saline water is still clearly separated
from the ambient water of the Arkona Basin by strong temperature gradients.

These few examples of spatial temperature distribution in the Baltic Sea may demon-
strate that the often used assumption the mean stratification to be only a function of
depth is a very rough approximation. Numerous processes may be responsible for this
considerable variability.

The amplitude spectra of fig. 45 do not show distinct energy peaks. However, the
original records reveal wave patterns for small wavenumbers which may be internal
seiches. They appear only with a few wave trains and are, thus, restricted to small
regions in the sea.

Several observed phenomena seem to be stationary at least during a few days. In
some cases they represent boundaries between two types of water. Such boundaries can
even have the form of thermal fronts, as has been demonstrated. The transition zone is
in general small and marked by strong temperature gradients. These gradients do
not change during a period of 25 hours. Therefore, it can be supposed that mixing
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processes are very weak below the Ekman layer which would be expected from the
results in section 14.

In regions of strong quasi-stationary horizontal temperature gradients probably also
horizontal density gradients occur which must be balanced by geostrophical motions.

It is evident that the time scale of the major spatial structure must be larger than that
of the internal waves. Based on this fact a method has been developed (K.-H. KEUNECKE,
1973), which allows under certain conditions the seperation of the spatial quasi-stationary
structure from the temporal fluctuations, especially internal waves, by repeated sections.

17. Conclusions

From the observations we have carried out during 1962—1968 (mainly in the Arkona
Basin) we have learnt, that for periods larger than about 20 hours the barotropic response
is dominating, but amounts to approximately 50%, even for periods of 100 hours only.
Thus, models of a homogeneous Baltic Sea would give only a crude information on
the currents and the corresponding hydrographic fluctuations present.

The main baroclinic range is 10—40 hours. The phenomena in that range are little
understood. The main reason is that no information is available on the divergence and
curl field of the tangential stress of the wind field. A meteorological buoy system
for scientific purposes is urgently needed. Divergence and curl obviously
reach maximum values during the passage of meteorological fronts. These, however,
have not been studied yet on the ocean. As long as these informations are not available,
there is little hope to interpret this major baroclinic range, which includes the inertial
waves, the dominant signal in the Baltic Sea. '

The main results of our research during 1962—1968 may be taken from the summary.
A great deal of effort was wasted due to interference with commercial fishery. The
informations we hoped to obtain in 1968 from the correlation distances are completely
missing, and there is little hope, that future programs along that line would be more
successful.

The main effort for future studies should lie on the observation of single events.
The general shape of spectra as function of frequency is known. From fixed stations
there is little hope to obtain the wave number spectrum. The same holds for towed
thermistor chains in that respect, because ships are too slow to measure the range between
10—40 hours. They are suitable, however, to get the quasi-stationary patterns if powerful
methods are found to surpress the entire spectrum of short-periodic (<< 40 h) fluctuations.

The towed thermistor records show that large inhomogeneities remain stationary
over quite long periods. The reason is not understood.

Bornholm island and the Rénne Bank seem to have a great influence on the conditions
in the Arkona Basin. The influence of bottom topography on the processes should be
studied in more detail. Under the study of single events we therefore mainly understand:

1. The response of the sea to the passage of meteorological fronts
2. The influence of bottom topography on the processes which occur
3. The maintenance of quasi-stationary fronts.

Appendix
The decomposition of wind-generated current fields into modes is possible in the
entire frequency range 1) as long as the local Brunt-Viisild frequency is much larger
than the frequency of the fluctuations, N > > «, and 2) if the current measurements
are taken below the Ekman layer in layers, where viscosity can be ignored.
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The Baltic Sea can be considered as consisting of a homogeneous Ekman layer (0 < z
~ h) of about 10—15 m thickness and a stratified layer beneath (h< z < H). According
to W. Krauss (1972), wind fields variable in time and space create an Ekman suction
at the top h of this stratified layer given by the convolution integral between an inertial

frequency wave eift and the curl and divergence of wind stress 7,

t
(1) Wi (%, v, t):_{/{div?(x,y,t—C) cos ¢ 4+ ;’(x,y,t—C)sinfC)} dg
PI

o

This Ekman suction drives the lower layer. For this we have the equations (W. Krauss,
1966, p. 137fT)

1
u, +fv+-p;=0
P

1
vi —fu 4+ —-p, =0
P
-—gp+pz:0
pt T .w=0
uy + vy +w, =0
from which

o OW L . N . . .
follows if T" BX is neglected (just for simplicity). By means of Fourier transformation
Z

+ oo
4) f (%, Y, 2, t) // (%, 1, z, t) ellxx+ny) dy dy
— ©

we obtain for h < z < H (H = bottom)
(O) Wap ot +2W,, — N2 (2) W =0
where k? = 52 + 2 and N2 = (g/g) dp/dz
is the Brunt-Viisild frequency.
The boundary conditions for (5) are
6) Wi(k,z=h,t) =W, (k,t), Wk,z=H,t) =0
By means of

H—z

(M) Wzt =

k,t) +W (k, z, t)
we then obtain

(8) Wypre +2W,, — N2 k2 W = wwgwﬂmgg
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and

(9) Wi(k,t) =0 forz=h and z = H.
Thus, the velocity field in the lower layer is a forced velocity field, the distribution of
which depends on the vertical structure of the driving term in (8).

Formally, we can get a solution of (8) by decomposition into modes ¢, of the entire
water column, which have amplitudes ¢,(h) at the level h,

- H—2z
10 W 1 :Z A 1 ——————
( ) ((a Z, t) N n (<} t) ‘Pn(z)> H h 2 By, (Z)

where ¢, (2z) is given by
(I1) @y (z2) + N2ve (2) =0,9 =0 forz=0 and z = H.
The amplitudes A,(t) result from

k2

(12> An” (k: t) + ((f2 +112> An <k> t) - Bn Wh (ka t)
Vv

and read
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(13)  An(t) = — / T/’:fz:(:‘*r’ B, Wy (k, ©) sin Vﬁf_“_tl‘z__ (t—17) dg

/ v (f2y 4

The entire solution is
+ o0

H—z

(14) wxy,2 1) = / / If{;hwh (1, 8) + 2 Ay (6, 1, ) 00 (2) ]6“‘“*”’”d%dn

which consists of a barotropic mode (15t term) and the internal modes (2°¢ term).
Thus, the forced velocity field in the stratified layer beneath the Ekman layer is

considered to be built up in the following way:

1. Divergence and curl of the wind stress create an Ekman suction at the top of the
lower layer, which is decomposed into Fourier components with respect to x, y.
The amplitude of each Fourier component is determined by the wind field.

2. Each Fourier component of the Ekman suction yields a forced velocity field with
the same wavelength but a complicated vertical structure in the lower layer. This
structure is formally described by the modes of the entire water column.

In section 10 this mode decomposition is carried through at a distinct position x,
vg> but with respect to the horizontal velocity components, which are decomposed into
the modes dg, /dz.

There is a striking difference between common mode theory used in the theory of
internal waves and the way it is used in this context:

Free internal modes depend only on the stratification. But a definite relation exists
between the frequency and the wave number of each mode, which limits the existence
of the modes to the frequency range f < w < N!

In the present context the forced velocity field is formally decomposed into the same
modes, depending only on the stratification. But there is no definite wavelength which
corresponds to each mode. On the contrary, for each wavelength of the forced velocity
field a mode decomposition is possible.
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The modes could not exist as individual sin waves. What exists in reality is a forced
field which depends on the meteorological conditions. The easiest way to describe this
field is to describe it by a number of modes (as common in other fields of physics).
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