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INTRODUCTION

Variable distribution of solar energy on the Earth surface causes the energy
and matter (heat, moisture, gases, salts ¢tc.) to circulate between atmosphere,
ocean sphere and lithosphere. The variation not only highly influences
Earth’s hydro meteorological conditions but also generates the circulation
of water in oceans and seas which, in turn, triggers the turbulent water mix-
ing, redistribution and transportation of a large amount of kinetic ¢nergy,
dissolved in water gases, salts, biogenic, organic substances, nutrients etc.
in different oceanic basins. The abundance of marine biodiversity and its
flourishing depend on the active circulation of water masses.

In the study of oceamc sphere and water masses in water basins, the
main emphasis is laid on an analysis of currents which, together with some
elements of water balance and bottom features define the water circulation
system of a distinct marine basin.

Even though major regularities of water circulation in the Baltic Sea
were revealed during the hyvdrodynamic investigation carried out from the
mid 19 century, the hydrodynamic regime of distinct water basins such as
southeastern part ofthe Balti¢ Sea (including Lithuanian waters) is not very
well established vet. The hydrodynamics of the whole Sea, ecology of its
basin and prediction of its future development are impossible without this
knowledge. The recent thesis does not include wave and water level study,
The major attention is paid to honizontal water transportation (currents) in
the study of water dynamics.

Subject. The multiannual and seasonal water circulation in the south-
eastern Baltic Sea.

Goal, To investigate multiannual and seasonal hydrodynamic properties
of the southeastern Baltic Sea in a stratified water column.

Aims;

1. To investigate the water stratification n the SE Baltic Sea.

2. To define directions of multiannual and seasonal marine currents.
3. To study velocities of multiannual and seasonal marine currents.

4. To model how the distribution of current velocities and directions
mn the study arca depend on hvdro metcorological conditions; to
compare the modelling results to the natural observations.

Statements to be defended:

1. The water layer in the SE Baltic Sea is made up of water masses
with individual thermohalic properties. A number of water masses
and their distribution vary during a year.

2. Peculiarities of the water masses and bottom morphology highly
influence the spatial and temporal variation of marine current direc-
tions in the study area.

3. The temporal and spatial vanation of marine current velocities
depends on properties of water masses, depth of water basin and
distance from the shore.

4. Current velocities at distinct water depths do not depend on current
directions.

3. Areclationship between the SE Baltic water dvnamics and varving
hydro meteorological conditions can be evaluated using a 3-D
Princeton ocean model (POM) adapted by A. Jankowski,

Novelty. For the first time, the dynamics of the SE Baltic Sea was
evaluated using a huge data base of natural observations. Moreover, for the
first time in the SE Baltic area, the water masses were distinguished on the
basis of hydro physical parameters, as well as their influence on an overall
water circulation was defined. It allowed to determine the hvdrodynamic
regime in stratified water column and to evaluate peculiaritics of current
dynamics in different water horizons. The relationship between currents at
different depths and varying wind directions and velocities in the SE Baltic
Sea were modelled for the first time.

Relevance. The water dynamics and stratification of water co-
lumn are crucial for the study of marine energy and matter circulation,
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peculiarities of the biosphere evolution and natural marine conditions. The
establishiment of water masses and study of their characteristic properties
have a scientific and practical value. The hvdrodynamic regime of the SE
Baltic Sea is not well established vet. The study will provide with a new
data on distribution of temperature, salimty and other water properties, as
well as the influence of the water masses on water dynamics.

Application. The results of the investigation will be useful for a deve-
lopment of oceanology, sedimentology, coastal research, biology and eco-
logy in Lithuania. In cases of hvdrocarbon, chemical and other pollutions
inthe SE Baltic Sca, the revealed hvdrodvnamic regularities and modelling
results will help to assess the impact arca with better precision. It will im-
prove considerably the solution of problems related to hydro engineering
works etc. in the study area.

Structure and content. The thesis consists of introduction and 6 chap-
ters: first and second chapters give the history of previous studies, highlight
the subject, methods and study area; third chapter deals with pecubiantics
of the water masses in the study area, fourth and fifth chapters based on
the results of the third chapter proceed with the multiannual and seasonal
variations of current directions and velocities in the study area. A model of
the hydrodynamics of the studied basin that resulted from the regularities
of varying current directions and velocities and their causes is presented in
chapter 6. The major results are given in Conclusions followed by Refe-
rence list and List of author’s publications. In total, the thesis consists of
171 pages including 12 tables, 59 figures and 196 references.

Scientific results and publications. The results were published in 4
articles, presented in one Lithuaman and 3 international conferences.

Acknowledgements. The author 15 grateful to everybody who helped
him with the thesis in one or other way: supervisor dr. Rimas Zaromskis
for valuable comments and corrections, consultant dr. Gintautas Zilinskas
for critical remarks and a help with field work and collecting of sam-
ples and data, colleague dr. Darius Jarmalaviéius for a friendly help and
discussions on the subject T also would like to express my gratitude to
dr. A. Jankowski from the Sopot Institute of Oceanology, Polish Academy
of Sciences, who provided me with a possibility to use his mathematic

maodel and for his valuable help during my work in Poland. Author thanks
dr. Saulius Gulbinskas and Modestas Kuzavinis for a possibility to partici-
pate in marine expeditions. 1 also appreciate all the editors and translators
of my thesis and of this English summary.

2. STUDY AREAAND METHODS

The study area represents a part of the Baltic basin limited by coordinates
56°30”1n the north and 55°00"in the south. The area 1s limited by a longitude
of 19°40° in the west, and by a shore line in the east (Fig. 1). Maximum
depth reaches 125 m with an average depth of 47.5 m. The average depth of
the study area and profiles was calculated with “ArcGis” programme. The
currents were mvestigated in three transverse A, B and C and four longitu-
dinal D, E, F and G profiles (Fig. 2a) crosscutting different morphologies
of the studied basin.

Archive hydrologic and meteorological data. Hydrologic data
was collected at archives of the Institute of Marine Research in Klaipea,
Lithuanian Hyvdrometeorology Survev (LHS) and P. P. Sirsov Institute of
Oceanology in Kaliningrad. The data was also obtained from the NOAA-
CIRES (National Oceanic & Atmospheric Administration-Cooperative
Institute for Research m Environmental Sciences), Climate Diagnostic
Center {CDC) and International Council for the Exploration of the Sea
(ICES) data bases.

The archive data on current directions and velocities from 12 ocea-
nographic stations in the Baltic Sea (Fig. 2a) acquired in 1951-1973 was
selected for this study. The 14 576 measurements of current directions and
velocities were used for this study. Current parameters (velogity, direction)
were measured from the ships “Jurate”, “Geophysicist”, “Oceanographer™
and autonomi¢ oceanographic stations, The measurements were obtained
by BPV-2 and Aleksejev’s letter-typing mills.

Field work was performed in the basin of the Southeastemn Baltic Sea.
Velocities and directions of marine currents, the salinity and temperature
were measured during these expeditions.
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During the winter {February 11-16) and autumn {November 3-7)
expeditions of 1998, the Baltic Sea water temperature and salinity were
measured from the scientific ship “Véjas”. The measurements were per-
formed by a multifunction probe “Zond-barometer™ in stationary horizons.
In total, such measurements were performed in 24 oceanographic stations,
In summer of 2004 (June 4-5), the current directions and velocities as well
as water temperature and salinity in the economical zone of Lithuania in the
Baltic Sca were determined in 7 stations (Fig. 2b) using the ship “Darius”
belonging to the laboratory of fisheryv. The current velocity and direction,
temperature and salinity were measured by means of nmultifunction probe
RCM 9LW of the Norwegian firm AANDDERAA INSTRUMENTS. The
above parameters were measured in a vertical water column each 5 m, the
lowest measurement bemng 1 m above the Sea bottom. The ship “Darus™
had been stopped and anchored and coordinates of the stations defined by
GPS during the measurements with the multifunction probe.

In order to characterise hvdrodynamic processes in the Baltic Sea, fol-
lowing statistic parameters of current velocity were analysed: average (v, ),
mode (M), maximum (v__). dispersion o(v), standard deviation o(v) and
vanation coefficient (K). Rose diagrams of marine currents were compiled
to define the dominating directions of marine currents in the study area.
Thev showed the general and seasonal (spring, summer and autumn) water
circulation. Such rose diagrams are lacking for winter seasons because of

insufficient data.

Temperature and salinity data for the characteristics of water masses
were taken from the date base of International Couneil for the Exploration
of the Sea (ICES) for the period of 1907-2005 and from the archive of the
Klaipéda Marine Rescarch Center for the period of 1991-2005. The 5673
measurements were selected from the both sources. The temperature and
salinity data from the newly compiled database allowed defining peculi-
arities of the water masses. The data was taken using the same c¢riteria:
the measurements were performed at the same time and similar weather
conditions. The term *“at the same time” is “synoptic™ and means that the
data was obtained in several days and weeks but at similar conditions
(Mazeika, 2001).

The modelled data of water temperature and salinity as well as current
velocity and direction of the Baltic Sea were used in the study. The Baltic
currents were modelled for NW, W and SW winds, which velocity in May,
August and November was 3, 10 and 20 n/s respectively. Additionally,
in November the current regime was modelled for the velocity of 30 m/s.
The Baltic currents were modeled for 162 sites. The model was checked
in 15 oceanographic stations in the Lithuanian economical zone of the
Baltic Sea.

Mathematical calculations were based on a baroclinic 3-D model of
the o-coordinate of the Baltic Sea with a horizontal resolution of ca. 10 km
and vertical one in a range of 24 sigma-levels. A digital model was obtained
for the whole Baltic Sea. Open (Skagerrak and water surface) and closed
(bathymetry of the Baltic Sea bottom compiled by T. Seifert and B. Kayser)
boundaries were used in the model (Seifert, Kayser, 1995; Jankowska, 2000,
2002). The model 1s limited by the Sea surface, Sea bottom and horizon-
tal boundaries from all sides. The detail description of the POM model is
given in works of A. Blumberg and G. Mellor (Blumberg, Mellor, 1987;
Mellor, 1993) while a detail version of the Baltic Sea model 15 deseribed 1n
A Jankowskr’s works (Jankowsk, 2000, 2002).

3. PECULIARITIES OF THE WATER MASSES OF THE STUDY
BASIN

Water masses in the study basin were distinguished according to the two
measured parameters of the Baltic Sea water: temperature and salinity. A
halocline 1s unlikely to form because of the shallowness of the Baltic basin.
The change of salinity down to 70 m is minute, 1.¢. 1%. that 1s why salinity
gradients are so small reaching only hundredths of a promil. The salinity
measurements were used only for the correction of the water mass bounda-
ries because of the relatively small change of the Baltic water salinity.

The water masses and their boundaries were defined for differ-
ent seasons: spring (March—May), summer (June—August) and autumn
(September-November). There was no possibility to distingmish water
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masses for winter because of msufficient data. Honzontal and vertical
boundaries of the water masses are usually drown according to the calculated
maximum gradients of hvdrophysical charactenistics (Titov, 2003). Water
mass boundaries in the transverse A, B and C, and longitudinal D, E, F and
G profiles were drown according to the calculated vertical and honzontal
water temperature gradients (AT) in a 1 m thick layer.

From two to five water masses of different temperature are forming in
the study basin in different seasons A number of water masses are controlled
by the river discharge, shallow medium depth of the Baltic Sea and specific
meteorological conditions above the study area.

According to the results of water investigation in the A, B, C, D, E_ F,
and G profiles, the water masses differ considerably with changing seasons,
and their number at a depth is permanently changing. The maximum five
water masses are formmg i summer while only three are originating in
autumn (Fig. 3). A number of water masses decreases in autumn because
of the cooling Baltic Sca water and of decreasing temperature difference
in a water column caused by water mixing.

The following five water masses were established according to the
results of investigation: surface (SWM), changing and migrating (CMWM),
transitional (TWM), deep (DWM) and thermochnic (TRWM).

The most stable are surface, changing-migrating and transitional water
masscs which are present in all scasons. The deep water masses exist in
spring (Fig. 3a) and summer (Fig. 3b) but are absent in autumn (Fig. 3c). The
thermoclinic water masses are temporal, forming only in summer. Vertical
temperature gradients of the surface, transitional and deep water masses
are respectively 0.0-0,02, 0.0-0.1 and -0.1° C/m and do not differ during 2
vear, The vertical gradient of the changing-migrating water masses disap-
pears in spring (0.0° C/m) and reaches 0.5° C/m in autumn. It is important
to note that the vertical temperature gradient is stable in the distinct water
masses during a vear (Table 1)

Apparent boundaries of the water masses and their thickness are dy-
namic and differ temporally in the study basin. The boundaries and thickness
of the deep water masses do not change considerably as was defined by the
multiannual temperature analysis of the Baltic Sea water.
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Table 1. Water masses’ vertical gradients of temperature of study area ('C/m} calcu-

lated by author

Season
Water mass

Spring Swmmer Autumn
Surface 0002 0.0-0.2 0002
Changing and 0.0-0.0 0.2-0.4 0.1-0.5
migrating
Transitional 0.0-0.1 0.0-0.1 0.0-0.1
Deep -0.1 0.1 -
Thermoclinic —* 05-038 —

* — qo water mass

4. PECULIARITIES OF THE VARIATION OF THE BALTIC
SEA CURRENT DIRECTIONS

As it was obtained from the multiannual analysis of sea current directions, the
near-surface water layer (0—10 m) is dominated with north-trending current
direction. This was implied from the data coming from the 12 oceanographic
research stations. The north trending current direction predominated in the
7 stations (Figs. 4a, b). The average annual repetition of the north trending
current is from 17 to 25.4% of all the cases. The current direction in the
transitional layer comparing with the near-surface layer vanes from 45° to
315° Small vanations of the current direction in shallower part of the study
basin are caused by the bottom rehief and orientation as well as configuration
of a coast line. Wind currents which coincide with the quasi-stationary Baltic
Sca circulation dominate the near-surface laver. According to the near-bot-
tom current measurements, the current near the bottom is directed towards
north in the five of 12 stations what comprises from 20.6 to 27.6% of all the
measurements (Fig. 4¢). A flow of near-bottom currents 1s influenced by the
bottom relief and shoreline and therefore is moving along the isobaths fol-
lowing the bottom irregularities. Such currents which move at the same depth
(along isobaths) are called counter currents (Holister, Heezen, 1972).

13

- g 4. Multiannual dominant current
* direction in surfuce (a), intermediate
(h) and deep layer

The variation of scasonal current directions is much more complex.
The near-surface layer is dominated with a south trending current direction
in spring as it was measured in the cight of twelve stations. In spring time
the ncar-surface (down to 50 m) currcnts flow southwards following the
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coastline in the northern and central basin (Fig. 5a). In the central part, near
the old Nemunas valley the currents turn towards southwest and flow into the
Gdansk trench. It happens because near the Curonian—Sambian platcau they
arc blocked by the north-castern currents flowing along the Curonian Spit.
In central part of the study basin, bevond the 50™ isobath the near-surface
currents flow from the south to north turning to the cast above the SE slope of
the Gotland trench. During springs in the transitional laver, the south trending
currents were detected in the five, north trending in six and cast trending in
onc¢ occanographic station (Fig. 5b). The northern current directions domi-
nate the near-bottom layer in the nine of twelve stations while the currents
arc directed to south in the remaining three stations (Fig. Sc). It was implied
from thc ncar-bottom current dircction mcasurcments that the ncar-bottom
currents changed their direction in the ten of twelve stations.
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Fig. 5. Dominant current direction in spring in surface (a), intermediate (b) and
deep layer

In summer time. the N, NW and NE current directions dominated
the near-surface laver as it was measured m the seven of twelve stations
(Fig. 6a). The near-surface currents were directed towards S, E and SE
in the remaining five stations. The dominating ncar-surface current dirce-
tion remained the same in the two stations as was revealed after the com-
parison of the spring and summer data. It means that the dvnamics of the
near-surface currents is highly sensitive to scasonal changes. There is no
dommating current dircction in the transitional laver (Fig. 6b). Unlike in
the near-surface water layer, the northern current direction is not so clearly
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dominating against the southern in the transitional layver. Like in the near-
surface laver, the northern current directions dominate the near-bottom
laver (Fig. 6¢). N, NE, NW dircctions were measured even in the cight of
twelve stations. It was discovered that, unlike in spring, in summer time
the dominating current directions have changed in all the stations while the
circulation of near-bottom currents became more complex.
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I'ig. 6. Dominant current direction in summer in surface (a), intermediate (b) and
deep layer

In autumn time, the northem current dircctions predominate (Fig. 7a).
The currents flew northwards in the seven and northeastwards in onc of
twelve stations. Unlike in spring time when the ncar-surface currents flew
towards south, the currents changed their direction towards north in autumn
time. Like in the near-surface laver, the currents fiew to the north in the
transitional lavertoo (Fig. 7b). This direction has been repeatedly measured
in the cight stations of twelve. Circulating cyvcles are much weaker in the
transitional layer in autumn than in spring or summer. Besides, unlike in
spring and summecr when currents near the shoreline flew to the north as
well as to the south, only the north directed currents dominated this arca
in autumn time. The northern directions were measured in the near-bottom
layer in many stations (Fig. 7¢). The currents in the near-bottom layer flew
also westwards (three stations) and southwards (onc station) in autumn
time. When the water gets cooler it sinks moving westwards, in the dirce-
tion of sloping bottom.
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IFig. 7. Dominant current direction in autumm in surface (a), intermediate (b) and
deep layer

The variation of current directions gets more complex because of the
water masses. An analysis of current directions in summer when the five water
masscs form is given separately (Fig. 8). The obtained results revealed that the
currents had different dircetions in the near-surface water masses: northern
direction in the four, NE, NW, S, SE and E dircctions in the other stations
(Fig. 8a). In summer, the currents in near-surface water masses change their
direction and flow southwards from the Klaipéda strait, along the Curonian
Spit. The latter fact may be also explained by the decrcasing discharge of
fresh water through the Klaipeda strait in summer time. It is interesting to
note that circulating cycles are forming above the Klaipeda—Ventspils and
Curonian—Sambian platcaus, the first being of cvclone and the second of
anticyclone type. The northern (NW. N, NE) current directions dominate
the offshore waters, bevond the 45" isobath. Western current directions are
common for the thermoclinic water masses (Fig. 8b) since the W, SW and
NW directions were measured in the eight of eleven oceanographic stations.
While atmospheric processes governed the current directions in the near-
surface water masses, the inner processes (inner waves) depending on hydro
physical properties of water masses were crucial for the thermoclinic water
masses (Sustavov et al., 1980). In summer time, the changing-migrating
water masses (CMWM) occur below the thermoclinic ones. Like in the near-
surface water masses, north trending current dircetions are characteristic for
the CMWM (Fig. 8c). N, NE, NW directions were fixed in the six of cight

17

¥ig. 8. Dominant current direction in sumimer in surface water mass (a), thermoclinic
water mass (b) changing and migrating water mass (¢), transitional water mass (d)
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stations, The bottom relief i1s responsible for the great majority of current
directions in the transitional water masses {Fig. 8d). The dependence on the
bottom relief was implied from the obtained data showing that dominating
current directions followed the isobaths. In summer time, the deep water
masses (DWM) are present only in the deepest parts of basin where only
two stations are installed. It was discovered that currents trend northwards
in the southern whereas they flow to the SW n northern parts. The great
percentage of recurrent current directions (over 27%) evidences the stability
of currents in the deep water masses. Thus the currents retain their proper-
ties (trajectory) better in the colder and denser water masses.

To sum up, the northemn (N, NE and NW) current directions are most
common in the near-surface, transitional and near-bottom layers of the study
basin. The quasi stationary circulation of the Baltic Sea currents is of the
same direction. However, the currents are affected by different factors in
distinct water lavers. In all the layers the currents partly depend on bottom
relief, shoreline configuration and orientation. The current direction in the
near-surface, transitional and near-botlom water masses is highlv affected
by a shape and orientation of shoreling and bottom relief in the near shore
area; however their influsnce decreases considerably with the depth and
is detected only in the near-bottom water masses. The ¢irculation of the
measured near-surface currents in spring, summer and autumn is similar
to this shown on the sketches compiled by I. M. Soskin (Soskin, 1963). It
was discovered that the current flow in stratified water masses 1s getting
more complex leading to the variation of current directions in distinct water
masses during a year:

* atwo-layered circulation is forming in the study basin m spring
time; currents trend southwards near the surface, northwards near
the bottom,

¢ in summer time when the thermoclinic water masses are forming,
the northern discharge gets complicated in the study area: water
currents trend to the west in the thermoclinic water masses while
they flow northwards above and below them;

o in autumn, the discharge to the north is dominating, nevertheless it
15 complicated by the circulating ¢ycles and countercurrent streams
m the changing-migrating and transitional water masses.
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5. PECULIARITIES OF THE VARIATION OF CURRENT
VELOCITIES IN THE STUDY BASIN

The current velocity decreases from the south to north as it was revealed by
the multiannual analysis of average current velocities in the near-surface,
transitional and near-bottom layers. The average velocity varies because
of the decreasing current inertia. The maximum current velocities near the
surface were measured 48—49 km far from the coast in the A and B profiles
and 79 km far in the C profile. According to J. D. Michailov, the maximum
velocities were detected 28 km far from the coast (Michailov, 1972). The
most common cwrrent velocities vary from 6 to 11 cm/s in the near-surface,
from 4 to 8 cm/s in the transitional, from 4 to 11 cm/s in the near-bottom
layers. The average current velocity in the near-bottom layer decreased from
11.3 (near-surface layer) and 10.8 (transitional layver) to 9.8 cm/s.

In respect to the factors which may influence average velocities in the
ncar-surface laver, the correlative r¢lationship (r = 0.72) between the variation
of average current velocities and distance from the shore is quite important.
The cormrelative relationship between the average current velocity and depth
of the Baltic Sea is weaker {r=0.64). The correlative relationship between
the vector of dominating near-surface currents and average current velocity is
statistically unimportant (r=0.14; Fig. 9). There were no statistically reliable
correlative relationships between the maximum current velocities and distance
from the shore (r=0731), depth of the Baltic Sea (r =0.45) and vector of the
dominating current direction (r=0.24).

The correlative relationship between the variation of average current
velocity and distance from the shore (r=0.67) is important in the transitional
layer. Similar relationship 1s between the average current velocity and depth
of the Baltic Sea (r =0.68). The correlative relationship between the vector of
dominating current and average current velocity is statistically unimportant
in the transitional laver (r=-0.0%; Fig. 10). It occurred that the correlative
relationship between the maximum current velocity and distance from the
shore {r=10.54) as well as depth of the Baltic Sea (r=0.57) are important.
Again, there is no important correlation between the vector of dominating
current and maximum average current veloeity (r=10.32).
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There is no statistically reliable correlation between the above factors
and average as well as maximum current velocities near the bottom. Thus,
the correlative relationship between the average current velocity near the bot-
tom and distance from the shore (r = 0.36), depth of the Baltic Sca (r=0.41),
vector of dominating current (r=(.19) arc statistically unimportant (Fig. 11).
Similarly unimportant is the correlation between the maximum current
velocity near the bottom and distance from the shore (r=0.07), depth of
the Baltic Sca (r=0.02) as well as vector of dominating current (r=0.35).
Thus, the current velocity near the bottom depends on other factors such as
peculiarities of the bottom relief, sloping and roughness. The data is insuf-
ficient to assess the influence of these factors.

A scasonal analvsis of current velocitics has revealed that their distribu-
tion is extremely complex in vertical and horizontal directions. The largest
amount of fresh water discharges m the Baltic and the Black Seca in spring
and summer times (Dubra, 1970; Titov. 2003). As well as in the Black
Sca, currents flow faster in the refreshed water of the Baltic Sca, however
their velocity in the latter depends on the debit of incoming water from
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the Curonian Lagoon. The current velocity and direction may be different
cven in the same water masses here. The difference may be caused by the
propertics of water masses and depth of the Sea. Currents flow slower in the
changing-migrating and transitional watcr masses because of the influence
of the Baltic Sca bottom. Therefore the current velocity gets slower near the
shore because of the friction. This factor does not work in the near-surface
water masses where the debit of refreshed water is much more important.

The average velocity in all the lavers increases in summer time. The
current velocity increases by 3 ecm/s near the surface and only by 0.6 cm/s
necar the bottom. The velocity also slightly increases in the transitional
layer where the velocity 2.2 cm/s higher than in spring time was fixed. The
average velocities vary from 11.3 to 12.4 in the transitional and from 9.0
to 11.5 cm/s in the near-bottom lavers (Fig. 11).

In summer, the current velocity docs not change in the near-surface
laver (0-10 m) as well as in near-surface water masses. For the distribu-
tion of current velocities in the deep water masscs, the influence of wind
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decreases, and such factors as propertics of water masses (thickness, depth)
play. The lowest current v for thermoclinic water masses occur near the
shore. They vary from 7.5 to 7.8 cm/s. It1s believed that the current velocity
decreases because of the friction with the Baltic Sca bottom. The highest up
to 11.9 and 16.3 cm/s velocities were measured in the thermoclinic water
masses at the greatest distance from the shore. It appeared that the diversity
of'the distribution of current velocitics in the study basin depends not only
on the wind ficld but also on depth of the Baltic Sca, propertics of water
masses, their vertical thickness and position in the water column (Fig. 12).
The results of the velocity study in summer time showed that the average
current velocity in the thermoclinic and changing-migrating water masscs
is higher in the profiles above the platecaus and lower in the central part of
the study arca.

The average current velocities increased in almost all the profiles and
their lavers in autumn time. Thus the general current v increased in all
the layers from 2.8 cm/s in spring to 3.3 cm/s in autumn. As compared to

Legend
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Fig. 12. Variability of summer current mean velocity in measurement profiles (A, B,
C) in stratification water thickness (Places of profiles showed in Fig. 2)

summer time, the general current v remained the same near the surface
while it increased from 1.2 to 3.2 cm/s in the transitional and ncar-bottom
layvers. Maximum current velocities were measured at the same localities in
the near-surface and transitional lavers. The average velocity in autumn time
is only slightly lower than in summer time when the velocity was higher
near the surface in the two profiles. The cases when current velocities near
the bottom exceeded those near the surface and in the transitional layer
mayv be explained by the formation of inertia currents. Besides, the current
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velocity near the surface depends on weather conditions. Therefore near-
surface currents may be subdued and their velocity decreased when wind
changes its direction and speed. As it was implied from the data on the
maximum current velogity in autumn, the currents reach their maximum
in the transitional layer. To sum up, throughout all the scasons the highest
maximum velocity was in the transitional laver, than ncar the surface and
lowest near the bottom. In autumn the maximum current velocity near the
bottom was 1.7 and 1.4 times higher than in spring and summer.

The average current velocity is distributed in the water masses accord-
ing to the certain rules. First of all. the greater the number of water masses,
the more complex the distribution of current velocities in the water column
(Fig. 13). The average current velocity changes at the boundaries of water
masses leading to the break of velocity lines in such places.
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Vig. 13. Multiannual (@) and seasonal variability of vertical current mean velocity in
spring (b), summer (c) and autumn (d). SWA - surface water mass, CMWM - chang-
ing and migrating water mass, 1TWM — transitional water mass, DWM — deep water
mass, TRWM - thermoclinic water mass
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6. THE MODELLING OF HYDRODYNAMIC REGIME OF THE
STUDY BASIN

The obtained in ficld current measurements and compiled sketches of current
circulation do not allow to characterize the hydrodynamic regime of the
Baltic Sca in extreme (storm) conditions. Morcover, despite the relatively
dense net of research stations and great number of field measurements used
in the study, the obtained results do not fully laghlight the hydrodynamic
regime of the study basin.

The results of the hydrodynamic modeling revealed that the surface
currents depend on the wind direction and speed. They usually flow in wind’s
direction slightly declining from it to the right (Krauss, Brugge, 1991). The
current directions stabilize with the increasing wind. Similar modelling
results were obtained for the near-surface currents in the Baltic Sea by a
great number of investigators (Soskin, Denisov, 1957; Falzenbaum, 1976;
Kovalik et al , 1977; Hydrometeorological..., 1983; Gailuéis et al,, 2002;
Davuliené, Trinkiinas, 2004; Zurbas et al | 2004).

The greater increases the wind speed in the same direction, the faster
flow the currents near the surface. The distribution of average current
velocities near the surface differs very much as it was mmplied from the
comparnson of average velocities in the transverse profiles. J. D. Michailov
thinks that the current average velocity near the surface of the Baltic Sea
increases up to 28 km far from the shore and farther decreases (Michailov,
1972). Bv the way, similar tendency was obtained for the distribution of
current velocities in the Black Sea (Ivanov, Bogdanov, 1933; Konovalova,
Lagutin, 1968), The modelling results of the surface currents as well as
field mvestigations in the study basin showed that the distribution of current
velocities near the surface 1s different and much more complex (Fig. 14).
The current velocity near the surface modelled at different western winds
with a speed not exceeding 10 m/s was in many cases higher than the meas-
ured one. The modelled velocities are higher than measured because the
measurements were performed in the 0-2 m thick layer while the thickness
of this layer was 0 m n the model (Rukovodstvo..., 1954; Spravochnik, ..,
1971, Spravochnik ., 1973).
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The current circulation gets more complex in the transitional laver where
the winds affect increases. Currents flow in different directions and their
velocitics vary considerably. The most remarkable feature of the transitional
laver is its ability to form circulating cvcles which usually appear above
the Klaipéda—Ventspils and Curonian—Sambian platcaus and their slopes.
As it was implicd from thc model for the transitional laver with westerly
winds. the anticyclone cycles more often appear in the northern part, above
the Klaipéda—Ventspils plateau while the cyclones form in the south, above
the Curonian—Sambian plateau.

The near-surface current velocity modelled for the westerly winds with
a speed not exceeding 10 m/s turned to be higher than the measured one.
However the modelled near-surface current velocity for the same westerly
(NW, W, SW), 10 m/s blowing winds in the transitional and near-bottom
lavers is lower than the average measured velocity. This may have happened
because the sclf-writing BPV-2 most frequently usced for the current meas-
urcments does not measure currents slower than its sensitivity, 1.c. 2 cm/s
(Spravochnik..., 1971, 1973). The hvdrodynamic model allows to model
currents slower than 2 cm/s. That is why the measured velocities are usually
higher than the modelled ones.

“a) Lam b) i

Fig. 14. Comparison of surface cur-
i rent velocity in May estimated by the
3 model at the wind W, SW, NW 10 wv/s
and measured mean current velocity:
a) — A profile, b) — B profile, ¢) - C
profile (Places of profiles showed in
Fig. 2)
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The maximum velocity (198.9 em/s) of the near-surface currents was
obtained from the model with the SW blowing, 30 m/s fast wind. However
the highest measured current velocity did not exceed 54 cm/s in spring. It
is understandable that there is a lot of risk to measure current velocities
during the storms. That is why we lack such measurements. Nevertheless,
the current measurements in the Baltic Sea showed that the high current
velocities were obtained quite often in quiet conditions,

The model confirmed the fact that the circulation of water masses in
the study basin is defined by the bottom morphology. An area between the
Klaipéda—Ventspils and Curonian—Sambian plateaus is assumed to be a
submarine bay of the old Nemunas valley, Currents move from promontories
(Klaipéda—Ventspils and Curonian—Sambian plateaus) into the depression
(old valley of the Nemunas river). Such the current system can be defined
as amacro circular cell (Fig. 13). Itis interesting to note that similar circular
cells emerge during the storms in the higher part of nearshore (Shepard,
Inman, 1951; Sonu, 1972; Shchadrin, 1972; Zilinskas, 1993).

CONCLUSIONS

1. Water masses with individual thermohalic properties (near-surface,
transitional, changing-migrating, deep and thermoclimc) were dis-
tinguished 1n the water column of the southeastern Baltic Sea. Their
number vanes from three (autumn) to five (summer).

2. The near-surface, transitional and deep water masses retain their proper-
ties, especially the vertical thermo gradient (0.0-0.2° C/m, 0.0-0.1° C/m
and -0_1° C/m respectively) throughout changing seasons. Properties of
the changing-migrating water masses vary: their vertical temperature
gradient ranges from 0.0°C/m in spring to ¢.3° C/m in autumn. The
thermoclinic water masses forming only in summer have the highest
vertical thermo gradients of 0. 5-0.8° C/m.

3. Boundaries of the deep water masses do not change. Their thickness
reaches 10-15 m 1 summer and 25-30 m in autumn. The near-sur-
face and transitional water masses vary considerably in location and
thickness which amplitude reaches 33 and 40 m respectively. The
near-surface water masses are the thinnest in spring and the thickest
in autumn while the transitional water masses are vice versus.
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4, The resultant direction of multiannual water discharge n the study ba-
sin is pointed towards north, in the same direction as quasi stationary
circulation of the Baltic Sea currents.

5. The dominant current directions vary in the distinct water masses ac-
cording to changing seasons. The two-layered circulation dominates
the basin in spring time: currents are directed to the south in the near-
surface and changing-migrating and to the north in the transitional and
deep water masses. In summer when the thermocline is formed the
northwards directions dominate the water masses above and below it.
The currents flow to the west in the thermoclinic water masses. North
directed currents dominate the water masses in autumn, The northern
directions are complicated by the circulating cycles and head streams
forming in the changing-migrating and transitional water masses.

6. Near the shore, the current flow direction in the transitional and near-
bottom layers depends on the configuration and onentation of shore
line and bottom relief. The latter do not mfluence the current direction
farther offshore except for the near-bottom water masses.

7. The current velocity increases in the near-surface and transitional water
layers with the distance from the shore and depth of the Sea.

8. The vertical distribution of current velocities in the basin of the South-
eastemn Baltic Sea depends on water masses. The current velocity
epiuras change with the increasing number of water masses.

9. Multiannual and seasonal current velocities in the Southeastern Baltic
Sea do not depend on dominant current directions.

10. In normal weather conditions (wind speed up to 10 m/s), the repetition
of current-absent situations did not exceed 1% of all the measurements,
however 1t increased to 16.9% in the transitional and to 29.8% m the
near-bottom layers.

11. The digital 3-D baroclime (POM) model can be used for the assessment
and prediction of the water dynamics in the SE Baltic Sea as it was
confirmed by the comparison of the field measurements and results of
hvdrodynamic modelling,

12. The results of hydrodynamic modelling proved the hypothesis based
on the field measurements stating that a macro circular cell emerges
between the Curonian—Sambian and Klaipeda—Ventspils plateaus at
westerly winds,
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VANDENS DINAMIKOS YPATUMAI PIETRYCIU BALTIJOJE

REZIUME

Netolygus Saulés energijos pasiskirstymas Zemés pavirSiuje is8aukia energijos bei
medziagy apykaita ($ilumos, drégmés, dujy, drusky ir kt.) tarp atmosferos, okeano-
sferos ir litosferos, formuoja ir keidia hidrometeorologines salygas Zeméje. o tuo
paliu ir generuoja vandens cirkuliacija vandenynuose bei jirose. Sios cirkuliaci-
jos déka vairans dydZio okeanosferos baseinnose vyksta tutbulentinis vandens
mai$ymasis. didelio kinetinés energijos kiekio. vandenyje iStirpusiy dujy. drusky,
biogeniniy, organinmg ir maistiniy medziagy persiskirstymas bei pemasa ir t. t.
Aktyvi vandens masiy cirkuliacija — viena 15 svarbiausiy vandens faunos ir floros
gausos bei vairovés klestéjimo salvgu.

Pasaulinégje praktikoje tiriant tiek visos okeanosferos, tiek ir atskiry jos baseiny
vandens masiy cirkuliacija pagrindinis démesys skiriamas sroviy analizei, kuriy
apibendrinta visuma kartu su vandens balanso elementais ir baseino dubens ypaty bémis
daZniavsiai ir nulemia kiekvieno jorinio baseino vandens apvkaitos sistema.

Nors Baltijos juroje ludrodinanuniai ty rimai vykdomi nuo XIX a. vidurio iryra
Zinomi bendriausi jos vandens cirkuliacijos désningumai, tadiau atskiry akvatorijy,
tarp kuriy paminétinas ir Pietryéiy Baltijos regionas (su Lietuvos vandenimis), hid-
rodinaminis reZimas nera pakankamai iStintas, Tokin Ziniy triknmas trukdo geriau
paZinti ir visos Baltijos jiiros hidrodinamikos ypatumus, jvertinti ekologing $ios
akvatorijos biklg bei prognozuoti tolimesne raida. Atsizvelgiant i ribotg Sio darbo
apimtj, darbe nenagringjamos bangos ir vandens lygis. Tiriant vandens dinamikos
ypatumus didZiausias demeésys skiriamas horizontaliai vandens pernagai (sroveéms).

Darbo objektas. Daugiameté ir sezominé vandens cirkuliacija Pietryciy
Baltijoje.

Darbo tikslas. [§tirh Pietry¢in Baltijos juros daugiamecius ir sezonmius
hidrodinamikos ypatumus stratifikuotoje vandens storyméje.

Darbo uzdaviniai:

1. I&tirti PR Baltijos vandens storvmés stratifikacija.

2. T&tirti juros sroviy krypéiy daugiametés ir sezoninés kaitos ypatumus.

3. T&tirti juros sroviy grei¢iy daugiametes ir sezoninés kaitos ypatumus.
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4, Sumodeliuoti tiriamojo rajono stoviu greiciy ir krvpéiy pasiskirstyma, esant
vairioms hidrometeorologinéms saly goms bei palyginti modeliavimo ir
natiirinin tyrin rezoltats.

Ginami teiginiai;

1. Pictrytingje Baltijos jiiros dalvje vandens storyme sudaro vandens masés,
pasiZzyminCios individualiomis termohalinémis savybémis. Vandens masin skaiius
ir juy i$plitimo ribos keitiasi mety bégyje.

2. Tiriamojo rajono jiires sroviy krypéiy kaitai erdvéje ir laike Zenkln poveiki
daro vandens masés ypatumai ir dugno morfologija.

3. Tiriamojo rajono jiiros sroviy greidin kaita erdvéje ir laike priklauso nuo
vandens masés ypatumy. akvatorijos gylio ir atstumo nno kranto.

4. Ivairinose jiiros gylio horizonose sroviy greiciai nepriklauso nue sroviy
krypties.

5. Taikant, tridimensini baroklinini POM (Princeton ocean mode!) modelj
aprobuoty A. Jankowskio, galima pvertinti PR Baltijos vandens dinamikos ypatumus
esant jvairioms hidrometeorologinéms saly goms.

Ivados:

1. Pietrytinés Baltijos juros vandens storvmeéje iéskirtos individualiomis
termohalinémis savybémis pasiZyminéios vandens masés (paviriing, tarping,
kaiti-migrojanti, giluminé ir termoklining). kurin skaic¢ins kinta nuo trijy
{mdeny) iki penkiu (vasarg).

. Pavirsing, tarpiné ir giluminé vandens masés pasiZzymi gebéjimu keidiantis
sezonams iflaikyti savo savybes, ypa¢ vertikaly temperatiros gradienta
(atitinkamai 0,0-0,2 °C/m, 0,0-0,1 °C/mir -0,1 °C/m). Kaiios-migruojancios
vandens masés savybés keiiasi: jos vertikalus temperatiiros gradientas kinta
mo 0.0 °C/m — pavasari iki 0,5 °C/m - rudeni. Termoklining, kuri susidaro tik
vasara, turi didZiausius vertikalius temperatiiros gradientus 0,5-0.8 °C/im.

b2

[#]

. Matiausiai kinta giluminés vandens masés paplitimo ribos. Jos storis pavasarj
sickia 10—15 m, o rudenj 25-30 metry. Didziausia riby ir storio kaita pasizymi
pavir§iné ir tarpiné vandens masés, kuriy storio kaitos amplitudeé siekia atitinkamai
35 mir 40 metry. Pavir$iné vandens masé bana ploniausia pavasary ir storiausia
rudeni, o tarpiné vandens masé biina storiausia pavasarj ir ploniausia rudeni.

34



4, Tiriamos akvatorijos daugiametés vandens pernasos krypties atstojamoji.
vyraujanti visoje vandens storvingje, nukreipta 1 §iaurg. Jos kryptis sutampa
su kvazistacionaria Baltijos jiros sroviy cirkuliacija.

5. Vyraujanti sroviy tekejimo kryptis atskirais sezonais priklauso nuo vandens
masiy. Pavasar] tiriamoje akvatorijoje vyrauja dvisluoksné cirkuliacija:
pavir§ingje ir kaifioje-migruojanéioje vandens maséje srovés daZniausiai
nukreiptos i pietus, o tarpingje ir giluminéje — i Siaurg. Vasara, susidarius
termoklinai, ank&&ian ir Zemiau jos esandiose vandens masése vyrauja i Siaure
nukreiptos sroves, o termoklininéje — 1 vakarus. Rudenj vandens masése
vyrauja Siaurinés krypties t¢kmes, kunas komplikugja cirkuliaciniai Ziedai
ir priedpriediniai srautai, susidarantys kaiioje-migruojancioje ir tarpinéje
vandens masése.

6. Prickrantéje stoviy tekéjimo krypti paviriniame. tarpiniame ir priedugniniaime
sluoksninose apsprendZia kranto konfigiiracija ir orientacija bei dugno reljefas,
o tarpu giléjant jiirai dugno reljefo poveikis sroviy tekéjimo krypéiai jaudiamas
tik priedugmmiame sluoksnyje.

7. PavirSiniame ir tarpiniame sluoksniuose tinamoje akvatorijoje srovig greiciai
didéja, tolstant nuo kranto ir didéjant gyliams.

8. Vertikalus sroviy greiiy pasiskirstymas Pietry¢iy Baltijos vandens storyméje
priklanso nuo vandens masiy. Didéjant vandens masiy skaidiui sroviy greifin
epifiros pobiidis kinta.

9. Daugiamediai ir sezoniniai srovin greic¢iai Pietry&iy Baltijos vandens storyméje
nepriklause muo vyranjanciy sroviy krypéing.

10. Ramiu oru (véjo greitis iki 10 m/s) pavirSiuje sroviu tykos pasikartojimas
nevirtijo 1% visy matavimo atvejy, tarpiniame sluoksnyje — padidéjo iki 16,9%,
o priedugnéje iki 29,8%.

11. Atliktas natiiriniy duomeny ir hidrodinaminio modeliavimo rezultaty palygi-
nimasg parode. kad skaitinis tridimensinis baroklininis (POM) modelis gali buiti
taikomas PR Baltijos vandens dinamikos vertinimui ir prognozavimui.

12. Hidrodinaminis modeliavimas patvirtino natirinin duomem; analizés
metu 15kelty hipoteze, kad tiriamajame rajone, puciant vakary krypties
véjui, tarp Kurdiy—Sambijos ir Klaipédos—Ventspilio plynauk$éin susidaro
makrocirkuliacine celé.
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