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Chapter 1 Introduction
1.1 Introductory remarks
The Baltic Sea, with its gentle temperament and astonishing beauty, has in many
centuries served millions of people in the nine neighbouring countries. It has brought
prosperity and progress through its vast resources and the diversity of its nature. Let
us hear Anna Akmatova's (1889-1996) voice:

"The land, although not homeland
yet ever there in memory,
the sea's icy water
neither salty nor tender.
The air intoxicating like wine,
the pink nakedness of the pines
in the evening sunshine."
Yet the environmental costs have been high, partly driven by insufficient
understanding of the Sea and its marine environment, and partly fuelled by nonsustainable growth demands. In spite of the Baltic Sea HELCOM agreement signed in
1974, the state of the Baltic Sea has worsened (http://www.helcom.fi). Nutrient levels in
the water and sediments are high, and poor oxygen conditions and “dead bottoms”
exist in large archipelago areas of both Sweden and Finland. Various problems are
encountered:


Accumulation of heavy metals affecting fish.



Climate change impact.



Increase in ship transport.



Increased nutrient loads causing eutrophication.
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According to HELCOM (see the section on environmental considerations) despite
substantial changes in land use, atmospheric deposition and wastewater treatment in
many parts of the study area, the total riverine loads of nitrogen (N) and phosphorus
(P) to the Baltic Sea have been constant since 1980, and most likely since 1970.
However, during the past decades there have been considerable efforts towards a
better and more sustainable management of the Baltic Sea. The focus has been on
areas related to the hydrodynamic, water quality, marine environment, and ecobiological problems. Testimonies to this effort are numerous research publications,
executive reports, and textbooks. The result of this effort is better understanding of
the processes and dependencies, which have led to various measures to reduce
environmental pressures specific to the Baltic Sea.
In the beginning of 2009, a new project called SEABED was formulated as part of the
Central Baltic INTERREG IVA Programme (https://web.abo.fi/seabed). The aim was
to address the internal phosphorus loading in Svealand, Åland, southwest Finland and
west Uusimaa archipelagos using coupled 3D hydrodynamic and water quality
models. The main project objectives were:


To improve the situation in the Baltic Sea by creating tools for the
management of the archipelago areas affected by eutrophication.



To quantify internal loads of phosphorus.



To create scenarios for the effects of climate change and possibly ecoengineering measures in the Baltic Sea region.

The hydrodynamics of the Baltic Sea was an important component of the SEABED
project. The hydrodynamic model outputs of velocity vectors, sea temperature and
salinity were used to drive the water quality models. The present work deals entirely
with the hydrodynamics of the Baltic Sea. We have applied a fully calibrated and
validated three-dimensional hydrodynamic model to the entire Baltic Sea for the
period 2000-2009 (10 years). Our aim was to obtain a scientific understanding of
specific hydrodynamic characteristics and to provide the input variables for the water
quality modeling. The novelty of our approach lies in the implementation of transient
river inflow boundary conditions, close examination of the bathymetry and the forcing
meteorological condition. The other new aspects are the extensive application of the
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Particle Tracking Model (PTM) and vortical structure of the Baltic Sea. The
objectives of the PTM simulations were to analyse the intra-exchange processes
between the Baltic Sea basins and to estimate the arrival times and the paths of
particles released from the rivers. We believe the application of PTM to the Baltic Sea
is new regarding its coverage of all the basins and the simulation period. The focus
was on determining the path and arrival times of deeper water masses rather than the
surface masses. The characteristics of the vortical structures in the Baltic Sea in
horizontal and vertical planes are derived from the velocity fields for the period 20002009. In this respect, the novelty of our work is in providing new insight into the type
and dynamics of these structures in the Baltic Sea, which has not been done in
previous studies. We have also done an in-depth analysis of the stratification and the
volumetric exchange rates between the basins of the Baltic Sea. We present the results
in four main chapters on stratification, exchange rates, vortical structure and particle
tracking.
In this introductory chapter, the reader is invited to a short journey into the present
state of knowledge on the Baltic Sea. We cannot possibly do justice to all the
available extensive work, but focus on some of the important aspects that are most
relevant for our work. Starting with a brief summary of the fascinating history of the
Baltic Sea, various known environmental problems are discussed. Finally, we present
a brief overview of the main hydrodynamic characteristics of the Baltic Sea.

1.2 The history of the Baltic Sea
The Baltic Sea in many ways is a unique water body, which is only ca. 8000 years old
in its present form. The semi-closed shallow basin system, the positive water balance,
and the brackish water make the sea unique. There is a significant variation in salinity
and water temperatures from the northern parts of arctic climate conditions to the
warmer climate zone in the south. The implication is the diversity of its ecosystem.
The available literature supports the hypothesis that the Baltic Sea was formed in
several different stages ranging from 130 000 BP to present time. The Baltic Sea
depressions, i.e., Gulf of Finland, Riga, Easter Gotland, Gotland, and Gdansk, formed
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as tectonic depressions before glaciations (Garetsky et al. 2001, Ŝliaupa 1995, Ŝliaupa
and Hoth 2011). These depressions date back to the Cenozoic period, which makes
them much older than the Baltic Sea. However, there is some debate on the formation
of the depressions, among which is glacial erosion processes and the tectonic origin.
Ŝliaupa and Hoth (2011) support the latter hypothesis that took place before
glaciations. However, it is also stated that glacial erosion of the sub-Quaternary
surface has contributed to the depth and formation of the depressions. Here, we can
conclude that the semi-closed basin system in the Baltic Sea is mainly of tectonic
origin. The formation of the basin system in the Baltic Sea reminds us of the lake
overtopping hypothesis concerning the origin of the Grand Canyon and the Colorado
River.
The Baltic Sea Basin book edited by Harff et al. (2011) presents a comprehensive
account of the Baltic Sea evolution, in particular the chapter by Andrén et al. (2011)
on the Baltic Sea development during the last 130 000 years. Here, we provide a short
summary on the foregoing reference (see Björck 1995, Andrén 2011, and Vassiljev
2011) as well as on many online Wikipedia articles. The various stages of the Baltic
Sea development are listed below, and are illustrated by the aid of Figures 1.1a to
1.1f.


Eemian Sea (130 000–115 000 BP) was located roughly over the same area as the
current Baltic Sea. The sea level was 5-7m higher globally than the present day
(see also van Kolfschoten 2000).



Baltic Ice Lake (12 600–10 300 BP) followed a period of massive glaciations,
which marked the end of the Eemian Sea (see also Tikkanen and Oksanen 2002).
Vassiljev et al. (2011) believe the Baltic Ice Lake was reconstructed at five levels
between 13 300 BP and 11 7400 BP.



Yoldia Sea prevailed during 10 300–9500 BP after the Baltic Ice Lake was
drained to the sea level during the Weichsel glaciations. It is interesting to note
that the development of Yoldia Sea had three phases of which brackish water
existed only during the middle phase (see also Mörner 1995).



Ancylus Lake (9 500–8 000 BP) was a fresh water body that replaced the Yoldia
Sea after the latter had been severed from its saline intake across central Sweden

Introduction

1-5

by the isostatic rise of south Scandinavian landforms (see Feldens and Schwarzer
2012). The major river Götaälven was formed at the outlet of the Lake to the
Atlantic.


Mastogloia Sea (8 000–7 500 BP) developed following the formation of a new
outlet at the Great Belt due to falling level of the Ancylus Lake (Björck 1995,
Donner 1995). Some amounts of salt water penetrated into the Baltic basin
through the Danish straits, to mix with the vast freshwater body. This event took
place during the time of rapid global sea level rise due to the melting of the great
ice age ice sheets (Fleming et al. 1998). The Mastogloia Sea had slightly brackish
conditions. It is interesting to note that the Baltic became distinctly brackish
between 8000 and 7000 years ago. The process started from the southern parts
closest to the ocean, spreading therefrom into central Baltic and finally reaching
the Gulfs of Finland and the Bothnia (see Björck 1995). There is evidence that the
water level in the southern Baltic Sea was at least 17 m below the present level
(Uścinowicz et al. 2011) during 8 000–7 920 BP. This suggestion is supported by
the newly discovered remains of alder forest in the Gulf of Gdansk at the depth
16-17m (same reference).



Littorina Sea (7 500–4 000 BP). The arrival of complete brackish conditions in the
Baltic marks the beginning of the Littorina Sea (Miettinen 2004). The Littorina
Sea was a period of sea level raise floods and maximum salinity during the
warmer Atlantic period of European climate history. The sea contained twice the
volume of water and covered 26.5% more surface area than it does today
approximately 4500 BP. At the end of the period modern landforms appeared,
including the lagoons, spits and dunes currently visible (Wefer et al. 2002).



Post-Littorina Sea 4 000 BP–present. The Limnea Sea 2 500 BP was the transition
stage of the Baltic Sea to a more current stagnant phase.

The analysis time series of sediment deposition between roughly 900 and 1 500 years
ago revealed remarkable periodicities (Harff et al. 2011). They suggest the periods
correspond to the global climate change effects on the Baltic Basin sediments.
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Figure 1.1a Yoldia Sea ca. 11 700 BP
(Andrén et al. 2011)
By courtesy of Dr Andrén

Figure 1-1c Yoldia Sea ca
9 500 BP (Wikipedia)
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Figure 1.1b Ancylus Lake ca 10 500 BP
(Andrén et al. 2011)
By courtesy of Dr Andrén

Figure 1.1d Ancylus Lake
ca 8 700 BP (Wikipedia)
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7 000 BP (Wikipedia)
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Figure 1.1f The Baltic Sea
present time (Wikipedia)

1.3 Environmental considerations
1.3.1 General aspects
The Baltic Sea environment is monitored by the international agency HELCOM
(Baltic Marine Environment Protection Commission - Helsinki Commission), which
was founded in 1979 to protect the marine environment of the Baltic Sea. The
cooperating countries are Denmark, Estonia, the European Union, Finland, Germany,
Latvia, Lithuania, Poland, Russia and Sweden. The agency's vision for the future is
“A healthy Baltic Sea environment with diverse biological components functioning in
balance, resulting in a good ecological status and supporting a wide range of
sustainable economic and social activities.” (http://HELCOM.fi/). HELCOM has
published several periodic reviews of the state of the Baltic Sea since 1993 (e.g.
HELCOM 2012, HELCOM2010, HELCOM2005, and HELCOM 2003, HELCOM
1997). Since 1980, HELCOM has also published 162 proceedings on various topics
such as agriculture, industrial release, fisheries, monitoring assessments, and shipping.
Here, we aim to give a short summary on main findings and recommendations with
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the focus on eutrophication. The summary will not do justice to the enormous
research articles and publications. The main sources of the summary are the various
HELCOM reports (for a complete list, see (http://HELCOM.fi/HELCOM-atwork/publications/baltic-sea-environment-proceedings) as well as a major book on
the ecology of Baltic Sea coastal waters edited by Schiewer (2008).
In spite of the Baltic Sea agreement, the state of Baltic Sea has deteriorated. Nutrient
levels in the water and sediments are still high, and poor oxygen conditions and “dead
bottoms” exist in large archipelago areas of both Sweden and Finland.

1.3.2 Eutrophication
Eutrophication is driven by the addition of nitrates and phosphates, which are mainly
supplied by fertilizers or sewage. HELCOM 2007 has identified eutrophication as the
main environmental problem of the Baltic Sea ecosystem. The extensive coverage of
the basic Baltic Sea marine environment in 1999–2002 by the Helsinki Commission
HELCOM (2003) reports two main problems regarding changing nutrient loadings
and eutrophication, oil pollution, and ships. One is the serious threat to the marine
environment of the whole Baltic Sea by present commercial fishing practices and the
other is increasing maritime transport in the Baltic.
HELCOM finds the problems significantly worsened regarding oxygen depletion and
eutrophication induced by nutrient pollution. Since the early 1980s, a steady increase
in phytoplankton biomass has taken place in the western and northern Baltic, the Gulf
of Finland and the Bothnian Sea. However, good progress has been achieved in
reducing nutrient external loading by 50% that was set for the period 1988-1998. To
have a better understanding of the actual loads, we plot the data on nitrogen and
phosphorus inputs to the surface water of the Baltic Sea during 2000 (HELCOM
2004).
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Input of Phosphorous in 2000, percentage of total 41 219 tonnes

Input of Nitrogen in 2000, percentage of total 822 240 tonnes

Figure 1.2 Distribution of phosphorus and nitrogen inputs into the surface
water of the Baltic basins in 2000 (data source HELCOM 2004 & 2005)

Figure 1.2 shows the maximum loads supplied to the Baltic Proper that includes the
Gotland basins. The input of nutrients is either waterborne or airborne. For instance,
for 2000 data the estimated airborne input of phosphorus was about 1-5% of the total
whereas airborne nitrogen was 25% of the total. However, there are considerable
annual variations of P and N loads. For instance, the annual average values reported
by HELCOM (2010) in the period 1994-2006 were:


P points source 22 000 - 40 000 tonnes



N point source 500 000 - 900 000 tonnes



N atmospheric 180 000 - 220 000 tonnes
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The data suggest that for an effective reduction of the loads both land based and
atmospheric inputs of P and N must be considered. Here, agriculture is a significant
source that amounts to about 50% for both P and N.
To assess the ecological and environmental status of the Baltic marine environment,
HELCOM (2010) suggest an Ecological Quality Ratio (EQR value), which represents
the relationship between the observed value of an ecological parameter in a water
body and the value for that parameter in reference conditions applicable to that water
body. The EQR has a numerical value between one (best) and zero (worst). Here, an
important aspect is the ecosystem status of the Baltic Sea that can be seen from the
ecosystem heath assessment Figure 1.3 suggested by HELCOM (2010).

Figure 1.3 Interim assessment and classification of the ecosystem in the Baltic Sea
according to HELCOM (2010)

Figures 1.3 confirms that in similarity with Figure 1.2, the Baltic Proper is the most
polluted region of the Baltic Sea. Hansson and Öberg (2008) found a high
concentration of cyanobacterial blooms in the Baltic Proper in July 2008. In the
Bothnian Sea, blooms lasted to the end of August. The first extensive surface
accumulations appeared in the southern half of the Baltic Proper on 2 July. Some
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studies specifically addressed eutrophication in the various gulfs and basins of the
Baltic Sea. An increase of the area covered by cyanobacteria blooms was detected by
Kahru et al. (1994) using data from the Advanced Very High Resolution Radiometer
(AVHRR) on the NOAA series of satellites for the period 1982-1993. They found
visible accumulations appeared from 1992, for the first time in the Gulf of Riga that
reappeared, in the western Gulf of Finland, after being absent from 1984. It seems that
the bacterioplankton production in the Bothnian Bay is supported by allochthonous
sources (Heinänen 1992). The same study indicated the available sources in the
Bothnian Bay control bacterioplankton.
An important issue is the distribution of nutrients in the bottom sediments of the
Baltic Sea. Müller (1997) investigated the distribution of nutrients (i.e. water content,
organic carbon, nitrogen and phosphate concentrations) in the upper 20 cm of coastal
marine sediments off southwestern Finland and the Archipelago Sea. They found
oxygen depletion to increase in the sediments due to higher organic carbon contents.
Sediments showed increasing water and organic carbon contents and decreasing C/N
ratios towards the Archipelago Sea. However, no significant variation was found in
phosphate values in the sediments along the transect, but phosphate values increased
towards the surface.

A major factor of the anthropogenic pressure on the Baltic Sea is potential oil
pollution (Kachel, 2008). Here, an important challenge is the assessment of the
regions that are particularly vulnerable. In a recent work (Delpeche–Ellmann and
Soomere 2013), the vulnerability of the fairway of pollution point sources in the Gulf
of Finland is assessed for the period 1987-1991. Using a TRACMASS Lagrangian
trajectory, they suggest a huge decrease in the amount of pollution is possible by just
shifting the fairway by a small distance to the south.
One fundamental issue is the source of organic matter that enters into the Baltic Sea.
The main transport path is through the rivers with five rivers of Vistula, Neva, Oder,
Daugava and Neman that carry most of the loads (HELCOM 2004). The rivers
Vistula and Oder are the major contributors to the Baltic Proper. The Gulf of Finland
and the Gulf of Riga are supplied by the Neva and Daugava (BACC, 2008). Table 1.1
summarises the P and N loads carried by the four major contributors. The Baltic
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Proper and the Gulf of Finland receive 75% N and 17% N of the total N load,
respectively. 50% of the total P load enters the Baltic Proper. It is apparent that the
main sources of phosphorus are the major rivers in the southern Baltic region. This is
an important result, as phosphorus is regarded to be the main nutrient for Baltic Sea
eutrophication management. It is encouraging to learn that the loads from Swedish
and Finnish rivers are comparatively low. In some of the major contributing rivers,
the emission of phosphorous initially decreased in 1950s but increased again in recent
years. An example is the loads from the Oder River in three different periods
(Schernewski et al. 2008):


1958-1962:

5 966 tonnes/year (50% agriculture and 50% settlement)



1988-1992:

15 488 tonnes/year (23% agriculture and 78% settlement)



1998-2002:

9 360 tonnes/year (45% agriculture and 55% settlement)

However, only 41% of the loads enter the Oder Lagoon due to phosphorus retention
in the river (same reference).
Table 1.1 Riverine phosphorous and nitrogen discharges into Baltic in 2000
(Source HELCOM 2004)
River
Vistula
Neva
Oder
Neman

Phosphorous (tonnes)

Nitrogen (tonnes)
7490
52 500
3 750
1 840

117 000
52 500
53 600
46 830

There is also a considerable release of metals into the Baltic Sea through the rivers
Vistula, Neva, Daugava, and the Polish coast. Table 1.2 gives a summary of the loads
for five major metals from these rivers in the period 2005-2007.
Table 1.2 Riverine metals discharged into Baltic in 2005-2007 (Source HELCOM 2010)
Component
Cadmium
Lead
Mercury
Nickel
Zinc

Loads (tonnes)
0.19-9
4-27
0.06-08
0.24-84
40-330

Maximum load in River
Vistula
Vistula
Polish coast
Neva
Daugava
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The last column lists the river that carries maximum loads. The table shows that zinc
is higher than the other four metals by several factors. The low values are for the
Swedish and Finnish rivers. However, zinc loads from Swedish rivers are rather high;
for instance, the load from the river Dalävlen is 146 tonnes/year.
An important source of phosphorus is seafloor sediments, which enhance
eutrophication. The bounded phosphorous is easily released during periods of anoxia
(Vallius et al.2011). The same reference states that eastern Gulf of Finland contains
more than 330 000 tonnes of P2O5 which is equal to 175 000 tonnes of elementary
phosphorous. The possible release of P loads from the sediment is alarming in
comparison with the riverine loads (Table 1.1).
We close this section on eutrophication by providing a summary of the Schiewer's
(2008) region-wise classification:


Phosphorus is rather limited in the Bay of Bothnia and the Sea of Bothnia. The
main reasons are geological composition of the catchment, low water
temperature and salinity, resulting in low biodiversity.



Coastal waters are shallow and have a limited capacity to handle the increased
nutrients loads.



The eutrophication is much greater in the southern and eastern Baltic than the
northern and western Baltic.



There is considerably higher phytoplankton diversity in the southern and
eastern Baltic than the open sea.

Finally, we summarise the sources based on the previous discussion and data:


Gulf of Finland: the river Neva



Gulf of Riga: the river Daugava



Baltic Proper: the rivers Oder and Vistula



Main source of nutrients in the Archipelago Sea is agriculture and fish farming
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1.4 Hydrodynamics of the Baltic Sea
1.4.1 General features
The hydrodynamics of the Baltic Sea has been the subject of intensive research since
the 1930s. The bulk of available journal articles and other publications is vast,
exceeding several hundred. There are also several excellent books covering all the
aspects, including the following:
1. “Physical oceanography of the Baltic Sea” (Leppäranta and Myrberg, 2009) in
ten chapters covers different subject areas from history and geography to the
future of the Baltic Sea. In particular, the chapter on circulation is extensive.
2. “State and evolution of the Baltic Sea”, 1952-2005 (Feistel et al. 2008). The
book provides detailed coverage of a number of important topics, such as
meteorology and climate, chemistry and biology.
3. “The Baltic Sea Basin” (Harff et al. 2008) summarises the results of a special
Symposium “The Baltic Sea Basin”, held on 11 August 2008, within the frame
of the 33rd IGC (Oslo, Norway). The various articles in the book focus on the
evolution of the Baltic Sea.
The hydrodynamics of the Baltic Sea are highly dependent on the salinity exchange
with the North Sea. The salinity of the Baltic Sea has slowly decreased from high
values during the Limnea Sea stage to its present brackish state. There appear to be
three different salinity periods of the brackish state in the Baltic Sea in the past
century. These are very high salinity levels during the 1950s, minimum salinity in the
period 1992-1993, and the present salinity level. A middle period, which is also
known as the stagnation period, has a longer time span of 1983-1993 (Meier 2001).
One hundred years of the hydrological measurements show no important change in
sea salinity during the 20th century (Fonselius and Valderrama 2003). Here two
important aspects are the salinity variations, which appear to be natural oscillations in
the flow regime and the migration of the high saline water as far north as the Bay of
Bothnia. Exceptionally high flow events in the Baltic Sea also took place in 20022003 (Lehman et al. 2004). They found a dense bottom pool formed in the Arkona
Basin by highly saline water, which often penetrates into the Arkona Basin. The flux
of a dense bottom current into the Bornholm and Gotland Basins can take several
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months, which is controlled by prevailing atmospheric conditions. In January 2003,
an exceptional inflow of highly saline and oxygenated water into the Baltic Sea
occurred, which is considered as the most important inflow since records begun. The
inflow effectively changed the oxygen and saline conditions in the deep basins of the
Baltic (same reference). The importance of understanding of salt intrusion from the
North Sea is due to its dominant role in ventilating deep layers of the Baltic Sea
(Tellus 2004).
The intrusion of the saline waters of the North Sea is balanced with the freshwater
outflow from the Baltic Sea. It is interesting to note that the influence of the
freshwater extends beyond the Baltic Sea open area. Maslowski and Walzcowski
(2002) suggest that the Baltic Sea plays a major role in modifying the Atlantic water
properties. The implication of the suggestion is the need for a coupled approach that
includes the Atlantic.
The physics of the Baltic Sea can be considered in terms of the forcing conditions and
the actual mixing processes. The former concerns the freshwater flux, wind, and
density induced flows. There is also a tidal component, which is normally negligible
in the case of the Baltic Sea. Mixing has several different parts of barotropic and
baroclinic exchanges, deep inflow driven by downwelling, internal mixing and
circulation, internal mixing by trapped waves or boundary mixing, and radiation
exchange within the thermocline layer. Most of the foregoing features have a
universal character that prevails in large water bodies. In oceans, the tidal forces play
a major role in contrast to the Baltic Sea. To summarise some of the specific features
of the Baltic Sea, we refer to Omstedt et al. 2004, who present the state of knowledge
on the various hydrodynamic features of the Baltic Sea as follows:


The mixing processes at the open area to the North Sea controls the
dynamics of the Baltic Sea.



The various straits in the Baltic Sea are of fundamental importance to
mixing and exchanges processes. The Stople Channel is the main
contributor as high saline water from the Bornholm Basin overflows
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into the Channel. The process enhances the renewal of the Baltic
Central Basin deep waters (for details, see Borenäs et al. 2007).



The total outflow long-term mean from the Baltic Sea is about 2 522
km3/year. The river runoff is about 448 km3/year, excluding the Belt
Sea and the Kattegatt.



Transient Kelvin and boundary-trapped waves are created by
fluctuating wind in the Gulf of Finland, Western Gotland, and the
Western Baltic.

There is a large scatter in the estimates of the total outflow. The extreme values
correspond to the years with exceptionally high freshwater inflows. For instance, in
1981 the total inflow was 2 113 km3/year, which corresponded to a total freshwater
inflow of 658 km3/year (Omstedt and Nohr 2004). Soskin (1963) gives an estimate of
1 660 km3/year in the period 1898-1944, which is a more representative mean (see
section 1.4.3).
An additional process is upwelling-downwelling in the coastal areas of the Baltic Sea
that contributes to vertical mixing. Previous research results shows that coastal
upwelling has the highest persistency with a clear location correlation with the wind
direction (Myrberg and Andrejev 2003).

1.4.2 Circulation
Circulation is probably the most important hydrodynamic feature of large water
bodies from lakes to oceans. There are two possible modes of barotropic and
baroclinic depending on the forcing conditions. In the former case, the circulation
pattern is set up by a pressure gradient in waters that are homogenous (density
depends only on pressure). Baroclinic circulation is driven by a density gradient,
which in turn is due to gradients in water temperature and salinity. Baroclinic
circulation is commonly known as thermohaline circulation, which is a part of largescale ocean circulation driven by the global density gradients. The freshwater fluxes
play a major role in the general circulation patterns. A large-scale example is the wind
driven Gulf Stream. The dominant circulation in the Baltic Sea is of the baroclinic
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type because of the strong temperature and salinity stratifications. The driving
mechanisms are forcing meteorological conditions, especially the wind speed and its
direction, the sea surface slope, and the horizontal density gradient setup by
temperature and salinity differences. The baroclinic mode is related to the phase
speed of long baroclinic waves, which are represented by the Rossby number or
Rossby radius of deformation. This radius is an important length scale for analysing
circulation in large water bodies. In the case of the Baltic Sea, the mean radius is
about 5km (Feistel et al. 2008). Osiński et al. (2010) computed the baroclinic Rossby
radius of deformation (Rr) based on an 11-year series of high-resolution CTD
measurements. The data set covered the three main basins of the Baltic Proper, the
Bornholm Basin, the Gdańsk Basin and the Słupsk Furrow. They found the smallest
mean value of the radius in the Gdańsk Basin (5.2 km) and the largest in the
Bornholm Deep (7.3 km). The seasonal variability of Rr is lower in the western basin
than in the eastern one. They also suggested that the values of the radius are expected
to be lower in the future climate due to the potential influence of climate change on
Baltic Sea salinity.
There is a general agreement that the mean circulation in the Baltic Sea is cyclonic
(Meier et al. 2006). The understanding is based on the first observations made by
Witting (1912) and Palmen (1930). The cyclonic pattern has higher persistency in the
Baltic Proper especially around the Gotland Island. However, there is also evidence
that the circulation in the Baltic Sea is unstable having an oscillating character on
different time scales (Otsmann et al. 2001). There is considerable research on
circulation patterns in the Baltic, which amounts to about 50% of the published
works. The high publication rate is an indication of the importance of understanding
the circulation patterns in the Baltic Sea. It is useful to divide the works into three
categories: surface circulation, deepwater circulation, and ventilation. The main
variables are the flux of the freshwater, water exchange with the North Sea, and the
flux of saline water from the North Sea.
In an earlier work, Hagen and Feistel (2001) confirmed the cyclonic circulation with a
velocity of about 2.5 cm/s. Their results were based on measured half hourly and
hourly temperature series of 326-436 days of the inflow of warm but dense deep
water. The measurements were taken during the winter 1997/98 at two positions in

Introduction

1-18

northeast and southwest of the Eastern Gotland Basin. The circulation was along the
deep bathymetric contours and pointed toward the northwest part of the northeast
position. The Gulf of Finland presents an interesting case, as the circulation is driven
by a strong outflow close to the Finnish coast and an inflow from the Estonian coast
(Andrejev et al. 2004). Myrberg & Andrejev (2006) applied a three-dimensional
numerical model to estimate the mean circulation, water exchange and water age in
the Gulf of Bothnia with a 10-year simulation. They confirmed the early findings by
Witting (1912) and Palmen (1930) that a mean cyclonic circulation takes place both in
the Bothnia Sea and in the Bothnia Bay. However, their results showed the existence
of mesoscale circulation features including coastal ‘jets’, which were not reported in
the Witting-Palmen studies.
Meier (2007) found an intense vertical circulation of freshwater in the Gulf of
Bothnia. The result was based a three-dimensional model using passive traces to mark
the water masses in the basins. He concluded that the downward flux across the
halocline was balanced by the upward advective-diffusive fluxes.
The characteristics of mesoscale in the Baltic Sea have so far received limited
attention. There are two main studies for the southern basins of the Baltic Sea. Here,
the intrusion of heavier water is considered to play a major role in generating some of
the mesoscale cyclones. Zhurbas and Paka (2003) studied the formation processes of
mesoscale cyclones observed in the Eastern Gotland Basin following the dense water
inflows. The dense water enters the basin from the Slupsk Furrow. The bottom
intrusion of saline inflow water splits into two different directions. One migrates
northeast towards the Gotland Deep, and second migrates southeast towards the Gulf
of Gdansk. The inflow pulse generated an intensive mesoscale cyclonic eddy at the
east of the Slupsk Furrow. A number of smaller cyclones were detected that formed in
the permanent halocline along the saline intrusion pathway to the Gotland Deep
water. Gade et al. (2007) confirmed mesoscale surface currents in the Northern and
Central Baltic Proper. They computed the currents using multi-sensor / multi-channel
satellite images.
Another important phenomenon is the occurrence of a number of counter-rotating
vortices at the water surface known as Langmuir circulation (LC) (Langmuir 1938).
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LC play an important role for surface water mixing and circulation (Kukulka et al.
2009). The interesting feature is the limited downward propagation, which is in the
order of meters. It implies that LC will not penetrate the pycnocline. Regarding the
Baltic Sea, we cite one study by Chubarenko et al. (2010) that confirms the existence
of LC patterns in the basins of Vistula Lagoon and Darss–Zingst Bodden Chain
during moderate winds.

1.4.3 Flux transports
The hydrodynamics of the Baltic Sea is significantly affected by the barotropic flux of
water masses from the Belts and Öresund. The key aspect is the transport of salt and
heat fluxes, which have notably different properties from the ambient brackish waters
of the Baltic Sea. The influx of the salt water from Kattegatt causes the renewal of the
deep water in the Baltic Proper. The Swedish Meteorological Institute (SMHI) has
monitored the inflows and outflows, salinity and oxygen levels through the Belt and
the Sound for more than 100 years. The inflows are classified into three groups of
small (≈ 100 km3), medium (≈ 100 -200 km3), and large inflows (200-300 km3). Very
large

inflows

are

defined

as

being

greater

than

300

km3

(SMHI:

http://www.smhi.se/en/theme/inflows-to-the-baltic-1.13097). SMHI reports several large

inflow events, i.e. 330 km3 in 1897, 300 km3 in 1906, 510 km3 in 1922, 510 km3 in
1951, and 300 km3 in 1993/94. Large inflows occurred in 1898 (twice), 1900, 1902
(twice), 1914, 1921, 1925, 1926, 1960, 1965, 1969, 1973, 1976 and 2003. It is also
reported that 41 medium inflows have occurred since 1898.
Early estimates of the water outflow from the Baltic Sea are based on sea water level
differences between the Baltic and the North Seas. In the period of 1898-1944, Soskin
(1963) reports a value of about 1 660 km3/y which is 3.46 times higher than the
present freshwater inflow to the Baltic Sea. The annual inflow from Kattegatt into the
Baltic Sea is about 1180 km3 (Soskin 1963). However, the net outflow is equal to the
freshwater flux of about 480 km3/year. In an interesting study, Stigebrandt and
Gustaffson (2003) suggest that at a mean freshwater supply of about 1920 km3/y, the
Baltic Sea would become fresh, which corresponds to a 4-times increase in the present
inflow. The increase is a possible scenario should melting of the glaciers continue at
its present rate (see Ekman 2009). The negative impact of decreased salinity of the
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Baltic Sea on the marine environment would be profound. Baltic Sea 2020 reports that
"the numbers of marine species decrease from more than 1,000 in Kattegatt to only 50
in the Gulf of Bothnia and in the Gulf of Finland, where fresh water species begin to
dominate" (http://www.balticsea2020.org/english/the-baltic-seas-challanges ).
Another important issue is the volume exchange rates between the different basins of
the Baltic Sea. Several studies have addressed the issue, among which the work of
Lehmann & Hinrichsen (2002) is most comprehensive. They calculated the fluxes of
volume, heat, and salt along the cross sections between the major basins of the Baltic
Sea with the focus on Arkona Bornholm basins for the period 1979-1999. The fluxes
showed strong seasonal and inter-annual variability, which is controlled by the
atmospheric conditions. The deeper saline layer is compensated with the surface low
saline layer. Heat and salt are imported into Bornholm Basin through the Bornholm
Channel. The changing flux characteristics control the stratification variability of deep
basins of the Baltic Sea. In the Arkona Basin, the calculated mean long term fluxes of
water, heat and salt were 1.626x104 m3/s(520 km3/y), 1.88x104 m3/s, (601 km3/y)
5.246x1011 J/s, respectively. The fluxes through the Bornholm Channel have roughly
the same magnitude, but the salt and heat fluxes are higher through the Stolpe
Channel.

1.4.4 Ventilation and vertical mixing
The mean stratified structure of the Baltic Sea consists of a three-layer system of
thermocline, pycnocline, and deep layer. Here, one fundamental problem is the
characteristics of the deepwater regarding the exchange processes and vertical mixing.
The existing literature suggests a limited exchange of the deep layer with the other
two layers. The mixing in the Baltic Sea appears to be in three main zones of the Belt
Sea, Arkona Basin, and the Stople Channel (Kŏuts and Omstedt 1993). In the Arkona
Basin deep-water flow increased by 53%, in the period 1970-1990, which is attributed
to vertical mixing. In the Stople Channel the increase was 28%, which was the
turbulent entrainment contribution (same reference).

One approach to deepen the

understanding of the deep water exchange is to investigate the ventilation
characteristics of the Baltic Sea. This important topic has been addressed and
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reviewed by several authors (e.g. Meier et al. 2006 and Bendtsen et al. 2009). The
focus of most studies is on the southern basins of the Baltic Sea and the Belt Sea.
There is a general understanding that the ventilation of the deep waters of the Baltic
Sea is driven by baroclinic salt-water intrusion, and to some extent by barotropic
flows. There are also indications that the frequency of large barotropic inflows has
decreased during the past two decades (Meier et al. 2006), implying that summer
inflows are also important for the deep-water ventilation. Meier et al. (2006) gives a
comprehensive state-of-the-art review on the topic, from which we choose to list the
main points:


The Słupsk Sill and the Słupsk Furrow are important locations for the
transformation of water masses.



Passing the Słupsk Furrow, both gravity-driven dense bottom flows and subsurface cyclonic eddies ventilate the deep water of the eastern Gotland Basin.



A recent study of the energy transfer from barotropic to baroclinic wave
motion using a two dimensional shallow water model suggests that about 30%
of the energy needed below the halocline for deep water mixing is explained
by the breaking of internal waves.



The typical response time scale of average salinity was estimated to be
between approximately 20 and 30 years.

Bendtsen et al. (2009) studied the ventilation of bottom water in the transition zone of
the North Sea-Baltic Sea using a three-dimensional ocean circulation model
(COHERENS) for the period 2001-2003. The model covered an area from the
northern Kattegatt to the Arkona Sea. They found the bottom water in the Great Belt
to be ventilated with surface water. The advection of the bottom water from Skagerrak
significantly influences the ventilation of the bottom water in the Arkona Sea. An
important finding was the significant influence of the bottom water ventilation on the
oxygen conditions in the southern part of the region. The ventilation rate was found to
be inversely correlated with the oxygen distribution. They also found the barotropic
transport through the straits to be insensitive to the choice of the model bathymetry.
However, the baroclinic transports changed significantly with the model bathymetry.
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The general water difference between the northern Kattegatt and the Arkona Sea
controls the annual transport across the transition region.
The process of vertical mixing concerns the exchange of warm shallow currents with
the cold saline deep currents. The scale of the process varies significantly from small
lakes to large water bodies such as the Atlantic and the Indian Ocean. The process in
the Baltic Sea has a number of specific features that are related to the shallowness of
the Baltic Sea.
Reissmann et al. (2007) give a comprehensive review of vertical mixing in the Baltic
Sea. They also discuss the gaps in the knowledge regarding the effects of internal
waves and mesoscale eddies. Here, we summarise our understanding of their main
findings:


The entrainment processes of the inflowing saline water within near bottom
layer control the mixing in the transition area from the North Sea to the Baltic
Sea.



The active mixing processes are located at the Darss Sill and the Bornholm
Channel in the western Baltic Sea.



The horizontal advection of saline water in deep layers below the permanent
halocline dominates the central Baltic Sea temporal changes and associated
transports.



The present understanding of the boundary mixing driven by internal waves in
the Baltic Sea is poor.



The contribution of mesoscale eddies to the vertical mixing is not certain.



Vertical mixing is enhanced by near bottom currents induced by inflow events.



Coastal upwelling contributes to the vertical transport, but the depth of its
origin and the volume transport cannot be quantified.



The understanding of the effect of vertical mixing processes crossing the
seasonal thermocline on the ecosystem is insufficient.

1.4. 5 Stratification
The Baltic Sea is highly stratified by strong vertical salinity and temperature
gradients. The stratification is commonly referred to as a two-layer structure that
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consists of an upper and a lower layer. A transitional middle layer exists between the
upper and lower layers, which is known as halocline and thermocline, respectively.
Here, we prefer to refer to the structure as a three-layered system. The motivation is
the significant hydrodynamic differences among the layers. It is also our standing: the
two-layered structure represents only a simplified mean structure. In a latter chapter
on stratification, this view will be further discussed.
There is a significant variation in depth of the halocline from 40m-80m in deeper
regions to 10m-30m in shallower regions (Leppäranta & Myberg 2009). The lower
values are found in the Gulf of Riga (mean value =25m), and Arkona Basin, with a
mean value of 25m for both regions (Bock 1971, Väli et al. 2012). The surface
salinity varies in the north with a mean value of 3ppt (part per thousand) to 8ppt to the
south, i.e. the Arkona Basin. The corresponding mean value at the lower layer is in
the range 4ppt-12.5ppt. However, the salinities are considerably higher in the opensea. The mean values in the Kattegatt are 22ppt and 31ppt, respectively (same
references). Suominen et al. (2010) studied surface salinity gradients and their
temporal fluctuations in the Archipelago Sea in the northern Baltic Sea based on field
salinity data for the period July-August 2007-2008. They identified a broad scale
gradient from low salinity in the shallow inner bays to the high salinity in the open sea
areas towards the Baltic Proper. The steepest gradients were observed in the semiclosed part of the archipelago. One important result was that the use of temporal mean
values of salinity was insufficient for coastal management purposes in the region.
The halocline depth is controlled by wind induced mixing and advection, which
appears to change little with time. Väli et al. (2012) looked into variations of the
halocline during 1961-2007. Two periods were identified with shallow halocline
during 1970-1975, and with deep halocline during 1990-1995. The main conclusion
was that the freshwater content and absolute wind speed control the halocline depth in
the Baltic Sea. However, they found the wind speed to have a moderate impact on the
mean halocline depth in the Baltic proper due to the low impact of runoff.
An important issue is the effect of freshwater on stratification in the Baltic Sea.
Hordoir & Meier (2010) studied the dynamics of freshwater, which is released during
spring into the Baltic proper. They showed that the freshwater only reaches the centre
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of the Baltic proper after late summer. A small amount of freshwater may reach the
entrance of the Baltic Sea during one season. The arrival of freshwater increases
vertical stratification, which can in turn trigger the onset of the spring blooms. They
also found the seasonal changes of the freshwater outflow to closely connect with that
of the zonal wind. An important result was the correlation of the annual variability of
the seasonal freshwater outflow maximum with the North Atlantic Oscillation.

The mean surface and bottom temperatures vary significantly from northern to the
southern basins of the Baltic Sea. In the winter periods, most of the basins are frozen
with the exception of the southern basins, which have a mean surface temperature of
around 3 °C. The mean bottom temperatures are twice as large. During the warmest
periods, which are usually in July, the surface temperature variations decrease
significantly to about 13°C to 16°C from the Bay of Bothnia to the Arkona Basin.
However, the bottom layer temperatures from northern to the southern basins are
about 2-7 times lower than the surface temperatures. The upper limit is in the Bay of
Bothnia and the Bornholm Basin. The bottom temperatures are also significantly
lower than the surface temperatures (about 5 times). In the remaining basins, the
bottom temperatures are about two times lower than the surface temperatures. It is
interesting to note the low bottom temperatures in the Bornholm Basin, despite it
being a southern basin.
The temperature stratification in the Baltic Sea has a mean three-layer structure in
analogy to the salinity stratification. The layers are commonly referred to as
epilimnion (upper layer), thermocline (middle layer) and hypolimnion (lower layer).
In similarity with the other large water bodies, there is a seasonal stratification cycle,
which is driven by the variations in the energy balance. However, in the case of the
Baltic Sea there are two specific features. First, fall and spring overturns are not well
defined, and second, the hypolimnion has a nearly constant temperature with little
seasonal variations. During the winter periods, the epilimnion layer has a lower
temperature than the hypolimnion layer. A typical temperature difference at the gauge
station BY15 is about 5 °C. In the spring periods, following the ice melt, a thin
warmer surface layer is rapidly developed that sets up the thermocline. The thickness
of the layer varies considerably from north to south but a mean value of about 15m
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can be used. The temperature gradient is high within the epilimnion layer. For
instance, at BY15, the temperature can vary from 5 °C to 1.5 °C within a depth of
60m. Below this depth, the temperatures increase rapidly to reach the constant
temperature hypolimnion layer (about 5 °C). The layer within transitional temperature
is known as the dicothermal layer, which is a cold layer sandwiched between two
layers with higher temperatures (dicothermal).
The dicothermal layer was first discovered by the Ekman expedition of 1877 to the
Baltic Sea (see Fonselius 2001). The layer appears to originate from the vertical
convection of the surface water in the winter. It is further explained that this cold
surface water from previous winter was preserved between the thermocline and
halocline (see Fonselius 2001). The dicothermal layer develops at high latitudes with
cold climates. Peter (1993) reports the development of the layer with a thickness of
100m in the India Ocean region of the Antarctic. The reported thickness in the Baltic
Sea is in the range 5-30m, which persists during the summer and disappears during
autumn (Leppäranta & Myberg 2009). Here, we note that the measured temperature
profiles in the southern basins confirm the formation of the dicothermal layer even
during the spring.
The stratification is strongest during summer periods due to high solar radiation input
and warm air temperatures. The surface layer thickness increases to about 20m during
the summer period by the wind-imposed mixing. The temperature within the layer is
nearly constant. Below the surface layer, a strong thermocline develops that has a
sharp temperature drop of about 10 °C over a depth of about 10m (e.g. temperature
profile at BY15). There is also a dicothermal layer below the thermocline, which has a
thickness of about 30m at BY15. The hypolimnion layer has a relatively constant
temperature of 4-5 °C, which is close to the temperature of maximum density of
water. The layer thickness varies considerably from about 30m in shallow regions to
100m in the deeper region. The negative effect of the strong stratification is limiting
the exchange between the epilimnion and the hypolimnion layers.
During autumn, the surface heat losses start to increase and the thermocline depth
deepens. For instance, in the Easter Gotland Basin, the thermocline reaches a depth
of about 40m. The lower temperatures cause the temperature gradient to decrease,
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which in turn weakens the thermocline. The temperature changes in the thermocline
cause a weak positive temperature gradient to develop in the hypolimnion layer (e.g.
1 °C over 100m).
In the foregoing paragraphs, we discussed the formation of the cold dicothermal layer
in the Baltic Sea. The two related phenomena are upwelling and downwelling that
cause the upward or downward displacement of colder, heavier waters. The
importance of these phenomena lies in their influence on eutrophication. During
upwelling and downwelling processes, nutrients can be transported along the flow
depth to reach the surface or bottom layers, respectively. There is supporting evidence
on the existence of both phenomena in the Baltic Sea (Ostrowski, Kowalewski 2005
Lehmann and Myrberg, 2008 and Fennel, W et al. 2010). Upwelling and downwelling
are generally reported to prevail in the southern Baltic mainly along the coastlines.
Ostrowski and Kowalewski (2005) report strong upwelling along the eastern coasts of
the southern Baltic and along the north-eastern coast of Bornholm. Along the coast of
Poland, downwelling was found to be more frequent than upwelling. Upwelling can
cause a considerable surface temperature drop of about 10 °C, thereby changing the
heat balance at the sea-surface (Lehmann and Myrberg 2008). A serious negative
consequence is the blooming of nitrogen-fixing blue-green algae when upwelling lifts
phosphorus-rich deep water to the surface (same reference). Generally upwelling and
downwelling are related to the type and nature of the stratification in combination
with the dominant wind direction. In a theoretical work, Fennel et al. (2010) suggest a
possible mechanism upwelling cell at the southern east coast of the Gotland Island in
the central Baltic Sea. The upwelling diminishes along a portion of the east coast by
Kelvin waves. At the same time, upwelling around the southern tip is hindered by the
shallower waters and coastal curvatures.

1.4.6 Water renewal
The dynamics of the water renewal can be considered by computing resident time and
water age. The common approach is to use passive traces in solving the advection and
diffusion equation. It should be noted that the two concepts of resident time and water
age are different and are interchangeable only in stationary flows. The objective is to
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separate the initial water from the water renewal time or resident time. The former
concerns water age, which is the time a substance has spent in basin before it is
transported, while the latter is the time taken for a substance or element to reach the
outlet. The two time scales are important parameters that are used to evaluate
transport and fate of dissolved substances. In particular, resident time can be used to
measure the degree of eutrophication, since the longer the renewal time, the higher the
concentration of nutrient loads in a basin.
The two time scales have been studied by several authors for the various basins of the
Baltic Sea (e.g. Döös et al. 2004, Andrejev et al. 2004, and Meier 2007). Here, one
difficulty is that often a clear distinction is not made between the two time scales. One
possible reason is that the two time scales for the Baltic Sea are numerically relatively
close. In these studies several different approaches are used among which resident
times are derived from salinity inflow, Eulerian and Lagrangian tracers. The
application of the first approach gives water resident times in the range 11-22 years
(for a summary, see Leppäranat and Myrberg 2009). The values are rather low
considering the total volume of the Baltic Sea and its basin system. We can do a crude
estimate of the resident time by dividing the Baltic Sea volume (≈21 700 km3) with
either the total freshwater inflow (≈ 480 km3) or exchange rate at the open area with
the North Sea (608 km3). The former gives an upper estimate of about 47 years and
the latter about 37 years.
Döös et al. (2004) used a Lagrangian trajectory approach to arrive at 26-29 years’
residence time of the water masses in the Baltic. In the Gulf of Finland, Andrejev et
al. (2004) found a water age of 2 years with the highest value in the south-eastern
parts of the Gulf. One possible reason for this comparatively low value is the
relatively short simulation time of 5 years in the period 1987–1992. More reasonable
estimates of 26-42 years are reported by Meier (2007) which were derived from a 24year run (1980-2004). The summary of the main points in Meier (2007) are:


The mean sea surface water ages related with inflowing water from Kattegatt
are 26–30, 28–34, 34–38, and 38–42 years in the Bornholm Basin, Gotland
Basin, Bothnian Sea, and Bothnian Bay, respectively.



The bottom waters in the western Gotland Basin are older than 36 years.
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Mean sea surface ages greater than 30 years were found in the central
Gotland Basin and Belt Sea, which are related to the freshwater of the rivers.



The bottom waters in the western Gotland Basin were older than 36 years.

1.5 Climate change
There are three major sources of information on the climate change impact on the
Baltic Sea, i.e., the BALTEX publications, HELCOM (e.g. 2013), and the climate
change assessment book by the BACC author team (2008). The climate variability
and change of the Baltic Sea has been monitored by the phase II program of BALTEX
(the Baltic Sea Experiment) which covers the period 2003-2012. The focus was on
regional climate change, water management and biogeochemical cycles and transport
processes in the regional Earth system (http://www.baltex-research.eu/BP2/index.html).
BACC consists of 80 scientists from 13 countries disciplines related to climate
research and related impacts. The research results are published in a book that gives a
comprehensive assessment of climate change in five chapters. Based on these works,
we provide a short summary of the main aspects of climate change impacts on the
Baltic Sea.
There is a general agreement that considerable changes in the climate have already
taken place with direct impacts on the Baltic Sea. The changes mainly concern
increased temperature, modified precipitation patterns and rising deposition of
atmospheric pollutants. A general tendency is that the spring half year will start
earlier, while the autumn half year will be delayed (Heino et al. 2008). Northern
Europe has become wetter during the latter part of the 20th century. The largest
increases are in Sweden and the eastern coast of the Baltic Sea. However, the increase
in precipitation for the entire Baltic is spatially non-uniform (Heino et al. 2008). It is
interesting to note that the regional warming over the Baltic Sea basins is predicted to
be 50% higher than the global mean warming, which will be in the range of 3-5 °C
(Graham et al.2008).
During the recent decades, the temperatures have increased and the precipitation
patterns have changed. The observed climate changes in the period 1871-2004
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indicate a significant positive trend in the mean temperature for both the northern (0.1
°

C/decade) and southern (0.07 °C/decade) basins of the Baltic Sea. The indication is

the higher increase in mean daily temperatures than the mean daily maximum
temperatures (Heino et al. 2008). In northern areas, the projected changes predict
increasing precipitations by 25-75%, during winter and -5-35% during summer. The
increase in the southern areas is about 20-70% during the winter and about -45%
during summer (Graham et al. 2008). These are alarming predictions as the increase
in water temperature will in turn increase the ice-free periods. The combined effects
and longer stratification periods may be expected to worsen eutrophication (Graham
et al. 2008). The other impact of increasing precipitation is the decrease in salinity.
Here, it should be noted despite decreased salinity in the Baltic Sea during 1980-1990,
no long term trends are found (Heino et al. 2008).
Another important issue is the climate impact on water inflow to the Baltic Sea.
Graham et al. (2008) suggest increase in mean annual river flow from the northern
most catchment and decrease in the southernmost catchment. However, considerable
inter-annual variability in water inflow is reported that show no statistical trend in the
annual time series during 1921-1998 (Heino et al. 2008).
It is particularly alarming that the deposition of atmospheric nitrogen has increased
due to the increasing atmospheric CO2 concentration (Smith et al. et al. 2008). Here, it
is notable that presently, 25% of the total nitrogen input to the Baltic Sea is airborne
(see the section on environmental considerations).
The foregoing summary results are all derived from climate models. The main model
is the Atmosphere Ocean General Circulation Models (GCMs), which are the most
advanced tools for studying climate change on both global and regional scales. The
Regional Climate Models (RCMs) are applied to smaller regions of typically 2050km. However, there are many sources of uncertainties associated with the use of
these models. One is the future development of anthropogenic activities and their
impact on the ecosystem. The related issues are land use and induced airborne
atmospheric pollutants. We believe that the main lesson from these studies is the
climate irregularities. Accounting for these predictions and associated uncertainties is
a prerequisite for limiting the adverse impacts of climate change on the Baltic Sea.
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Chapter 2 Material
2.1 The study area
The Baltic Sea is a brackish sea located in northern Europe from 53 °N to 66 °N
latitude and from 20 °E to 26 °E longitude. The Baltic Ice Lake was born 13,000
years ago and its present brackish state started 7,000 years ago. Since 2,000 years ago,
salinity has been close to the present level (mean salinity 7 parts per thousand). It
borders nine coastal countries with a total population of 85 million people. The
maximum length and width are 1,600 km and 193 km, respectively. The surface area
is 377,000 km2 with an average depth of 55m, and a water volume of 20,000 km3. Its
maximum depth is 459 m, which is located between Stockholm and the Island of
Gotland.
The Baltic Sea is a shallow sea that consists of a series of interconnected basins and is
connected to the Atlantic Ocean via the Danish Straits. The two most important
characteristics of the Baltic Sea are its shallow depth and the existence of several
basins that are connected through narrow sills. The basins’ surface areas and the mean
depths are listed in Table 2. 1.

Table 2.1 Baltic Sea Basins (Source HELCOM 2001)
Sub-basins
Baltic Proper
Gulf of Riga
Gulf of Finland
Belt Sea- Kattegatt
Baltic Sea
Gulf of Bothnia

Sea area (km2)

Mean depth (m)
211 069
16 330
29 600
42 408
415 266
115 515

62
26
38
19
50
60
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Table 2.2 The depth variation in the Baltic Sea basins
Basin
Bay of Bothnia
Sea of Bothnia
Åland Sea
Gulf of Finland
Northern Gotland Basin
Western Gotland Basin
Eastern Gotland Basin
Bornholm Basin
Arkona Basin

Minimum depth (m)

Maximum depth (m)
45
70
70
35
70
70
72
40
20

140
280
290
110
140
440
240
100
50

BOB

7: Northern Quark

7

SOB

6a

6a: Southern Quark

6b: Kumlinge sill

6b
AS

ÅS

5a

GOF

5a: Åland Sill
NGB

5b: Gotska Sandö Sill
4a: Fårö Sill

5c

4a

WG
B

5b

BOR

3b: Hoburg-Midsjö Banks

EGB

3a: Stople Channel

3b

2: Hamrare Strait

3a

2

4c: Gdansk Sill
BO
G

BB
ÅB

5c: Väinameri

Figure 2.1 The Baltic Sea basin system redrawn from interpolated figure by Leppäranta &
Myrberg (2009)
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The Baltic Sea is conveniently divided into 14 basins as shown in Figure 2.1, which is
based on Fonselius' (1995) interpolation. We have redrawn the original figure to
increase its resolution and readability. The depths vary significantly in the range of
50-440m among these basins. In some island regions the depths are much lower with
a range of 5-20m, especially in the Archipelago Sea, which is dominated by a large
number of islands. The existence of the basins with such a significant span of depths
is an important variable that should be correctly accounted for in capturing the
hydrodynamics of the Baltic Sea. In Chapter 3, we will further discuss the
interpolation of the bathymetry into the hydrodynamic model.
In the present study, the southern region of the model is limited at 54 °N, which is in
the Arkona basin.

2.2 Materials
The materials used to model the Baltic Sea consisted of basic geometrical and various
flow and meteorological data for the period 2000-09 as listed below:


The shoreline and the bathymetry in GIS format.



Daily flow discharges for 24 Swedish and 38 Finnish rivers.



Monthly mean flow discharge for the nine East European rivers.



Water temperature for all the rivers.



The forcing meteorological data (air temperature, dew point, cloud cover,
pressure, wind speed, wind direction, and rainfall) at 3-hour intervals both as
grid data and point data.



Precipitation as rain intensity at 19 stations at daily intervals.



Water quality data at 15-day intervals for 22 different stations spread across
the sea. The data included water temperature, salinity, dissolved oxygen (DO),
and phosphate (PO4).



Wave heights and sea level water levels observations at several stations across
the sea.
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The main data sources were the Swedish Meteorological and Hydrological Institute
(SMHI) and Finnish Meteorological Institute (FMI). Among many variables that
affect the hydrodynamic of a large water body, the bathymetry and inflow of
freshwater are the most important ones. Thus, we have paid special attention to
improving the quality and reliability of the bathymetric data.

2.2.1 Bathymetry
The digitalised bathymetry of the Baltic Sea is available from two different data sets.
One data set is known as IOW and was created by the Leibniz Institute for Baltic Sea
Research

Warnemünde

(http://www.io-warnemuende.de/topography-of-the-baltic-

sea.html). The IOW data consist of two integrated bathymetries, one with 2-km grid
resolution covering the entire sea and the other with a roughly 1-km grid resolution
that only covers the southwestern part of the sea. The second data set is based on the
Space Shuttle Radar Topography Mission (SRTM) that collected topographic height
measurements between 56 °S and 60 °N during an 11-day mission in February 2000
(http://www.ngdc.noaa.gov/mgg/global/etopo1sources.html). We found significant
differences between the two data sets despite a general similarity. According to the
SRTM data set, the deepest depths are located north of the Sea of Bothnia as opposed
to the IOW data set that shows the deepest region in the north part of the Western
Gotland Basin. The inner coastal regions in the Gulf of Finland also appear to be
shallower with the SRTM data set in comparison with the IOW data set. The present
study uses the IOW data set partly due to its frequent use in previous models of the
Baltic Sea and partly since it better agrees with the published bathymetry maps. Using
the raw IOW data set for generating the various numerical model grids and the
interpolated bathymetries caused some serious problems. The data set performed
poorly in resolving the various channels along the coastlines of Finland, and
Stockholm Archipelago. The Åland Sea and its archipelago were also poorly
reproduced. The latter problems caused a significant flow blockage in the forenamed
areas.
To resolve the forgoing issues, the bathymetry had to be refined using several
different resolutions ranging from 50m to 400m that depended upon the model
regions (Table 2.3). The focus was on the areas along the coastlines and the
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interconnected channel systems. Figure 2.2 shows the refined bathymetry for the
Åland Sea at depths less than 5 m, which is otherwise particularly difficult to capture.
It is clear that the approach used has successfully resolved the critical shallow
channels. The modifications were done by a combined method using published maps
and other databases. The ARCGIS software was extensively used for local
refinements and the overlay on the coarser bathymetry.

Table 2.3 Resolutions for modified bathymetry for different regions
Name
Stockholm Archipelago
Baltic Sea
Baltic Sea, Gulf of Finland, Åland Sea

Resolution (m)
50
250
200-400

Figure 2.2 The interpolated bathymetry by the numerical model for Åland Sea and
its archipelago for depths above -5m.
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Figure 2.3 The final bathymetry used in the model and the sub-basins

The final bathymetry (Figure 2.3) was analysed using standard statistical methods to
gain an understanding of the depth distribution and its relationship for resolving the
vertical layers used in numerical modeling. For this purpose, the bathymetry data
were divided into 10 different intervals with a spacing of 25 m and the percentages of
the total sea bed area falling in each interval were calculated. Figure 2.4 shows the
frequency distribution. It is observed that depths less than 100 m cover almost 80% of
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the Sea. This is an important result since it indicates the need for finer vertical grid
resolutions within the depth of 0-100 m.

Figure 2.4 The total percentage of Baltic Sea bed area
covered with depths in the range 0-250 m

The bathymetry shown in Figure 2.3 is in good agreement with those reported in the
literature (e.g., see Leppäranta and Myberg 2009).

2.2.2 Baltic Sea hydrology
The Baltic Sea is fed by 72 major rivers from the coastal countries Finland, Estonia,
Latvia, Poland, Russia and Sweden that amounts to a total annual freshwater inflow of
440 km3 (Leppäranta and Myberg 2009). Table 2.4 lists all the major rivers for mean
discharges greater than 300 m3 /s. These 12 major rivers contribute to the 65% of the
total inflow into the Baltic Sea. The river inflows maintain a positive freshwater
budget in the Baltic Sea.
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Table 2.4 Major rivers enter the Baltic Sea
Drainage area (km2)

River

Discharge (m3/s)

Discharge(km3/year)

Neva (Russia)

281 000

2500

78.4

Vistula (Poland)

194 424

1080

34

Daugava (Russia)

87 900

675

21.3

Neman (Eastern European)

98 000

616

19.4

118 861

575

18.1

Göta älv (Sweden)

50 299

570

18

Kemijoki (Finland)

51 400

554

17.4

Ångermanälven (Sweden)

31 860

500

15.8

Umeälven (Sweden)

28 820

459

14.5

Indalsälven (Sweden)

26 722

448

14.1

Torne älv (Sweden)

40 157

428

13.5

56 25

400

12.6

18 130

305

9.6

1 027 573

9 112

286.7

Oder (Central European)

Narva (Estonia)
Kalix älv (Sweden)
Total

The present study models 69 rivers as shown in Figure 2.5. The rivers beyond the
model lower limit at Arkona Basin are not included. No data could be obtained for the
discharge hydrographs for the nine Eastern European rivers (Table 2.4; Neva, Vistula,
Daugava, Neman, and Oder). The study instead uses published mean records as listed
in the table. The four other Eastern European rivers were:


Narva (Estonia and Russia) with a mean discharge of 400 m3/s



Pärnu (Estonia) with a mean discharge of 64.4 m3/s.



Lielupe (Latvia) with a mean discharge of 106 m3/s



Venta (Latvia) with a mean discharge of 44 m3/s
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Figure 2.5 The locations for the rivers entering the Baltic Sea

Table 2.5 lists the basic hydrological parameters. There is a positive freshwater
balance in the Baltic Sea as well as a positive net precipitation (P-A). The mean
precipitation and evaporation are about 500 mm/year and 460 mm/year, respectively.
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The mean water temperatures range from freezing temperature to 17 oC. During the
late autumn and winter period, ice covers about 50% of total surface area of the sea.
The mean salinity is about 1/5 of the normal ocean waters salinity. The exchange of
water through the Danish Straits is limited and there is positive freshwater discharge
into the Baltic Sea. The main hydrodynamic feature of the Baltic Sea is the permanent
salinity stratification that limits the vertical convection that causes anoxic bottom
areas in the deep-water masses.
Table 2.5 Basic hydrological parameters and mean water balance for the Baltic Sea
Precipitation (km2/a)
3

River Inflows (km /a)
3

Evaporation (km /a)

215

6%

440

12 %

175

5%

Exchange with North Sea
Inflow (km3/a)
3

Outflow (km /a)

1 660

45 %

1 180

32 %

2.2.3 Forcing meteorological data
The grid forcing meteorological data from 1970 to 2002 covers the whole Baltic
drainage basin with a grid of (1×1)º squares (1o ≈1.83 km). The grid extends over the
area 49.5ºN - 71.5ºN, and E 7.5ºE - 39.5ºE (Figure 2.6). The data set was created by

Figure 2.6 SMHI meteorological data horizontal grid
(www.smhi.se/sgn0102/bhdc/metdata_3h_grid.htm)
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Figure 2.7 Grid data wind vectors January 20, 2000
Lars Meuller at SMHI used the data available at synoptic weather stations. A twodimensional univariate optimum interpolation scheme was used to interpolate the data
in space. The data set included pressure, u and v components of geostrophic wind,
temperature, relative humidity, total cloud cover, accumulated precipitation, and
accumulated global radiation at 3-hour intervals. Figure 2.7 shows a typical plot of the
wind vectors at January 20, 2000 using MatLab. The same data were also available at
25 meteorological stations across the Baltic Sea. The station locations are shown in
Figure 2.7. However, most of these stations are close to the Swedish coastlines and
thus provide a poor area cover as opposed to the horizontal grid data. For comparison
purposes, the numerical models have used both types of data.

2.2.4 Precipitation and water quality data
The precipitation data as rain intensities were available at 19 stations across the Baltic
Sea (Figure 2.9). The data were uniformly distributed across the numerical model to
give a good representation of the difference between the northern and southern
regions of the model. The water quality data were only available at intervals of 15
days at covering the flow depths at 5m intervals. Figure 2.10 shows all the stations
that are used in setting up the numerical model.
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Figure 2.8 The meteorological gauge stations in the Baltic Sea
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Figure 2.9 The precipitation gauge stations in the Baltic Sea
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Figure 2.10 The water quality gauge stations in the Baltic Sea
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2.2.5 Wave heights and water levels

Figure 2.11 The wave height gauge stations in the Baltic Sea
At set of limited hourly data were available for the significant wave heights and the
periods (Figure 2.11) and water levels (Figure 2.12). The significant wave heights and
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the periods vary in the range of 4.5m-7.4m, and 6.8s-14.4s, respectively. The upper
values were recoded in the Eastern Gotland Basin. The water levels vary in the range
of -0.55m - 1.41m.a.s.l. The upper values were recorded in the Bornholm Sea and the
Arkona Basin.

Figure 2.12 The water level gauge stations in the Baltic Sea
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2.3 Statistical analysis
The true dynamic character of input data is an important issue that directly affects the
results of any hydrodynamic simulation. Here, the input data are the river discharge
hydrographs and the forcing meteorological conditions. The amplitude and frequency
of the data control various hydrodynamic properties such as stratification and mixing
processes. A successful modelling approach requires a sufficient understanding of
data characteristics. We carried out various statistical analyses to better understand the
characteristics of the input data. We did the statistical analysis of the time series data
of river discharge, water levels, precipitation, air temperate, air speed and direction.
Using Matlab, we calculated the summary statistics, autocorrelation, linear trend, and
frequency probability for all the foregoing variables for the period 2000-2009. The
properties of the averaged river discharge on both monthly and weekly bases, as
opposed to the daily values, were also studied. To do so, we computed the averaged
values over the intervals of 30 and 7 days. The procedure created two new time series
for each interval. The basic statistical parameters were then computed for each time
series.

2.3.1 River discharge
The river discharge hydrograph has a skewed parabolic form with the maximum flows
occurring during either snow melting periods (mid-April to June) and rainy autumn
seasons. The results of the analysis suggest highly dynamic variations that can change
significantly on a daily basis. The standard deviations have comparable values to the
mean values that imply the hydrograph is heavily weighted far from the mean. We
could not detect any seasonal variations, as opposed to a well-defined six months
periodicity. The other feature was the significant difference between the minimum
and maximum discharge values. The maximum discharge values in some rivers are
higher than the minimum by several multiples (e.g., 48 times for the river Kemijoki).
To illustrate some of important foregoing features, we present the results for the six
major rivers Kemijoki, Ångermanälven, Umeälven, Indalsälven, Torneälven, and
Kalixälven. Figures 2.13-2.15 show the time series and the corresponding
autocorrelation plots for each river. Table 2.6 lists the various statistical parameters.
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The plots show that the extreme peaks occur once a year but medium high values (> 2
x mean) have a frequency of 3-4/year. It is notable that the mode values are roughly
equal to the mean values with the exception of a few rivers (e.g. Kalixälven).

Table 2.6 Summary statistics for the river discharge, daily, weekly, and monthly values,
2000-2009
River & averaging method
Kemijoki (daily records)
Kemijoki (weekly)
Kemijoki (monthly)
Ångermanälven (daily records)
Ångermanälven (weekly)
Ångermanälven (monthly)
Umeälven (daily records)
Umeälven (weekly)
Umeälven (monthly)
Indalsälven (daily records)
Indalsälven (weekly)
Indalsälven (monthly)
Torneälven (daily records)
Torneälven (weekly)
Torneälven (monthly)
Kalix (daily records)
Kalix (weekly)
Kalix (monthly)

Qmin
78
148
191
80
133
143
107
114
127
97
129
147
59
59
63
25
26
27

QMean
554
554
553
500
502
502
459
459
459
448
448
448
428
427
427
305
305
305

QMax
3770
3445
2291
2183
2047
1514
2064
1817
1166
2121
1809
1159
2990
2671
1831
1874
1721
1000

QStd
416
403
345
230
214
192
228
221
195
176
169
146
450
440
382
305
299
263

Q Mode
376
360
191
562
543
543
427
301
127
522
502
284
464
150
63
65
26
27

The use of monthly averaged flow discharge is common in many of the previous
hydrodynamics models of Baltic Sea (e.g. Meier 2007). The comparison of monthly
and weekly averaged values with the daily records (see Table 2.6) leads us to
conclude:
1. The monthly averaging significantly reduces the peak values as much as
50%. The standard deviations are also reduced and linear trends are lost. It
implies that the river hydrographs can be significantly changed by time
averaging.
2. The weekly average is more consistent with the daily data than the monthly
average, but the reduction of the extreme values is still high (about 15%).
The slope of the linear trends is considerably reduced (≈ by a factor 2.5).
We believe that using monthly averaged flows for modelling the hydrodynamics of
the Baltic Sea underestimates the dynamics of the input significantly, whereas using
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weekly averaged values captures the dynamics reasonably well. Here, it should be
noted that both averaging methods significantly modify any existing trend in the data.
This modification can be more undesirable than the reduction in maximum flows. The
point is illustrated in Figure 2.16, which compares the two averaging methods for
January 2000 and the corresponding trend lines. The linear trend for the weekly
averaged data has a much lower slope than the daily trend line. Here, we have
emphasized the monthly case, as they are commonly used in hydrodynamic models of
the Baltic Sea. However, we get a different set of values if we use the entire time
series instead of a portion of the data. Table 2.7 lists the results for the six selected
rivers that indicate a week negative trend for daily values. The weekly and monthly
averaged records maintain the negative trend but the slopes are significantly
increased. The averaging process increases the absolute value of the negative the
slopes of the linear trend line by a factor of 7 and 30, respectively.

Table 2.7 The slope of the linear trend line for 6 different rivers, 2000-2009
River
Kemijoki
Ångermanälven
Umeälven
Indalsälven
Torneälven
Kalix

Daily records
Weekly averaged
Monthly averaged
-0.015
-0.108
-0.469
-0.045
-0.323
-1.330
-0.038
-0.270
-1.153
-0.029
-0.209
-0.884
-0.019
-0.131
-0.584
-0.011
-0.075
-0.330

Figure 2.13 Time series plots of the river discharge and the autocorrelation
functions, rivers Ångermanälven and Umeälveni, 2000-2009
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Figure 2.14 Time series plots of the river discharge and the autocorrelation
functions, rivers Indalsälven and Kimijoki, 2000-2009

Figure 2.15 Time series plots of the river discharge and the autocorrelation
functions, rivers Kalixälven and Torneälven, 2000-2009
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Umeälven Discharge m3/s
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Linear (Weekly averaged)
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Figure 2.16 Comparison of daily and averaged discharge values for
Umeälven, January 2000

2.3.2 Water levels
The water level variations in the Baltic Sea were normal during the period 2000-2009.
The normal water level condition is when the deviation of the annual mean is less
than twice the standard deviation σ (see Ekman (1996)). For a normal distribution, 2σ
means 1:20 years. However, the mean annual water levels in Stockholm exceeded 2σ
during 1774-1991 according to the same reference. The analysis of the water levels at
the various gauge stations in the Baltic Sea (for location see Figure 2.12) gives three
principal results:
1. The minimum and maximum water levels occur during April-May and
September-October periods, respectively.
2. There is a week negative linear trend of 5x10-4 (cm/10 years).
3. No dominant frequency exists.
We exemplify the foregoing results in Table 2.8 and Figure 2.17 for gauge stations
Furuögud, Landsort Norra, and Ölands Norra Udde. Table 2.8 lists the summary
statistic and Figure 2.17 shows the time series plots and the corresponding
autocorrelation plots.
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Table 2.8 Summary statistics for the water levels (cm) 2000-2009
Minimum

Mean

Maximum

STD

Mode

Furuögrund

-92

4

146

26

-1

Landsort Norra

-57

2

88

19

4

Öland Norra Udde

-59

2

88

20

3

-150

3

126

21

-5

Skanör

We also investigated possible correlations of the water levels in the different basins
by calculating the cross–correlation coefficients. Table 2.9 summarizes the results for
five main major basins in the Baltic Sea. The weakest and strongest correlations are
between Bay of Bothnia- Arkona, and Western Gotland Basin- Northern Gotland
Basin, respectively.
We should emphasize that the foregoing results concern the water levels measured at
the gauge stations close to the coast. The open water levels results may deviate from
given values.

Table 2.9 Cross-correlation coefficients water levels (Crx) 2000-2009
Gauge stations
Furuögrund- Skanör
Furuögrund- Landsort Norra
Furuögrund- Öland
Öland- Skanör
Öland- Landsort Norra

Basins
Crx
Bay of Bothnia - Arkona
0.244
Bay of Bothnia- Northern Gotland Basin
0.709
Bay of Bothnia- Western Gotland Basin
0.562
Western Gotland Basin-Arkona
0.711
Western Gotland Basin- Northern Gotland Basin
0.95

2.3.2 Precipitation: rain
The analysis of rain intensities at various gauge stations (for location see Figure 2.9)
in the Baltic See gave the following results:
1. There is a no linear trend.
2. The maximum values are about 40 times higher than the mean values.
3. The rain intensity is higher in the northern basins of the Baltic Sea.
4. The maximum values are found during the spring periods.
5. There is a strong periodicity with a frequency of about 7 days.
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6. The yearly distributions can be approximated with a normal function.
7. There is no correlation between the different gauging stations.
We illustrate some of the foregoing results for five gauging stations across the Baltic
Sea in Table 2.10 and Figure 2.18. The autocorrelation plots show the periodicity.

Table 2.10 Summary statistics for the rain mm/day 2000-2009
Gauge station

Imin

IMean

IMax

IStd

I Mode

Pite-Rönnskär

0

1.52

53.8

3.56

0

Kuggören

0

1.18

35.1

2.93

0

Svenska Högarna

0

1.25

42.3

3.18

0

Skillinge

0

1.03

45.7

2.74

0
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Figure 2.17 Time series plots of the water levels and the autocorrelation functions, at gauge
stations Furuögud, Landsort Norra, and Ölands Norra Udde, 2000-2009
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Figure 2.18 Time series plots of the rain intensity and the autocorrelation functions, at gauge
stations Pite-Rönnskär, Kuggören, Svenska Högarna, and Skilling 2000-2009
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2.3.3 Meteorological parameters
We have chosen to analyze the point meteorological data instead of the gridded data
(see Figure 2.8). The main reason is that the former are the actual measured data
whereas the latter use both measurements and simulations done by SMHI. However, it
should be noted that the gauging stations are all located along the shorelines. The data
may deviate from the open sea data but our intention is just to illustrate the
characteristics of data. Here, we have selected to present the results for air
temperatures and wind being of more importance to the hydrodynamics. Regarding
the conditions at the open sea, we believe the basic following properties are
preserved:
1. The air temperatures have a strong periodical six-month character.
2. There is a significant variation of the temperature with minimum and
maximum values of about -25 °C 32 °C, respectively, the two extreme values
occur late January and mid July, respectively.
3. The temperature standard deviations have a relatively constant value of 7 °C,
which indicates the cyclic nature of the air temperature throughout the period
2000-2009.
4. The wind speeds have a strong seasonal character with standard deviations
that are roughly half of the mean values.
5. The maximum wind speed range is 20-25 m/s that mostly occurs during the
autumn periods.
6. The dominant wind direction is from the southwest.
7. No linear trends were detected for air temperature, wind speed, cloud cover,
and air pressure.
We choose to illustrate the foregoing features at the five gauging stations PiteRönnskär, Kuggören, Ölands Norra Udde, and Skillinge (for locations see Figure 2.8).
Table 2.10 summarizes the main statistical properties of air temperature and wind.
The time series and the autocorrelation plots are shown in Figure 2.19. The wind
speed and directions are plotted in rose diagrams that give a good visual
understanding of both the directions and magnitudes.
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Table 2.11 Summary statistics for the air temperature and wind direction and speed
Station
16171Pite
Rönnskär
11743Kuggören

9927Ölands
Norra Udde
5429Skillinge

Variable
0

Tair ( C)

Min

Mean

Max

STD

Mode

-11

8.46

30

7.15

1.7

Wsp (m/s)

0

5.72

22.8

3.08

4.8

Wdir

0

189

360

93

0

-22.2

5.96

30.1

7.46

0.5

Wsp (m/s)

0

4.83

20

2.86

3.5

Wdir

0

207

360

98

0

-11

8.46

30.6

7.15

1.7

Wsp (m/s)

0

5.71

22.8

3.08

4.8

Wdir

0

189

360

93

0

-15.8

8.5

29.3

6.77

4.3

Wsp (m/s)

0

4.48

21.1

2.81

0

Wdir

0

192

360

98

0

0

Tair ( C)

0

Tair ( C)

0

Tair ( C)
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Figure 2.19 Time series plots of the air temperatures and the autocorrelation functions, at
gauge stations Pite-Rönnskär, Kuggören, Ölands Norra Udde, and Skillinge 2000-2009
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Figure 2.20 Rose plots of wind speed and direction, at gauge stations Pite-Rönnskär, Kuggören,
Svenska Högarna, and Skillinge 2000-2009
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Chapter 3 Method
3.1 Hydrodynamic model description
We are using a 3D, time-dependent hydrodynamic model GEMSS (Generalized
Environmental Modelling System for Surface waters). GEMSS was used to
investigate the hydrodynamic and related water quality characteristics of Saltsjö
(Dargahi 2011a) and Lake Tana in Ethiopia (Dargahi 2011b). GEMSS is an integrated
system of 3D hydrodynamic and transport models embedded in GIS. GEMSS is in the
public domain and has been used for similar studies throughout the United States and
worldwide. Edinger and Buchak (1980, 1985) first presented the theoretical basis of
the model. Improvements to the transport scheme, construction of the constituent
modules, incorporation of supporting software tools, GIS interoperability,
visualization tools, graphical user interface (GUI), and post-processors have been
developed by Kolluru et al. (1998; 1999; 2003a; 2003b). The hydrodynamic and
transport relationships are developed from the horizontal momentum balance,
continuity, constituent transport and the equation of state. These equations are:
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in which, u, v, and w are the velocity components in xyz directions (z taken positive
downward), g is the acceleration of gravity, ρ is the density, t the time, z´ is the free
surface elevation, f is the Coriolis parameter, SMx and SMy are specific momentum
terms, and Ax, Ay, and Az are the momentum dispersion coefficients in x,y,z
directions.
Local continuity for the vertical velocity component W is:
w
u v


z
x y

……………………………………………………………………..... (3)
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Vertically integrated continuity for the surface elevation, z´, is:

z
u
v
   dz   dz ……………………………………………………………... (4)
t
x
y
z
z
in which h is the water depth.
h

h

The constituent transport relation for n number of constituents (e.g., salinity, dye, and
sediment) is:
Cn
uCn vCn wCn
D  C  Dy  Cn  Dz  Cn 





 Hn  x  n  

 ……. (5)
t
x
y
z
x  x  y  y  z  z 

in which Cn is concentration, Dx, Dy, and Dz are constituent dispersion coefficients,
and Hn is the source or sink term.
Finally, the equation of state relating ρ to constituents is

  fn(C1 , C2 , C3 , C4 .....Cn ) .......................................................................................(6)
These relationships have six unknowns (U, V, W, z´, ρ, Cn) in six equations, assuming
that momentum and constituent dispersion coefficients (Ax, Ay, Az, Dx, Dy, Dz) can be
calculated from velocities and the density structure.
The hydrodynamic equations are semi-implicit in time, have the advantage of
computational stability, and are not limited by the Courant condition. The vertical
momentum dispersion coefficient and vertical shear are evaluated from a Von
Karman relationship modified by the local Richardson number. Higher-order
turbulence closure schemes (2-equation model, and second-moment closure model by
Mellor and Yamada, 1982) are also included. The 2-Equation model used in GEMSS
is based on the Generic Length Scale (GLS) model proposed by Umlauf and Burchard
(2003), and by Warner et. al (2005). The longitudinal and lateral coefficients are
scaled to the dimensions of the grid cell using the dispersion relationships field
developed by Okubo (1971) and modified to include the velocity gradients of the
velocity field using the Smagorinsky (1963) relationship. The wind stress and bottom
shear stress are computed using quadratic relationships with appropriate friction
coefficients.
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The transport module can run in fully explicit to fully implicit modes in a vertical
direction while performing explicit computations in a horizontal direction (Prakash
and Kolluru, 2007). GEMSS uses a curvilinear variably spacing horizontal staggered
finite difference grid, which is based on control volume, with the elevation and
constituent concentration computed at cell centres and velocities through a cell
interface. Z-level with variable thickness is used for defining the grid in the vertical
direction. Additional details of the model can be found in the technical documentation
of GEMSS (ERM 2006, Dargahi 2011a, Dargahi 2011b).
GEMSS has two wave models, i.e., a steady sate linear, and a non-linear model. In the
present investigation, the non-linear model is used. The model accounts for the wave
influence on the bottom shear stresses by using Madsen and Grant (1976) equation:
 o (t ) 

1
f w  u (t )
2

.......................................................................................................... (7)

in which u(t)=ubcosωt, ub=maximum bottom velocity, ω=2π/T, T=period of
oscillation, fw = the wave friction factor.

3.2 Sub-models
In this work we present some of newly added sub-models to GEMSS that enhance its
application capability. These are the current persistency, particle tracking module, the
Rossby deformation radius, the vorticity vectors, and water age.

3.2.1 Current persistency index
The current persistency index (CPI) is a measure of the variability in the current
direction (Myrberg and Andrejev 2006). We have defined the CPI as the ratio of
vector and scalar mean speeds in analogy to the approach used by Palmen (1930)
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in which N is the number of model time steps (n=1...N). The smaller CPI, the more
variable the current direction. Zero value indicates approaching zero net water
transport.

3.2.2 Ice model
We are using the simplified linear ice model, which relates the growth of ice thickness
to the temperature differences between water and melting ice, and ice and equilibrium
by the following equation:
i L f

h
 hai (Ti  Te )  hwi (Tw  Tm )
t

…………………………………………………. (8)

in which:
ρi = density of ice, kg m-3
Lf= latent heat of fusion of ice, J kg- 1
Δh/Δt= change in ice thickness (h) with time (t), m/s
hai = coefficient of ice-to-air heat exchange, W m2 °C
hwi = coefficient of water-to-ice heat exchange through the melt layer, W m-2 C
Ti = ice temperature, °C
Tei = equilibrium temperature of ice-to-air heat exchange, °C
Tw = water temperature below ice, °C
Tm = melt temperature, °C
The key parameters in Equation 8 are hai and hwi that can be used to control the
thickness of the ice. We believe the linear ice model is a reasonably good model for
the present application.

3.2.3 Particle tracking module
We determine the movement of particles by exploiting the equivalency between
tracking particles and solving a mass transport equation for a conservative substance
(Thompson and Gelhar 1990). Following Dimou and Adams (1993), a random-walk
particle tracking scheme has been designed which calculates the displacement of
particles as the sum of an advective deterministic component and an independent,
random Markovian component which statistically approximates the dispersion
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characteristics of the environment. By relating the advective and Markovian
components to the appropriate terms in a conservation equation, a technique has been
designed where a distribution of particles will turn out to be the same as that
concentration resulting from the solution of the conservation equation. In a threedimensional environment, a conservative substance is transported under the influence
of advection and dispersion processes. The solution for this transport problem is
commonly based on the following mass balance equation:
h1 h2

 1
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................................... (9)

in which C is the concentration; h1 and h2 are the metrics of the unit grid cell in the 1
and 2 directions, and U1 and U2 are the velocity components along the 1 and 2
directions. Representing the conservative tracer concentration by a collection of
particles, the transport problem can also be solved by particle tracking models and the
displacement of a particle in a random-walk model is governed by the non-linear
Langevin equation (Gardinar, 1985):



dX
 A( X , t )  B ( X , t ) Z (t ) ...........................................................................................
dt

(10)



in which X (t ) is the particle trajectory vector A( X , t ) is the deterministic force that

advects particles, B( X , t ) represents the random force vector that leads to particle

diffusion (Solomon et al. 1994), and Z(t) is a vector of the independent random
numbers with zero mean and unit variance.

3.2.4 Rossby radius
The Rossby radius (Rr) of deformation is an important variable that gives the length
scale at which the geostrophic balance is achieved between the horizontal pressure
gradient and Coriolis forces. We have calculated the Rr using the following
expression:
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in which f is the Coriolis parameter, g is the acceleration of gravity, ρl and ρu are the
destinies of the lower and upper layers, respectively, ρm is the mean density, and Du
is depth of the upper layer of the sea above the pycnocline.

3.2.5 Vorticity
The vorticity was computed from the curl of the velocity field. In component form it
reads:
 w v   u w 
 v u 
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3.2.6 Water age
We have modelled the water age applying an advection-diffusion type equation,
similar to the approach by Myrberg and Andrejev (2006):
A uA vA wA

A



 A  (
)  FA ................................................................. (13)
t
x
y
z
z z

in which u,v and w are velocities in x,y, z-directions, A is the water-age
concentration, μ and ν are the horizontal and vertical eddy diffusivity, respectively, Δ
is the Laplacian operator, FA is the source term. In our model we set the zero-order
decay rate to –1 day-1 and zeroing out all other generic constituent kinetic parameters
results in a state variable that increases by 1 day -1, which is an exact representation
of water age or hydraulic residence time.

3.3 Model setup
The model setup considered two sets of models: one large-scale regional Baltic Sea
model, and the other a local scale model for three different regions. The three
principal regions were Åland, Gulf of Finland, and the Stockholm archipelago.
The model setup involved several main steps of creating the model grid, interpolating
the bathymetry into the grid, defining the boundary conditions, and initialization.
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3.3.1 Model grid
To create the model grids, we used non-uniform boundary-fitted curvilinear cells in a
horizontal plane (x,y) and in the vertical plane, non-uniform rectangular cells. For the
large scale Baltic Sea model we created three different grids with varying resolutions
from coarse to relatively fine i.e., 105x135 (8.2 x 9.2 km), 155 x 200 (6.5 x 6.8 km),
and 195x200 (5.4 x 4 km) as shown in Figures 3.1-3.2.

Figure 3.1 The Baltic Sea large-scale model with resolution 8.2 x 9.2 km
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Figure 3.2 The Baltic Sea large-scale models with resolutions:
6.5 x 6.8 km, and 5.4 x 4 km
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Table 3.1 summarizes the grid numbers in XY-directions (horizontal plane) and the
corresponding Z-layer numbers. We have used both low and high bathymetry
resolutions as listed in the table. Table 3.2 lists three different Z-layers numbers and
thicknesses. Here, it should be noted that we have added on additional layer above the
water surface with a thickness of 7 m. The additional layer allows for the water level
fluctuations. We recall from Chapter 2 Figure 2.4 that depths less than 100 m cover
almost 80% of the Sea. Consequently, the layers were designed to have a finer vertical
grid resolution within this depth. The last layer extends to the sea bottom, which
implies the deepest parts are not correctly resolved. Depths below 260 m are about
0.25% of the sea area.

Table 3.1 The Baltic Sea model grids
Overall grid size

Grid numbers

Number of

(km)

XY-directions

Z-layers

Bathymetry

10

105x135

48 200-400 m resolution

5

155x200

48 200-400 m resolution

10

105x135

48 1000 m resolution

10

105x135

48 1000 m resolution

8

155x200

48 1000 m resolution

8

155x200

43 1000 m resolution

10

105x135

48 200-400 m resolution

8

155x200

48 200-400 m resolution

5

195x250

48 200-400 m resolution

Table 3.2 The Baltic Sea grid Z-layers
No of
layers

Thickness (m)
9
8
4
9
9
6
45

1.5
4
5
6
8
12
263.5

No of
layers

No of
layers

Thickness (m)
9
8
4
8
18
4
47

2
3
4
5
7
10
264

Thickness (m)
1
18
12
6
5
43

7
4
6
7
15
268
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3.3.2 Boundary conditions
The model boundary conditions consisted of discharge, head (water levels),
precipitation, and meteorological forcing conditions. The corresponding data were
used with the highest available time resolutions (see Chapter 2).
We have defined the discharge conditions by using 69 rivers out of 72 that enter the
modelled region. To define the exact locations of the rivers, a GIS file was used. The
river data included the flow discharge, water temperature and salinity. We assumed
that the rivers enter through the water surface grid in the model.
The water levels were set at the open
boundary with the Baltic Sea as shown in
Figure 3.3 with a yellow line (≈104km
wide). The GPS coordinates are 54028` N
12050´ and 55022` N 13003`, in south and
north directions, respectively. To set the
water level, we used the data at the gauge
station Skanör (for location see Figure
2.12). We used two types of full wave
condition and second order derivate. The
latter required the wave celerity that we
estimated as the square root of gravity times
the mean depth across the section. The water
temperate and salinity were set using the
water quality data at the gauge station By1
(for location see Figure 2.10).

Figure 3.3 The Baltic Sea model open
boundary (Google Earth)

The precipitation data in mm/day was applied regionally to the model. We did this by
dividing the Baltic Sea surface into 19 regions with each region with its
corresponding rain intensity.
To define the metrological forcing conditions, two different data sets of gridded and
point data were used. The gridded data covers the whole Baltic drainage basin with a
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grid of (1×1)º squares. The grid extends over the area: Latitude N 49.5º - 71.5º,
Longitude E 7.5º - 39.5º. The gridded data covers 32 years starting in 1970. Here, the
gridded wind speed is the geostrophic wind. The open surface wind speed is 2/3 of
geostrophic wind. The second set is point data, which are available mainly along the
coastlines. We have done comparative simulations to compare the use of different
data sets.

3.3.3 Initialization
The model initialization is an important part of any hydrodynamic simulation
especially in the case of large water bodies such as the Baltic Sea. The long resident
times make the model output sensitive to the choice of the method. In the present
study, we employed two different methods of zero and preset conditions. In the
former case, we started the model with a constant salinity of 0 ppt and an average of
10 0C. At the open boundary, we used the data from the gauge station By1 to set the
water temperature and salinity. In the second method, all the available water quality
data was used. The reader is referred to Chapter 4 for a detailed description.

3.4 The choice of numerical schemes
GEMSS offers a wide range of numerical schemes and closure models. However, we
believe the use of higher schemes and closure model must be related to the available
data for calibration and validation procedures. In the case of the Baltic Sea, good and
extensive data are available on basic variables as discussed in Chapter 2. However,
data on velocity distributions, refined water quality data, data on shear stresses are
either scarce or not available. To correctly examine the influence of the numerical
schemes and the closure models, we need the forgoing data sets with both temporal
and spatial resolutions. Otherwise, the simulated results could be as doubtful as the
lower schemes. We aimed to obtain reasonably good calibration and validation results
as presented in Chapter 4. One of our greatest problems was the long CPU times that
is some cases were two months! The higher scheme and closure model, the longer the
simulation times. For instance, moving from first order to second order formulation,
the time steps had to vary from 60 seconds to 1800 seconds. The former is a real
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constraint considering the 10-year simulation period. In the present study, we used the
following setups for both partial and complete simulations, i.e. 1 year and 10 years.


Vertical momentum:

1-Eqaution with von Karman mixing layer and 2-

Equations with Mellor-Yamada formulation


Mixing dispersion Okubo formulation



Transport diffusion Prandtl method



Surface heat-exchange computed term by term



Transport model: Upwind, Quick, and Quick Ultimate



Forcing terms: Vertical acceleration



Coriolis force term using the model grid

The 10-year results presented in this work include all the forgoing items with the
exception of using the ultimate scheme and the 1-Equation model.

3. 5 Simulations
To address all the issues raised in this chapter, we did around 350 short and fulllength simulations. We principally used the coarse 10-km model for preliminary
investigations to make sure the model ran smoothly. Only in case of particle tracking
did we used the 10-km model for final results; the released particle location points are
listed in Table 3.3. All the remaining results are with a 5-km grid scale unless stated
otherwise.
Table 3.3 Release locations for particle tracking simulations
Basin
1: Bay of Bothnia
2: Northern Sea of Bothnia
3: Central Sea of Bothnia
4: Gulf of Finland
5: Northern Gotland Basin
6: Western Gotland Basin
7: Eastern Gotland Basin
8: Bay of Gdansk
9: Bornholm Sea

Bottom depth (m)

Middle depth (m)
-76
-72
-94
-40
-106
-100
-124
-82
-82

-36
-36
-48
-20
-52
-52
-60
-40
-40
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3.6 Regional models
To make this chapter complete, we will say a few words about the regional models.
The main objective of creating three principal regional models of Åland, Gulf of
Finland, and the Stockholm archipelago was to model the water quality in these
sensitive regions. Figure 3.4 shows the three regions, which are marked by dashed
lines. Our hydrodynamic results were used to drive an empirical water quality model
that was developed for the Baltic Sea.

Figure 3.4 The three regional Baltic Sea models: the Åland Sea, the Gulf of
Finland, and the Stockholm Archipelago

To run the regional models, a cascade modelling approach was used that involves the
derivation of the boundary conditions for the selected local regions from the largescale Baltic Sea model. The approach made it possible to define sufficiently highresolution local models. We created several radial and rectilinear grids (Table 3.4).
Here, we just choose to show three typical grids for each region (Figures 3.5 to 3.7).
Further details on the hydrodynamics of the local regions will be presented elsewhere.
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Table 3.4 Grid resolution and size for the regional models

Region

Resolution (m)

Grid size

Z-layers

Stockholm Archipelago

400-1000

180x200 to 300x150

48

Åland Sea

500-1300

400x180 to 235x80

48

Gulf of Finland

350-1100

360x40 to 350x100

28

Figure 3.5 The radial grid for the Stockholm Archipelago at a resolution of 400m
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Figure 3.6 The non-uniform grid for the Åland Sea at a resolution of 1300m

Figure 3.7 The uniform l grid for the Gulf of Finland at a resolution of 500m
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Chapter 4 Model calibration and validation
Model calibration involved finding a set of optimal variables to yield the best agreement
between the predicted and measured temperature and salinity profiles. Several different
variables describe the characteristics of these profiles among which are the variables
related to the forcing metrological condition, hydrological processes, and the numerical
model. The system of the variables gives a large degree of freedom in finding the optimal
values for the best agreement. However, in dealing with the hydrodynamics of a large
water system like the Baltic Sea, it is neither possible nor practical to cover the whole
range of the variables. The preliminary simulations in the present study indicated a higher
sensitivity to the choice of the initial values compared to other mentioned variables. To
achieve good agreements in the Bay of Bothnia was particularly difficult. The Bay
receives around 1/5 of the total freshwater inflow to the sea and thus making both the
temperature and salinity profiles sensitive to small variations in the forcing conditions. It
should be noted that we have not considered ice conditions in the Baltic Sea. The
calibration and validation results apply restrictedly to the ice-free conditions in the Baltic
Sea. However, we will discuss possible effects by presenting some of ice simulation
results.

4.1 Model calibration
The calibration procedure involved a systematic three-step approach with the focus on
temperature and salinity profiles. These were:
1. Initiating the model with “zero” conditions and ramping the simulation for 25
years. The time is roughly equal to the resident time in the Baltic Sea.
2. Initiating the model using the data available at all the monitoring stations for
water temperatures and salinities.
3. Examining the sensitivity of the calibrated results to the numerical variables.
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Procedure 1 allowed the model to adjust itself to the initial boundary condition (1 January
2000) at the open boundary defined by water levels, temperature and salinity. The
simulation ran for a period of 25 years. The time was sufficient for the temperature and
salinity gradients to propagate from the Arkona Basin to the Bay of Bothnia. The
calibration results were not satisfactory and showed significant differences between the
model predicted and measured profiles. The salinities were too high in the Bay of
Bothnia and too low in the Arkona basin. The calibration procedure failed to capture the
salt mass balance that requires the input salt transport to balance the output salt transport
plus accumulation and dilution by different mixing processes.
Procedure 2 used the first day records of temperature and salinity profiles at 21
monitoring stations (see Figure 2.8) as the starting conditions for the model. The
procedure significantly improved the agreement with the measurements with a relative
error range of 10-20% for both temperatures and salinities. However, a better agreement
was possible by adjusting the initial values. The adjustment involved increasing the initial
values for both temperatures and salinities linearly from the Bothnia Bay to the Arkona
Basin in several different ranges of 1.5 to 1.1, respectively. Figure 4.1 shows a typical
calibration result at F3 for different depths (i.e., surface, 4m, 12m, 40m, 60m, and 80m)
and three adjustment factors of 1.5-1 (Cal I), 1.3-1 (Cal II), and 1.2-1.1 (Cal III),
respectively. The surface refers to the centre point of the Z-grid which is at 0.7m in this
case.
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Figure 4.1Salinity as a function of time and flow depth at the monitoring station F3 (Bay of
Bothnia) Red dots: Field data, Blue line: Green: Cal I, Blue: Cal II, and Brown: Cal III.
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Figure 4.2a Vertical temperature and salinity profiles at the monitoring station F3 (Bay of
Bothnia)-Model results versus measurements
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Figure 4.2c Vertical temperature and salinity profiles at the monitoring station By15 (Eastern
Gotland Basin)-Model results versus measurements
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The model successfully captures the seasonal variations in water temperature and salinity
profiles across the sea. Figures 4.2a to 4.2d show the combined temperature and salinity
profiles at the monitoring stations F3, Gf, By15, and By5. The profiles are for the
complete seasonal cycle. They show good agreements with the field data, although the
model values at GF (Gulf of Finland) show less agreement. Table 4.1 summarizes the
absolute and the mean relative errors at the monitoring stations F3, Gf, By15, and By5.
The last column in the table refers to the difference between simulated and measured
values normalized with the measured values. It gives the mean values for the entire 12
months simulation for each station. The model predictions of salinity are better than
temperature. The maximum errors are in the Bay of Bothnia and Gulf of Finland. The
range of the error is 4-10%, which is acceptable considering the large volume of the
Baltic Sea and its complex hydrodynamics.
Table 4.1 Error summary for temperature and salinity
Time

14/01/2000

Station
F3
By15
By5
Time
GF

T (oC)
0.15-0.6
0.1-0.57
0.1-0.2
02/01/200
0.1-1

S (ppt)
0.1-0.2
0.1-0.8
0.1-0.2
0.1-0.7

28/05/2000

18/08/2000

25/10/2000

T (oC)
S (ppt)
0.1-1.5 0.1-0.2
0.1-1.3 0.1-0.8
0.1-0.5 0.1-0.3
06/06/2000
0.1-1
0.1-0.2

T (oC)
0.1-0.2

S (ppt)
0.1-0.2

T(oC)
0.1-0.2

S (ppt)
0.1-0.2

0.1-0.5

0.1-0.3

0.1-1.6

0.1-2

Mean Relative
error %
T(oC)
S (ppt)
10
3
4
4
5
6
9
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Hw (m)

4
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Figure 4.3 Comparison of model and measured significant wave heights at Visby
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Figure 4.4 Comparison of model and measured water elevations at Visby

The model also gives reassembly good results for the significant wave heights and the sea
water levels. Figures 4.3 and 4.4 compare the model and field data at Visby for
significant wave heights and water levels, respectively. The model correctly captures the
main characteristics of the two variables but the maximum wave heights are
underestimated. There are also significant deviations from the measured water levels. The
latter is due to the difference in the time scale used in the model and the measurement
intervals. The mean values that are averaged at a daily base significantly improve the
agreement with the measured water levels (green curve in Figure 4.4).

4.2 Model validation
Model validation was done for the complete 10 years using the restart files created by the
calibration simulation for year 2000. For this purpose, the complete set of field data at all
the monitoring stations were used. These data are considered independently from the
simulation results as only the first day records were used in the calibration simulations.
The model predictions of water temperatures and salinities were good at all the
monitoring stations. This is a significant result as good agreements in the Bay of Bothnia
are difficult to get due to the sensitive balance between the high inflow of freshwater and
the positive salinity gradient from south to north. The predicted water temperatures in the
Bay of Bothnia are several degrees below freezing point, which indicates the formation of
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ice during the winter period. These lower temperatures were increased considerable to
near freezing point when the formation of ice was allowed using the linear ice model. The
time history plots in Figure 4.5 compare the model predicted temperature and salinity
with the data at stations F3 and By29, which is located in Northern Gotland Basin. The
comparisons are shown at the water surface and 40 m below the surface. For salinity, the
agreements are best for depths less than 40 m. However, the range errors are still within
the limits of values given in Table 4.1. The range of correlation and Nash-Sutcliffe
coefficients calculated for all the monitoring stations were in the range 0.7-0.85 and 0.720.83, respectively. These values also suggest close agreement. One other important
feature is the ability of the model to capture the 10-year seasonal features of water
temperatures and salinities. The conclusion is that the model is reasonably (maximum
relative error 10%) validated.
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Figure 4.5 Comparison of model predicted and measurements temperature and salinity in the
Baltic Sea at stations F3 and By29 at the surface and 42m depths, 2000-2009
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4.3 Ice condition
The formation of the sea ice in the Baltic Sea during the late autumn to spring periods can
significantly affect the hydrodynamic of the Baltic Sea. SMHI provides extensive data on
ice thickness and the area covered by ice in form of charts and grey scale and coloured
plots. The mean thicknesses in the northern basins are listed in Table 4.2. The most
severe ice conditions prevail in the Bay and the Gulf of Finland. Here, it is not our
intention to discuss the ice formation characteristics nor their hydrodynamics. However,
we shall attempt to suggest the relevance of the ice-free condition regarding the
calibration and validation results.
Table 4.2 The mean ice thickness in the northern basins of the Baltic Sea during 1961-1990
(Source: Leppäranta & Myrberg 2009)
Basin
Ice thickness (cm)

Bay of

Bay of Bothnia,

Bay of Bothnia,

Bothnia, north

central

south

76

51

37

Gulf of Finland

Gotland Sea

north
21

It is encouraging to note that the modelled water temperature profiles agree well with the
field data in the winter periods. Figure 4.2 compares the two data sets at stations F3 (Bay
of Bothnia) and GF (Gulf of Finland) on 14 January 2000 and 2 February 2000,
respectively. The agreement can suggest that our simulation results have a reasonable
validity for depths below the ice layer, which has a mean thickness of 54 cm. To
exemplify the suggestion, we choose to present the linear ice model simulation results in
plots in Figure 4.6a-c. The plots also compare the results with SMHI’s measurements.
We have selected two years, one 2000 with severe ice conditions and 2008, which had a
warmer winter. The plots correspond to February 14th, March 15th, and April 14th, in 2000
and 2008. We can draw three main conclusions from the comparison of the ice-model
results with the ice-free model results:


The linear-ice model gives a reasonable prediction of the ice characteristics in
comparison with the filed records.



The water temperature profiles agreed well for flow depths below 1.5 m.



The salinity profiles did not significantly change during the ice condition.

50
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We may conclude that the application of an ice-free model yields reasonable predictions
of at least water temperatures and salinities

Figure 4.6a Comparison of modelled and measured ice thickness and its extent
in the Baltic Sea Feb-Mar 2000. The measured ice according to SMHI & the model data
from the linear ice model

Model calibration and validation

Figure 4.6b Comparison of modelled and measured ice thickness and its
extent in the Baltic Sea Apr 2000-Feb2008. The measured ice according to
SMHI & the model data from the linear ice model
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Figure 4.6c Comparison of modelled and measured ice thickness and its extent
in the Baltic Sea Mar-Apr 2008. The measured ice according to SMHI & the model data from
the linear ice model
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Chapter 5 The stratified structure of the flow
5.1 General features
The flow structure concerns thermocline and halocline stratifications, the mixing
characteristics of the sea, which are controlled by the hydrodynamic variables, forcing
meteorological parameters, the topography, the shorelines, and the exchange processes with
the North Sea. The flow structure in the Baltic Sea differs from open seas by its
interconnected basin system and the presence of ice during winter and early spring periods.
Another important factor is the positive freshwater balance throughout the year. The flow
structure varies significantly among the basins. However, there are a number of general
features as listed below:
1. There are two distinct surface and bottom flow layers with significant variations in
salinity and temperature. The surface layer is dominated by the low salinity fresh
water inflows from the rivers and the bottom layer by saline water. The bottom layer
transports the saline and warmer waters of the Belt Sea and Kattegat (about 30 ppt)
into the Arkona Basin. The seawater temperature and salinity vary in the range of -4
o

C to 20 oC, and 0.2–15 ppt (part per thousand or ‰), respectively.

2. The thermocline is located at a depth of 10m–30m.
3. The halocline is located at a depth of 20m–60m.

Figure 5.1a-b a: The basin system in the Baltic Sea; b: The selected cross sections
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The details of stratification are represented for 11 typical cross sections as listed in Table 5.1
and shown in Figures 5.1a and 5.1b. The cross sections are selected to cut through all the
basins included in this study. The simulation results for temperature and salinity are presented
seasonally for the winter (January15), spring (May15), summer (August15), and autumn
(October 15) periods. The plots are shown for years 2000 and 2006 as two typical years in the
10-year simulation period of 2000–2009. For the year 2000, the surface and bottom plots of
temperature and salinity are also given. It should be noted that the plotting scales were
adjusted to show the full range of the hydrodynamic variables. This is particularly important
for ensuring that the stratification features are not obscured by the choice of the colour scales.
The summary results presented in Table 5.2 list the layers from surface to bottom with the
corresponding layer numbers from 1 to 4 where applicable.
Table 5.1 List of the selected cross sections
Slice

Direction

Crossing Basins

S64

S-N

Bornholm Sea-Western Gotland- Åland Sea- Bothnia Sea- Bay of Bothnia

S82

S-N

Bay of Gdansk-Eastern Gotland-Northern Gotland-Archipelago Sea

S160

S-N

Gulf of Finland

S20

W-E

Arkona-Bornholm-Bay of Gdansk

S70

W-E

Western Gotland-Eastern Gotland-Gulf of Riga

S100

W-E

Northern Gotland

S116

W-E

Northern Gotland- Gulf of Finland

S128

W-E

Åland Sea- Archipelago Sea

S164

W-E

Sea of Bothnia

S194

W-E

Northern Quark

S230

W-E

Bay of Bothnia

The temperature development at the Baltic Sea is highly affected by the intrusion of the
warmer water masses from the North Sea and cold low salinity river water masses that flow
into the Bay of Bothnia. The Northern part of the Baltic Sea is covered by ice during winter
and spring periods that reduces the water temperature well into summer periods. Figure 5.2
shows the seasonal variations of both water temperature and salinity at the surface and the
bottom layers. The surface temperatures are in good agreement with SMHI measurements
available at http://www.smhi.se/klimatdata/oceanografi/havsis. The surface temperatures vary
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Figure 5.2 Seasonal plots of surface and bottom layers water temperature and salinity in the Baltic
Sea for year 2000
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in the range of -4 oC (ice condition) to 18 oC. In the winter period, the bottom temperatures
are higher than the surface temperatures by several degrees. The spring period is marked by
higher surface temperatures with the exception of the Bay of Bothnia and the eastern Gulf of
Finland. The surface temperatures increase significantly during the summer and are about
2 oC higher than the bottom layer temperatures. The autumn period shows a transitional
behaviour with decreasing temperature differences between the two layers. It marks the start
of the cooling of surface water due to increased mechanical and thermal convection.

5.2 Thermal stratification
The thermal stratification in the Baltic Sea shows a considerable variation among the different
basins with a clear seasonal feature. During the winter period, the lower water layers are
warmer than the upper layers. The ice starts to melt in late spring that still maintains a higher
water temperature in the bottom layers. The temperature of the upper water layers starts to
increase as the end of the summer period approaches. By then, the upper water layers have a
higher temperature and the stratification is reversed.
The common thermal stratification features in the Baltic Sea are obtained by analysing the
transient plots along all the cross sections:
1. The number of the stratified layers varies from 2 to 5.
2. There are two distinct layers, one with lower surface temperatures i.e., winter
stratification and a reversed summer type stratification with higher surface
temperatures. These two types prevail during the winter-spring and summer-autumn
periods, respectively. Typical transitional behaviours may approach during late
autumns when the wind speed increases but does not last more than a few weeks. They
dominantly occur in shallower regions of the Baltic Sea.
3. The surface layer has a transient structure composing of 2 to 3 minor thermocline with
a mean thickness of about 10 m. It is often difficult to distinguish between these
layers. Here, the thermocline layer is considered as a layer with temperature variations
more than 0.4 0C which gives negligible density difference (i.e., 0.01 kg/m3).
4. The summer stratification has a dicothermal character in the northern basins of the
Baltic Sea. It implies the existence of a colder layer sandwiched between two layers of
higher temperatures. The layer is stable since the upper layer has a lower salinity than
the deep underlying layer.
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The foregoing features are shown in Figure 5.3 at two typical cross sections of S64 and S116.
The former crosses most of the major basins in the Baltic Sea. The plots presented in this
chapter do not do justice to the complexity of the stratification in the Baltic Sea. The intention
is to provide support to the results and the discussion. To avoid any miss-interpolation, the
layer thicknesses (Ln) are listed as the percentage of the flow depth. For thermal stratification,
the layers are numbered in descending order from the surface. The division was needed due to
the complex nature of the multilayered thermal stratification. Layer 1 is defined as the surface
or the top layer and the last layer refers to the bottom layer. It is not very useful to list the
absolute values due to the significant geometric variations within and among the basins (size,
volume, and depth). Table 2.1 lists the flow depth ranges for each basin. In the following subsections, the stratification is described in detail moving from northern to the southern basins
with reference to Figure 5.3.

5.2.1 Bay and Sea of Bothnia
Figure 5.3 gives an example of the seasonal thermal flow structures along cross-section S64 in
order of the basins. The basins are from right to left the Bay and Sea of Bothnia, the Åland
Sea, the Northern, and Easter Gotland basins. In the Bay of Bothnia there is a significant
seasonal variation regarding the number and the thickness of the layers. The three -layered (1–
3) thermal structure is composed of two layers with few temperature variations and a
transition layer with a sharp temperature gradient (thermocline). In the beginning of winter,
there is little heat loss and water masses are well mixed within a depth of about 60 m (mean
temperature Tm ≈0.5 oC) with the exception of the surface ice layer (≈0.5m). The vertical
temperature gradient is only 0.008 oC/m, which is negligible. The transition layer (layer 2) is
about 15 m and has a temperature range of 0.5–1.5 oC. The deep bottom layer is about 10 m
with a mean temperature of 1.5 oC. In the spring period, the thickness of layer 1 decreases to
10 m but the thicknesses of the bottom layer increases to about 55 m (Tm ≈0.8 oC). The
stratification is reversed during the summer and early autumn periods as the surface water
temperatures increase due to increasing solar radiation. The summer and autumn stratification
have a similar structure with a thermocline layer of 30 m (Tm ≈8oC). However, the
temperatures are higher by about 15%. In the Sea of Bothnia the stratified flow has a threelayer structure during winter period with a thick thermocline layer of about 50 m (Tm ≈2oC).
The spring period is characterised by a three-layered structure that is changed to
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Figure 5.3 Seasonal plots of thermal stratification in the Baltic Sea at cross-sections S64 and S116
for year 2000
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five layers during the summer and autumn periods. Layers 1 to 4 have a thermocline
characteristic with a temperature range of 14 oC–3 oC that occupies about 60% of flow depth.
The autumn layering is similar to the summer period. An important feature is the formation of
a 15-m thick dicothermal layer between layers 2 and 4. The dicothermal layer is about 1.5 oC
cooler than the adjacent layers.

5.2.2 Åland Sea
The stratification in the Åland Sea is dominated by a three-layer structure with the exception
of a four-layer structure during the spring period. During the winter period, the temperatures
vary significantly across all the layers (Tm <0.5oC to ≈ 4 oC). There is also a small temperature
gradient (0.01 oC/m) within the deep bottom layer 3 with a mean thickness of 50 m. During
the spring period, a constant temperature (Tm ≈4oC) layer (i.e., layer 3) is formed above the
bottom layer. The stratification undergoes a significant change during the summer and autumn
periods due to the increased mixing induced by wind. During these periods, layer 1 is about
10 m thick with Tm ≈14 oC and 10 oC, respectively. But, the temperature varies significantly
within layers 2 and 3 during both summer and autumn periods. The thickest layer is the
bottom layer (≈40m) that is characterised by noticeable vertical temperature gradients of
about 0.01oC/m that are increased 0.05 oC/m during the summer and autumn periods .

5.2.3 Gulf of Finland
The stratified structure in the Gulf of Finland consists of three layers with significant
variations in both thickness and temperature. In upper layer 25 m thick, the temperature
increases from near to 0. oC about 0.25 oC. However, during the winter period, a surface ice
layer of about 1 m covers the Gulf. The upper layer can be considered well mixed as the
temperature gradient across the layer (0.0015 oC/m) is negligible. Layer 2 is the thermocline
with a significant temperature variation of 0.08 oC/m. The maximum temperature (2.5 oC) is
reached at the bottom 10-m thick layer. During the spring period, the stratification undergoes
a significant change. The warmer waters from the river Neva form a jet plume at the entrance
to the Gulf that propagates like a heat wave. A strong thermocline which is about 30 m is
formed at the surface with temperature variations in the range of 7.5oC–1.5oC and gradient of
0.2 oC/m. The underlying layer 2 is about 10 m thick and has a constant temperature of 1.5 oC.
In the bottom 30-m thick layer, there is also a large temperature gradient of about 0.09 oC/m.
Similar stratification features exist for the summer and autumn periods. However, a 10-m
thick dicothermal is formed within layer 2 during these periods with mean temperatures of 2.6
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C and 3.5 oC, respectively. The temperature gradients are about 0.07 oC/m. The bottom layer

has a constant temperature (3.5 oC ) only during the autumn period.

5.2.3 Northern Gotland Basin
The multilayered stratification structure is composed of top and bottom layers with constant
temperatures. There are as many as four layers in between with large variations in
temperatures. During the winter period, there are three layers with a top layer 1 about 55 m
thick and Tm ≈4 oC and a bottom layer of about the same thickness and Tm ≈4.5 oC. There is a
pronounced thermocline (i.e., layer 2) in between with a mean thickness of 10 m. The latter
layer is decomposed into several different layers during the spring to autumn period. The
mean top layer thickness reduces to 10 m during these periods. In the spring period, the
temperatures in the thermocline layers (2–4) drop from 6 oC to 3 oC covering 45% of the flow
depths. An interesting feature is the formation of a 20-m thick dicothermal layer (layer 3)
during the spring and summer periods with a temperature drop of about 1 oC from the ambient
temperatures. The maximum temperatures Tm ≈16 oC are reached at the top layer during the
summer period. However, the bottom layer temperatures decrease by about 2 oC. The deep
water has a mean thickness of 60 m and a mean temperature of 5 oC throughout the year.

5.2.4 Western Gotland Basin
A three-layered structure is sustained in the basin from the winter to summer period. The top
layer thickness increases from 10 m to 50 m in the same period, which implies a significant
increase in wind, induced mixing process. The corresponding mean temperatures increase
from 2 oC to 16 oC. However, the layer temperatures are not constant and there are large
temperature gradients across the layer in the range 0.2 oC/m-0.4 oC/m. Only during the autumn
period a constant temperature (13 oC) is reached and the layer thickness increases to 30 m as
the wind velocities increase. Similar to the Northern Gotland Basin, the bottom layer has a
relatively constant depth and temperature of 200 m and 5 oC. A layer decomposition takes
place in the autumn period as layer 2 is subdivided to two layers, one with a constant
temperature 3.5 oC (i.e. layer 2) and the other with a variable temperature in the range of 3 oC–
3.5oC.

5.2.3 Eastern Gotland Basin
The stratification in the Eastern Gotland Basin is similar to the northern basins with the water
temperatures being higher by about 1 oC during the spring and autumn periods. During the
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winter and spring periods, the surface water temperature remains close to 1 oC in the southern
parts and about -2 oC in the northern parts of the basin. The layer numbers vary from 3 in the
winter period to 5 layers in the autumn period. The three-layer structure occurs during the
winter period. The top and bottom layers, and the thermocline (layer 2) are almost equal in
thickness (60 m). The temperature gradient is about 0.02oC/m in the thermocline layer.
During the spring period, four layers are formed that are composed of a constant temperature
layer below layer 1. However, there are large temperature gradients in all the other layers
0.02oC/m–0.08oC/m.
The temperatures reach constant mean values of 16 oC and 14 oC in layer 1 during the summer
and autumn periods and a mean layer thickness of 20 m. In the same periods, a dicothermal
layer is formed (layer 3), which is 25 m thick with a temperature of 3 oC. The bottom layer
has a mean thickness of 85 m and a temperature of 6 oC.

5.2.4 Bornholm Basin
The stratification features in the Bornholm Basin are similar to the Eastern Gotland Basin.
The winter period is characterised by three layers, i.e. a 50-m thick upper layer (layer 1), a 20m thick thermocline, and a 20-m thick bottom layer, respectively. The corresponding mean
temperatures in the upper and bottom layers are 4.5 oC and 10 oC. The latter temperature is the
highest bottom layer water temperature reached among all the basins. The thermocline (layer
2) has a high temperature gradient of 0.55 oC/m. During the spring period layer 2 is
decomposed into two layers (i.e., 2 & 3) and with constant temperatures and thicknesses of 4
o

C and 20 m; 9 oC, and 30 m, respectively. Layer 2 is a dicothermal layer as it is cooler by

several degrees from the ambient water. The bottom layer is rather thin (i.e., 10 m) in
comparison with the other layers and has a nearly constant temperature of 9.1 oC. The
foregoing stratification structure is maintained during the rest of the year. The dicothermal
layer appears at the same depth (i.e., layer 2) but the surface temperature gradients are lower
than the winter period. However, the bottom temperature gradients are about four times higher
than the winter and spring periods.

5.2.5 Arkona Basin
The stratification in the Arkona Basin has a clear three-layer structure, i.e. an upper layer, a
middle thermocline layer, and a bottom low temperature layer. During the winter and summer
periods, the temperatures are constant in the 10-m thick upper layer, i.e., 4 oC and 16.5 oC,
respectively. The thickness of the upper layer increases during the spring and autumn periods
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but the temperatures are no longer constant. The corresponding temperature gradients are 0.25
o

C/m and 0.04 oC/m. The temperature gradient in the thermocline layer increases from 0.04

o

C/m to 0.8 oC/m in the summer and autumn periods. The bottom layer has mean temperatures

of 5 oC and 9 oC during the winter-spring and summer-autumn periods. It is interesting to note
the significant increase (from 0.04 oC/m to 0.15 oC/m) in the bottom layer temperature
gradient during the latter period.
The foregoing results are summarized in Table 5.2, which lists the mean seasonal variation of
water temperature and the stratification for the year 2000. The normalized values layer
thicknesses (Ln) and the actual temperature changes are listed.
Table 5.2 Characteristics of thermal stratification in the basin system of the Baltic Sea
Mean water temperature and layer thickness year 2000
Basins
Bay of Bothnia

Sea of Bothnia
Gulf of Finland
Sea of Åland

Northern
Gotland

Western Gotland

Eastern Gotland

Bornholm Basin
Arkona Basin

Layers
1
2
3
4
1
2
3
4
5
1
2
3
1
2
3
4
1
2
3
4
5
6
1
2
3
4
1
2
3
4
5
1
2
3
4
1
2
3

Winter
T oC
1
0-0.5
0.5-1.5
1.5
1.5
1.5-3
3

L

5
50
20
10
20
55
90

0.20.252.6
0.5-4
4-4.3

30
30
10
30
40

4.3-4.8
4.2
4.2-5.2
5.2

50
70
10
80

2
2-5
5-5.2

Spring
T oC
1.2
1.2-0.8
0.8
0.8
4.5
4.5-1
1.3

L

5
5
30
50
5
15
90

7.5-1.5
1.5
1.5-4.2
4
4-2.4
2.4
2.4-2.9
6
6-3.2
3.2-2.8
2.8-4.8
5.5

30
10
30
10
30
30
40
10
22
20
50
70

10
90
350

7-2.6
2.6-5
5-5.2

50
90
350

3.8
3.8-6
6-6.3

70
85
100

9-3
3
3-6
6-6.3

40
30
80
75

4.5
4.5-10
10

50
20
20

4
4-4.5
4.5-6

10
10
20

12-4
4
9
9-9.2
13.2-5.2
5.2-4.8

30
20
30
10
30
10

Summer
T oC

10
30
50

Autumn
T oC
13.5
13.5-3
3-2

14-11.2
11.2-3.2
3.2-1.5
1.5-3
3
16.2
16.2-2.6
2.6-4.2
14.2
14.2-6.5
6.5-3.9

5
55
20
90
50
15
35
20
10
30
70

12
12-2.5
2.5-2
2-3
3
13-12.8
12.8-3.5
3.5
10
10-9
9-5

20
20
10
90
50
15
35
20
10
20
80

16.2
16.2-16.8
16.8-16
16-3
3-4.8
4.8
16-3.2
3.2-5
5-5.2

10
10
20
45
35
90
50
50
350

13.5
13.5-14.2
14.2-3.5
3.5-5
5

20
20
40
30
70

16.5
16.5-3.7
3.7-3
3-6
6-6.2
17-16.5
16.5-4.7
7-6.2
6.2-8
16.5
16.5-8.5
8.5-10.7

20
20
30
60
95
20
20
10
20
10
10
20

13.5
3.5
3.5-5
5-5.2
14
14-3.7
3.7-3
3-6
6-6.2
15-14.8
14.8-4.7
4.7-7.8
7.8-8.5
17-16.2
16.2-8.8
8.8-10.5

30
20
50
350
20
20
20
60
100
15
25
20
30
20
10
10

11
11-3
3-2

L

L(m)

5
35
50
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5.3 Salinity stratification
The seasonal variation of surface and bottom layer salinities are shown in Figure 5.2 (columns
3 surface and column 4 bottom salinities). The general features are an outgoing surface flow
with low salinity that is diluted by the fresh water from the rivers and a denser incoming
bottom flow from the North Sea. The surface salinity varies from 1.6‰ to 9‰ and the bottom
salinity in the range 3‰-16‰ moving southwards from the Bay of Bothnia to the Arkona
Basin. The corresponding salinity gradients are 0.0042‰/m and 0.0054‰/m, respectively.
The intruded high salinity water from the North Sea propagates like a plume as far as the
Northern Gotland Basin with a mean advection velocity of 6cm/s. The feature is apparent
from Figure 5.4, which shows the dense water settling mainly in the deep regions of the
Northern and Easter Gotland Basins. The salinity stratification has a multi-layer structure
(Figure 5.4) in analogy to the thermal stratification. The general features are two thick (i.e.,
>30m) surface and bottom layers with a transition layer in between. The stratification is
complicated by its temporal and spatial variations both within and among the basins.

5.3.1 Bay of Bothnia
The seasonal plots of salinity at cross-section S230 represent the stratification in the Bay of
Bothnia for two typical years 2000 and 2006 (Figure 5.5). The flow structure in the Bay of
Bothnia is primary controlled by the narrow Northern Quark sill that connects the bay to the
Sea of Bothnia. The general three-layer structure (i.e., upper, middle, and bottom layers)
appears to be stable throughout the year. However, the layer thickness and salinity vary both
seasonally and yearly. The winter and autumn periods are characterized by four layers of
various thicknesses (7m–37m) and relatively constant salinities in the range of 2.2 ‰–4.4 ‰
(Table 5.3). The table also lists the normalized thickness with the depth. The bottom layer is
thicker in the winter period when the exchange processes are weaker than the rest of the year.
Table 5.3 Mean characteristics of salinity stratification in the Bay of Bothnia, 2000
Layer
Upper
Middle (halocline)
Bottom

Winter
S‰

Spring
Ln %

S‰

Summer
Ln %

S‰

Autumn
Ln %

S‰

Ln %

2.2

34

2.2

34

3

31

2.2

22

2.58-3

33

2.6

15

3.5

22

2.5-3.1

66

3.36

34

3.3

51

4.1

41

3.5

12
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In the spring and summer periods, the freshwater inflow increases and the four-layer structure
is reduced to a three-layer structure as the exchange processes are further increased. The top,
middle and bottom layers are about 20 m, 10 m, and 32 m thick, respectively. However, the
salinities are increased by about 35% during the summer period; this increase appears to be
related to salt intrusion from the North Sea. The deep water (below 40 m) mainly originates
from the upper layer of the Sea of Bothnia. The mean surface salinity is 3.3‰ that increases
linearly with the depth to 4.3‰ at a gradient of 0.015 ‰/m. The stratification pattern appears
to be cyclical on yearly bases. Figure 5.5 compares the seasonal variations for the years 2000
and 2006. The stratification appears to be seasonal rather than yearly, apart from some small
variations in salinity and the layer thickness.

5.3.2 Sea of Bothnia
There is a significant variation of salinity stratification across the Sea of Bothnia. Similar to
the Bay of Bothnia, the three-layer structure prevails (Figure 5.4). The upper layer has a mean
thickness of 55 m with a salinity of 5.5 ‰. The middle halocline layer is only 12.5 m with a
sharp salinity gradient (i.e., 0.08 ‰/m) as opposed to the 30-m thick bottom layer. The
halocline depth and its thickness vary seasonally as summarized in Table 5.4. The layer
thicknesses (Ln) are normalized with the total flow depth. The thickness of the upper layer
reduces considerably from 56% in winter periods to 5% during the summer periods.
Throughout the year, the halocline layer occupies a major portion of the total depth ranging
from 34% to 76%. However, apart from the winter period, the thickness has a relatively
constant value of 70%. The upper layer salinity decreases during the spring when the river
inflows increase significantly. The effect is maintained throughout the summer period. The
bottom layer has a relatively constant salinity (5.9 ‰) throughout the year.
Table 5.4 Mean characteristics of salinity stratification in the Sea of Bothnia, 2000
Layer
Upper
Middle(halocline)
Bottom

Winter
S‰

Spring
Ln (%)

S‰

Summer
Ln (%)

S‰

Autumn
Ln (%)

S‰

Ln (%)

5.45

56

5.17

10

4.75

5.25

4.85

12.25

5.7

34

5.48

73

5.51

76.5

5.18

69.5

9

9

5.9

16.8

6

18.25

5.92

18.25
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S64‐Temp 0C‐2000

S116‐Temp 0C‐2000
15JAN

15MAY

15AUG

15OCT

Figure 5.4 Seasonal plots of salinity stratification in the Baltic Sea at cross-sections S64 for years
2000 and 2006
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5.3.3 Archipelago Sea and Åland Sea
The Archipelago Sea is a shallow region in comparison with the other basins in the Baltic Sea.
The mean depth is only 20 m as opposed to 75 m in the Sea of Åland. A two-layer
stratification is the dominant feature with surface salinity in the range 4‰-5‰ and bottom
layer in the range 6 ‰–7 ‰. The corresponding layer thicknesses are about 20 m and 10 m.
Figure 5.7 shows the seasonal plots in both the Archipelago Sea and the Åland Sea. There
appear to be little seasonal and yearly changes in the Archipelago Sea. The stratification
features in the Åland Sea are significantly different due to its depth. The multi-layer structure
consists of a top surface layer 30m-80m thick and salinities in the range 5.5 ‰–6 ‰. The
halocline is composed of several layers with a sharp salinity gradient (0.05 ‰/m) and a mean
layer thickness of 20 m. The bottom layer is about 90 m thick with a relatively constant
salinity of 10 ‰. The layer properties show few seasonal variations but there are some yearly
variations in thickness as shown in the same figure. For instance, the layer thickness reduces
to about 40 m. Table 5.5 lists the summary results with the thickness normalized with the
depth.
Table 5.5 Mean characteristics of salinity stratification in the Åland Sea, 2000-09
Layer
Upper
Middle(halocline)
Bottom

Winter
S‰

Spring
Ln (%)

S‰

Summer
S‰

Ln (%)

Autumn
S‰

Ln (%)

Ln (%)

6.2

15

5.9

8

5

9

6.5

10

6.5-9.5

39

6-9

50

5-9

47

6.8-9

40

10

46

10

42

10

44

10

50

The thickness of the upper layer is at a maximum in the winter period, which reduces
significantly during the spring and summer periods. The salinities are also reduced by about
20% during the foregoing periods. However, the halocline thickness increases by about 30%
during these periods. There is a thick bottom layer with a constant salinity of 10 ‰.

5.3.4 Gulf of Finland and the Northern Gotland Basin
The river Neva being the most voluminous river entering the Gulf from the eastern coastline
(77.6 km3/y or 2500 m3/s) significantly affects the stratification in the Gulf. The zero salinity
water from the river creates a permanent salinity plume that propagates westwards to a
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distance of 50km–150km. The plume salinity varies from 0 ‰–5 ‰ and extends to a depth of
about 15 m. Figure 5.2 shows the surface contours of the plume. The maximum extension
occurs during early spring periods. The seasonal cross-section plots are shown in Figure 5.8 at
cross-section S116 for the years 2000 and 2006. The stratification can be divided into two
regions of Neva River (≈100km), and the inner Gulf region (≈200km), which is connected to
the Northern Gotland Basin. The stratification in the Neva region appears to have a permanent
multi-layer structure with few seasonal variations. The characteristic three-layer structure is
found in the inner Gulf region. The seasonal normalized layer thickness remains constant with
the exception of spring periods. The corresponding upper layer mean normalized thicknesses
and salinities are 22% with a salinity of 4.5 ‰, and 33% and a salinity of 5%, respectively.
The (middle) halocline layer occupies about 35% of the total depth with a salinity range of
4.5 ‰–7.5 ‰. The lower range occurs during late summer periods. The bottom layer shows
the highest seasonal variation of thickness (29%–45%) but a relatively constant salinity of
about 8.2 ‰. The minimum thickness is during the spring periods.
The stratification characteristics in the Northern Gotland Basin are similar to those in the
inner Gulf region. It is interesting to note the significant salinity increase to 9.5 ‰ that is
confined to the Northern Gotland Basin and the bottom layer. The region resembles a salt
wedge that grows during the ice-free periods. Tables 5.6 and 5.7 summarize the results for
both Gulf of Finland and the Northern Gotland Basin, respectively.
Table 5.6 Mean characteristics of salinity stratification in the Gulf of Finland, 2000
Layer

Winter
S‰

Spring
Ln (%)

Summer

S‰

Ln (%)

S‰

Autumn
Ln (%)

S‰

Ln (%)

Upper

4.5

22

5

33

5

22

4.5

22

Middle(halocline)

5-7

33

6-7.5

38

6.5-8.5

39

4.5-7.2

34

Bottom

8.5

45

8.3

29

8.5

39

8

44

Table 5.7Mean characteristics of salinity stratification in the Northern Gotland Basin, 2000
Layer
Upper

Winter
S‰

Spring
Ln (%)

S‰

Summer
Ln (%)

S‰

Autumn
Ln (%)

S‰

Ln (%)

5

33

6.2

38

5

22

5.2

27

Middle(halocline)

5-7

29

6.8-7.5

38

6.5-8.5

55

6-8.5

46

Bottom

8.5

38

9.5

24

9.5

23

9.5

27
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5.3.5 Western and Eastern Gotland Basins
Three-layer structure similar to the northern basins characterizes the stratification in the
Western Gotland being the deepest basin in the Baltic Sea (maximum depth of 459 m).
However, the upper and the middle (halocline) layers are about 20% thicker than for the
basins discussed previously. The salinities maintain relatively constant values with little
seasonal variations throughout the year. However, the layer thicknesses vary seasonally by
about 10%. In the winter periods, the three normalized layer thicknesses are 30%, 50%, and
20%, respectively. The corresponding salinities are 6.8 ‰, 7 ‰–8.5 ‰, and 10 ‰. During the
spring to autumn periods, the thickness of the upper layer increases by 10%. The bottom layer
has a constant salinity of 10 ‰ and for much thinner than the other two layers. Figure 5.9
illustrates the main seasonal stratification along the cross section S70. The stratification
structure in the Eastern Gotland Basin is similar to the Western Gotland Basin. However, the
middle (halocline) layer is about 10% thicker. The mean salinities in the upper, middle and
bottom layers are 7 ‰, 7 ‰–11 ‰ and 11.5 ‰. There is only a minor seasonal variation in the
layer thicknesses. Tables 5.8 and 5.9 summarize the results for the two basins.

5.3.6 Bornholm and Arkona Basins
The stratification in the Bornholm Basin has a clear three-layer structure with significantly
increased salinities in comparison with the northern basins. Figure 5.10 illustrates the seasonal
Table 5.8 Mean characteristics of salinity stratification in the Western Gotland Basin, 2000
Layer

Winter
S‰

Upper
Middle(halocline)

Spring
Ln (%)

Summer

S‰

Ln (%)

S‰

Autumn
Ln (%)

S‰

Ln (%)

6.8

35

7

50

7

55

6.8

40

7-8.5

50

7-9.5

40

7.5-9

30

7.5-9

40

10

15

10

10

10

15

10

20

Bottom

Table 5.9 Mean characteristics of salinity stratification in the Eastern Gotland Basin, 2000
Layer
Upper

Winter
S‰

Spring
Ln (%)

Summer

S‰

Ln (%)

S‰

Autumn
Ln (%)

S‰

Ln (%)

7

28

7

23

7

23

6.5

23

Middle(halocline)

7-11

39

7.5-11

50

7.5-11

50

7.5-11

55

Bottom

11.5

33

11.5

27

11.5

27

11.5

22

5-17

The stratified structure of the flow

variations along cross section S20 for the year 2000. The surface layer is 45m thick
throughout the year with the exception of 35m during the spring periods. The corresponding
salinity ranges from 7 ‰ to 8.5 ‰ with the lowest values occurring in the spring periods. The
halocline maintains a relatively constant mean thickness of 32 m with salinities in the range
9 ‰–16 ‰. Throughout the year, the bottom layer is about 20 m thick in the winter and spring
periods with a constant mean salinity of 15.5 ‰. The layer thickness reduces to 10 m and 15
m during the summer and autumn periods. The maximum layer salinity occurs during the
autumn periods with a mean value of 17.5 ‰.
The three-layered stratification in the Arkona basin does not possess a clear seasonal
character. The upper layer is about 15 m thick during the winter and summer periods with a
mean salinity of 9.3 ‰. The layer thickness increases to about 15 m during spring and autumn
periods but the mean salinity remains unchanged. The mean thickness of halocline (middle)
layer decreases from 22 m in winter and summer periods to 10 m in the spring and autumn
periods. The layer salinity ranges from 8 ‰ to 11 ‰ throughout the year. There is a permanent
thin bottom layer (4 m) with a constant salinity of 13.5 ‰. Tables 5.10 and 5.11 summarize
the mean results for the basins.
Table 5.10 Mean characteristics of salinity stratification in the Bornholm Basin, 2000
Winter

Layer

S‰

Upper
Middle(halocline)
Bottom

Spring
Ln (%)

Summer

S‰

Ln (%)

S‰

Autumn
Ln (%)

S‰

Ln (%)

8.5

45

7

34

7.8

50

8

50

10-15

13

9-13

44

9-13

38

10-16

33

15.5

37

15.5

22

14

12

17.5

17

Table 5.11 Mean characteristics of salinity stratification in the Arkona Basin, 2000
Layer
Upper

Winter
S‰

Spring
Ln (%)

S‰

Summer
Ln (%)

S‰

Autumn
Ln (%)

S‰

Ln (%)

9

35

7.9

62

7.9

38

7.9

62

Middle(halocline)

9-11

50

8-10

25

8-10

50

8-10

25

Bottom

13.5

15

11.2

13

11.5

12

12.5

13
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5.3.7 Riga and Gdansk Bays
The stratification in the Bay of Riga is rather weak, increasing with the depth with a gradient
of 0.009 ‰ /m. The mean salinity for all the three layers is 6.6 ‰. The upper layer has a mean
thickness of 14 m and salinity 6 ‰. The weak halocline is about 16.5 m thick and a salinity
range of 6.5 ‰–6.7 ‰. The bottom layer is about 12 m thick with a constant salinity of 6.8 ‰.
The Bay of Gdansk has a stronger stratification and a salinity gradient of 0.014 ‰/m during
the winter and spring periods. The gradient increases to 0.028 ‰/m during the summer and
autumn periods. The upper layer is thickest during winter and spring periods, i.e. 23 m as
opposed to 14 m during summer and autumn periods. During the autumn periods the salinities
decrease from 7.3 ‰ to 6.8 ‰. The middle layer (halocline) has a mean thickness of 38 m and
a salinity range of 7 ‰–8 ‰. The layer thickness increases by 20% during summer and winter
periods. The bottom layer is about 12 m thick with a constant salinity of 8.4 ‰ throughout the
year. Tables 5.12 and 5.13 summarize the results for both basins.
Table 5.12 Mean characteristics of salinity stratification in the Bay of Gdansk, 2000
Winter

Layer

S‰

Upper
Middle(halocline)

Spring
Ln (%)

S‰

Summer
Ln (%)

S‰

Autumn
Ln (%)

S‰

Ln (%)

7.3

35

7.3

31

6.8

14

6.8

25

7.6-8.1

50

7.4-8.1

47

7-8

64

7-8

60

8.3

15

8.4

22

8.4

22

8.6

15

Bottom

Table 5.13 Mean characteristics of salinity stratification in the Bay of Riga, 2000
Layer
Upper
Middle(halocline)
Bottom

Winter
S‰

Spring
Ln (%)

S‰

Summer
Ln (%)

S‰

Autumn
Ln (%)

S‰

Ln (%)

6.4

33

6.4

40

6.4

23

6.4

35

6.5-6.7

44

6.5-6.7

37

6.5-6.7

42

6.5-6.7

42

6.8

23

6.8

23

6.8

35

6.8

23
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Salinity‐2006

Salinity‐ 2000
15JAN

15MAY

15AUG

15OCT

Figure 5.5 Seasonal salinity profiles (ppt) along section S230 cutting the Bay of Bothnia
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Salinity‐ 2000

Salinity‐2006
15JAN

15MAY

15AUG

15OCT

Figure 5.6 Seasonal salinity profiles (ppt) along section S164 cutting the Sea of Bothnia
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Salinity‐ 2000

ÅS

15JA

Salinity‐2006

AS

15M

15AU

15OC

Figure 5.7 Seasonal salinity profiles (ppt) along section S128 cutting the Åland Sea (ÅS) and the
Archipelago Sea (AS)
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Salinity‐2000

Salinity‐2006
15JAN

Neva

NGB

GOF

15MAY

15AUG

15OCT

Figure 5.8 Seasonal salinity profiles (ppt) along section S116 cutting the Northern Gotland Basin and
the Gulf of Finland
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Salinity‐2006

Salinity‐2000
JAN15

WGB

EGB

GOR

15MAJ

15AUG

15OCT

Figure 5.9 Seasonal salinity profiles (ppt) along section S70 cutting the Western and Eastern Gotland
Basins and the Bay of Riga
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Salinity‐2000

Salinity‐2006
15JAN

15MAY

15AUG

15OCT

Figure 5.10 Seasonal salinity profiles (ppt) along section S20 cutting the Arkona, Bornholm, and
Easter Gotland Basins
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5.4 Discussion
The understanding of stratification in large water bodies is of significant environmental
importance due to its direct coupling with water quality dynamics. Severe thermal
stratification can have a number of adverse effects, among which are reduced water quality
and the spatial distribution of fish (Lackey 1972). Any prolonged stratification can reduce
oxygen solubility, which leads to oxygen depletions in deep water masses. The deeper water
masses in the Baltic Sea are particularly vulnerable to eutrophication below halocline or
regions affected by thermal stratification (HELCOM 2003). We know that eutrophication is
the most serious and challenging environmental problem for the Baltic Sea (Elmgren and
Larsson 2001). Consequently, accurate knowledge of the stratification dynamics is required
for the management of eutrophication in the Baltic Sea.
The detailed investigation of thermal stratification for a 10-year period (i.e., 2000–2009)
revealed some new features. We have found a multilayered structure that contains several
thermocline and dicothermal layers. The statistical analysis of all simulation results made it
possible to derive the mean thermal stratification properties expressed as mean temperatures
and the normalized layer thicknesses (Table 5.2). The three-layered structure reported in the
(e.g., Leppäranta & Myrberg 2009) appears to be oversimplified. The latter consists of an
upper (top layer) and a bottom deeper region both with constant temperatures. The
thermocline layer having a sharp temperature gradient connects the two layers. We have
found the three-layer model to be valid only during the winter periods. In the northern basins,
the vertical temperature gradients are significantly lower than for the southern basins (a factor
of 3). We attribute the difference to the formation of an ice cover during winter and spring
periods in the northern basins (i.e., Northern Gotland Basin and above), which affects the
surface heat transfer and its exchange with the overlying cold air. The ice layer acts as a
thermal barrier preventing further heat losses due to the action of wind and convective
transport. Consequently, the upper layer is rather thick and can occupy up to 65% of the depth
in these basins. Following the winter period, the three-layered structure is decomposed into
several layers with increasing or decreasing temperature gradients. The process takes place in
all the basins in the Baltic Sea. Here, we believe the primary driving force is the increased
mixing processes between the basins during the ice-free periods. The high momentum
freshwater inflows from the rivers contribute to higher surface water temperatures thus
increasing the temperature gradients. On average, the thickest layer is the bottom layer

The stratified structure of the flow

5-26

(≈50%) with a small temperature gradient, except in the Bornholm and Arkona basins. We
believe the low gradients are due to low intensity exchange processes in the northern basin of
the deep water regions. The Bornholm and Arkona basins are shallower and more influenced
by the exchange of warmer and more saline waters with the North Sea. This is reflected by the
increased temperature gradients in these basins (from ≈0.02oC/m to ≈0.5oC/m). Our
simulations indicate a wide spectrum in the layering properties among the basins. However, a
few generalizations appear to be possible based on the results listed in Table 5.2. The
thermocline occupies about 25% of the water depths in each basin. The deep permeate bottom
layer is about 40% of the water depth with temperatures of about 3 oC, and 5 oC in northern
and southern basins, respectively. Our mean results on the properties of thermal stratification
agree well with the results reported by Leppäranta and Myrberg (2009; Table 3.3). Here, the
reported annual averaged halocline thickness is 10m–20m. For example, in the Bay of
Bothnia we get an averaged normalized depth of 35% from Table 5.2. The mean depth is
40 m that yields a thickness of 14 m, which is well within the range given by Leppäranta and
Myrberg (2009).
There is also some evidence of upwelling and downwelling along the coastlines across the
Baltic Sea (Krauss 2001, Myrberg & Andrejev 2003). The existence of the dicothermal layer
is an indication of upwelling. The two features occur as wind causes surface water to diverge
(Ekman transport) or converge (downwelling). During both processes, either water is replaced
from the deep region or is forced downwards. Consequently, the salinity variations that are
mainly controlled by the water balance are further modified. The mixing processes and
thereby the stratification structure are modified by the upward and downward mass movement
of water that contribute in maintaining a multilayer structure. It is interesting to note that in
the Bay of Bothnia, limited upwelling and downwelling occurs (Krauss 2001). The upwelling
occurs near the coastal areas of the Sea of Bothnia, Sea of Åland, the Northern Gotland Basin,
the Gulf of Finland (e.g., see Figure 5.3, right column May15, 2000), and Bornholm Basin.
The mean thickness is about 25 m beginning from within the bottom layer. We believe the
multilayered thermal stratification can be explained by upwelling and downwelling events
that significantly modify the temperature gradients. Table 5.2 indicates whether the gradients
are positive (downwelling) or negative (upwelling). Our results agree well with the Myrberg
& Andrejev (2003) studies. They defined a new persistency index referred to as the upwelling
index using vertical velocities. A positive index defines upwelling and a negative value
downwelling.
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In the Bay of Bothnia the mean index range was +10 to -10 indicating a relative weak
upwelling in comparison with the Northern and Western Gotland basins, Gulf of Finland and
Bornholm Basin. The reported corresponding by the same reference indices were +10 to +10,
-20 to 30, and -10 to -20. We can conclude that only upwelling occurs in the Northern Basin
whereas both upwelling and downwelling takes place in the latter named basins. The
maximum values are in the Gulf of Finland for which we also find strong evidence in our
study. Upwelling has a positive effect on eutrophication as the cooler, denser and nutrient
water replaces the warmer and normally nutrient rich depleted surface water.
An interesting feature is the formation of a thermal plume during the spring and summer
periods that extends from the Arkona Basin and the Gulf of Riga into Northern Gotland
Basin. The plume temperature is about one oC higher than the surrounding ambient
temperature. The driving mechanism is probably the combination of thermal dissipation and
the heat exchange at the open boundary in the Arkona Basin.
Two questions are of particular interest:
1. Can the numerical results be confirmed with field data?
2. What are the yearly variations of the water temperatures?
We will also examine the validity of having normalized layer thicknesses (Table 5.2) in each
basin that only vary seasonally. We start by examining the measured vertical temperature
profiles for two extreme locations of F3 (Bay of Bothnia) and BY5 (Bornholm Sea).

Figure 5.11 Measured temperature profiles at F3 and BY5, years 2000, 2008, and 2009.
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Figure 5.11 shows the measured vertical temperature profiles at F3, and BY5 for three
different years 2000, 2008, and 2009. Note that the data were rather limited and thus the lines
are only illustrative and do not necessary show the correct trends. The good agreement with
the simulated summary results listed in Table 5. 2 is apparent. For example, Table 5.2 predicts
a thick top layer in the winter period (red line) at both stations that agrees well with the plots
for F3, on 01/27/2000, and By5, on 01/19/2000. We can also note that the profile shapes are
preserved during the simulation period. However, the magnitudes of the temperatures show
some significant variation. In conclusion, we believe the normalized layer thicknesses give
reasonable estimates with a standard deviation of ±15%.
The question on the nature of yearly variations is addressed by examining the temperature
time series at several different locations and different depths. Our results indicate partly a
seasonal and a strong cyclic behaviour during 2000–2009. Examples of the time series are
given in Figure 5.12 at stations F9 (Bay of Bothnia), MS4 (Sea of Bothnia), By29 (Northern
Gotland Basin), By31 (Western Gotland Basin), By15 (Eastern Gotland Basin), and By5
(Bornholm Basin). The temperatures are given at the water surface (middle point of the
surface grid cell, i.e., 0.75m) and at the depth of 40 m. There are some variations in the
maximum and minimum values but the cyclic trend remains the same throughout the 10-year
period. The temperature amplitudes are strongly damped as the bed is approached. However,
the cyclic trend is still preserved. There is a time delay of 15 days between the surface and
deeper water temperatures. The latter can be considered as a typical time scale for heat
convection and transport by mixing of the surface waters. However, the amplitude of the near
bed water temperatures increases from the north to the south. The latter is especially notable
at stations By15 and By5 that indicates the transport of fluctuating water temperatures from
the North Sea propagate as far as the northern region of the Easter Gotland Basin. We have
found that the fluctuations of surface temperatures are related to the atmospheric forcing
conditions. This can be exemplified by the series plot of the air temperatures (Figure 5.13) at
the meteorological station 15128- Bjurörklubb that is near station F9. The strong correlation
of the water temperatures at station F3 (Fig 5.12) with Figure 5.13 is clear.
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Figure 5.12 Time series plots of surface temperature at F9, MS4, BY29, BY31, BY15, and
BY5, 2000-09

Figure 5.13 Air temperature at station 15128-Bjuröeklubb 2000-10 (Gridded SMHI data)
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The good correlation between water and air temperatures gives additional support to the
thermohaline dependency on the fluctuations of the atmospheric forcing conditions. Lehmann
and Hinrichsen (2000) forward a similar idea. It is also interesting to consider the variations
of thermal stratification in the Baltic Sea seen in longer time perspective. The vertical
stratification appears to increase during the spring periods, which in turn is driven by the
increased mean temperature (Hordoir & Meier 2012). These authors suggest that thermal
stratification will be induced without the early stage present time thermal convection. A
possible implication of this finding is an adverse effect on eutrophication and increased
intensity of the spring bloom. Given this possible future scenario, a greater effort is needed to
reduce the transport of the nutrients into the Baltic Sea.
We have found three-layered salinity stratification in all basins of the Baltic Sea in general
agreement with the previous studies (e.g., Leppäranta & Myrberg 2009). Salinity stratification
has a strong seasonal variability but much weaker than the corresponding variability in
temperature. We have succeeded in summarizing the seasonal normalized layer thicknesses
into the summary Table 5.14 for the entire 10-year period. The normalized values are more
applicable than the absolute values given in literature as the layer thicknesses could be
estimate as a function of the depth. The latter varies significantly within and among the
basins. To examine the validity the generalization, we compared the model and measured
salinities at all stations and found good agreement between the data. An example is given in
Table 5.15 that compares model results with the measurements at station C3 (located in the
Sea of Bothnia) for year 2000. We can use the results listed in Table 5.4 to estimate the mean
thicknesses based on the flow depth of 185 m at C3. Evidently, the predicted mean
thicknesses are within the range of the measured data that supports our generalization.
Regarding the previous results, Table 5.16 compares our results with the mean halocline
depths reported by Bock (1971) and Väli et al. (2012). We are assuming that results of Bock
(1971) refer to the deeper regions of the basins. For instance, the minimum and maximum
depths in the Bay of Bothnia are 40 m and 140 m, respectively. In the same basin, the lower
limit of the halocline depth (50 m) is larger than the minimum depth which is not possible. In
the present study, the halocline depth refers to the thickness of upper layer (Table 5.14). The
upper range of the model values are within the range of Bock's data with the exception of the
Gulf of Finland.
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Table 5.14 Characteristics of normalized mean salinity stratification in the basin system of the
Baltic Sea 2000-9
Autumn
Salinity
Winter Ln Spring Ln Summer
Basins
Layers
o
%
%
Ln %
Ln %
/00
18
34
31
22
3
Upper
Bay of Bothnia

Sea of Bothnia
Sea of Åland
Gulf of Finland

Northern Gotland
Western Gotland
Eastern Gotland
Bornholm
Basin
Arkona Basin

Halocline

33

15

22

66

3.2

Bottom
Upper
Halocline
Bottom
Upper
Halocline
Bottom
Upper
Halocline
Bottom
Upper
Halocline
Bottom
Upper
Halocline
Bottom
Upper
Halocline
Bottom
Upper
Halocline
Bottom
Upper
Halocline
Bottom

49

51

41

12

4

50
35
15
15
35
50
25
30
45
35
30
35
35
50
15
30
35
35
45
10
45
35
50
15

15
65
20
10
50
40
32
38
40
38
32
30
50
40
10
20
50
30
35
30
35
60
25
15

5
70
25
10
46
44
25
50
25
20
55
25
55
30
15
25
50
25
50
35
15
38
50
12

15
70
15
10
40
50
30
40
30
25
45
30
50
30
20
20
55
25
50
30
20
60
25
15

5
5.5
6.5
5.9
7.6
10
4.7
6.5
8.3
5
42
28
6.9
8.1
10
6.8
9.3
11.5
7.8
12.5
15.5
8
9
12

Table 5.15 Comparison of modelled and measured salinity stratification at station C3, 2000
Period
Winter

Upper layer(m)
Halocline(m)
Measured
Model
Measured
Model
60-90
100
50-90

Bottom layer(m)
Measured
Model
62
10-40

30

Spring
Summer

10 - 20
10-15

18
10

100-125
110-140

135
140

20-50
20-50

30
33

Autumn

15-30

22

100-130

127

20-45

22

Basin
Bay of Bothnia
Sea of Bothnia
Gulf of Finland
N. Gotland Sea
Bornholm Basin
Arkona Basin

Present study

Table 5.16 Comparison of Halocline depths (m)
Bock (1971)
Väli et. al (2012)
30-50
50-60
45-60
20-100
60-80
30-70
30-40
60-80
30-60
30-60
50-60
50-80
35-55
50-60
35-50
18-30
20-30
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The lower range of our data agrees better with the Väli et al. (2012) values. The latter are
extracted from the mean halocline depths in the low and high periods, i.e., 1970–1975, and
1990–1995. However, the agreement in the Bornholm Basin is excellent. We believe the
deviation between the data sets are due to the freshwater boundary conditions defined by the
rivers. The positive freshwater budget in the Baltic Sea significantly affects the distribution
and transport of salt into the sea. We have used daily water discharges for 62 Swedish and
Finnish rivers and monthly mean values for nine Eastern European rivers (see Chapter 2).
Väli et al. (2012) have not clearly indicated the nature of the river boundary conditions.
However, the former authors have used the three-dimensional Rossby Centre Ocean model
(RCO) that is extensively applied by Meier (e.g. Meier 2007). Meier (2007) included the 29
largest rivers using the monthly averaged discharges. Our simulations showed that using
monthly values instead of daily values will significantly affect the salinity in the Baltic Sea. In
the northern basins, the salinity accumulated with a positive gradient during the 10-year
simulation period when monthly flow averages were used. We illustrate the feature by
referring to the surface salinity plots for the period 2000–2009, in Figure 5.14. The plot shows
the salinities at three different stations of F3 (in the Bay of Bothnia), By15 (north of the
Eastern Gotland Basin), and BCS-III-10 (south of the Eastern Gotland Basin). A significant
accumulation of salinity occurs in the Bay of Bothnia, which is more sensitive to the
freshwater inflow and the transport of salt from the North Sea. The positive trend decreases
southwards from station By15 to the station BSC-III-10. We believe one possible explanation
is the reduced momentum of the freshwater discharge into the northern basins. Using the
monthly averaged values the overall water is maintained, but the maximum and minimum
discharge values of are removed by averaging.
10
9
8

Salinity (ppt)

7
6
5
4
3
2
1
0
1/1/2001

5/16/2002 9/28/2003

2/9/2005

6/24/2006 11/6/2007 3/20/2009

Date

Figure 5.14 Time history of surface salinities for the month river flows at stations
F3, By15, and BCS-III-10 in the Baltic Sea
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An interesting feature is the extreme inflow event of January 2003. According to Lehmann et
al. (2004) a massive salt intrusion of cold and oxygen rich water from the North Sea took
place at Deras Sill. They consider the event being “the most important inflow from 1993”.
Their results indicate significant changes in both salinity and temperature distributions in the
deeper basins of the Baltic Sea. In the present study, we have investigated the reported event
by comparing the surface and bottom salinities at all the stations (for stations see Chapter 2).
We present the results in Figure 5.15 illustrating the salinity time series at stations By1, By5,
and By15 at the surface and bottom layers. The curves at By1 are measured field data but the
curves at By5 and By15 are model results. The model results are plotted at 7-day intervals for
the ease of comparison with the field data. Several important features are evident from this
figure:
1. The event took place on 18 January 2003 with a salinity of 29 ‰.
2. It took nearly a month for the peak salinity to reach station By5 that dropped to 19 ‰.
and
3. The peak salinity was reduced to 12.5 ‰ at station By15 after almost 5 months.
30

01/18/2003
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25

06/05/2003

Salinity ( 0/00)

20
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0
01/01/00
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By1- Field Z=0m
By5-Model Z=90m

By1- Field Z=40m
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By5-Model Z=0m
By15-Model Z=225m

Figure 5.15 Time series of surface and bottom salinities at station By1, By5, and By15.

We compute the horizontal diffusive ( D

C 2
C
) and advective transports (U m
) using the
2
x
x

foregoing information and the distances between the three stations (Table 5.17). A
representative diffusion coefficient (νD) for the Baltic Sea is 103 m2/s (Leppäranta & Myrberg
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2009), the advective velocity is typically 0.1 m /s in the Arkona, and Bornholm basins
(present study). We can conclude that the diffusive transport is much faster than the advective
transport. There is a significant reduction in the Eastern Gotland Basin in both modes of
transport. It is interesting to note that the temporal variations in the bottom salinity appear to
be random as opposed to the surface salinities. The latter have a lower amplitude having no
corresponding peak as the bottom salinity. We believe the outgoing freshwater plays a
significant role in lowering the salinity amplitude.
Table 5.17 Estimates of salinity transport in the southern basins
Transport of salt

By1 (Arkona )-By5 (Bornholm)

Diffusive ( 0/00 / day)
0

Advective ( /00 / day)

By5-By15( Eastern Gotland)

17e-3

5e-3

86e-8

1.12e-8

We tried to relate the temporal variations in salinity to the wind speed during the January
2003 event. Falsterbro (XY Geo coordinates 4499708.832, 3590065.837) is the nearest station
with metrological data. We found the two data sets not correlated (correlation
coefficient≈0.1). It is reasonable to assume that the event is likely correlated to the prevailing
storm conditions in the North Sea since the salt intrusion process is controlled by the
exchange of freshwater with the saline water of the North Sea at Kattegatt through the Danish
Straits.
We can further investigate the randomness of temporal variations of salinity by comparing the
model results at various locations. Figures 5.16a and 5.16b are the time series plots at By29,
By20, By15, and By5, at the surface and the bottom layers, respectively. The latter is the
deepest point at each station. The curves are the fitted trend lines using moving average with a
8
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0

Surfcae Salinity ( /00)

7.5

7

By20

6.5
By29
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6/23/2005
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3/19/2008

8/1/2009

Date

Figure 5.16a Salinity time series plot at the surface, stations By5, B15, By20, and By5
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Figure 5.16b Salinity time series plot at the bottom, stations By5, B15, By20, and By5
period of 5. Several interesting conclusions can be drawn from these plots:
1. The surface salinities are strongly annual periodical in north of the Eastern Gotland
Basin.
2. In the Bornholm and Arkona basins, there is a weak prolonged annual periodicity.
3. The bottom layer salinities show little annual periodicity and are nearly constant. The
January 2003 event significantly modified the temporal salinity variations in the
Bornholm Basin. The event also introduced a shift in salinity in the Northern Gotland
Basin.
Statistical methods were used to estimate the mean 10-year salinities in each basin in the
upper, halocline, and bottom layers. Table 5.18 lists these mean values as well as the period
during which the halocline had a minimum thickness. In the Arkona Basin the salinity is
lower than in the Bornholm Basin. The field data at stations By2 and By5 (see Chapter 2)
confirms this finding. One possible explanation is the rapid water exchange processes at the
open boundary of the model in the Arkona Basin. The minimum halocline thicknesses occur
during the winter period with the exception of the Arkona Basin and Western Gotland Basin.
In these basins, the periods of minimum halocline thickness are in spring and summer
respectively. At present we cannot fully explain this behaviour; however, the formation of ice
is presumably an important factor. Arkona Basin is free from ice during winter periods but
this does explain the deviation in the Western Gotland Basin that is also partly covered by ice
during the winter periods. With regard to the previous discussion on the January 2003 event,
we can conclude that the transport of salt in the Baltic Sea could be considered in two parts. In
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the southern basins, the transport is controlled by the North Sea, and in the northern basins by
the local boundary conditions and the semi-closed basin systems.
Table 5.18 Mean 10-year salinity properties in the Baltic Sea basins, 2000-09
Basin

Upper layer (‰)

Halocline (‰)

Bottom layer (‰)

Period
Min. halocline

Bay of Bothnia

3

3.2

4 Winter

Sea of Bothnia

5

5.5

6.7 Winter

Åland Sea

5.9

7.6

10 Winter

Gulf of Finland

4.7

6.5

8.3 Winter

5

7

9.2 Winter

Western Gotland

6.9

8.1

Eastern Gotland

6.8

9.3

11,5 Winter

Bornholm Basin

7.8

12.5

15.6 Winter

8

9

12 Spring

Northern Gotland

Arkona Basin

10 Summer
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Chapter 6 The exchange processes

6.1 Introduction
The water exchange processes and the circulation patterns characterize the hydrodynamic
of large water body systems. The exchange processes are driven by forcing
meteorological conditions and different kinds of internal mixing such as wave mixing,
shear layer instabilities, and convective entrainment. The circulation patterns are
described by both barotropic and baroclinic flows, and large-scale eddy structures. In the
semi-closed basin of the Baltic Sea system, the baroclinic flows are more occurring due
to the high degree of thermal and salinity stratifications.
In this chapter, we address the details of water exchange using the model outputs of
cross-sectional volumetric rates. The results are derived from the 5-km Baltic Sea model.
Our objective is to improve the state of knowledge on the hydrodynamics of the Baltic
Sea. Among the various topics of interest such as the eddy structures, water age, and the
current persistency, the exchange rates play a key role for understanding changes in
concentration of nutrients, and other chemical substances.

6.2 Method
Water exchange concerns both the computation of the volumetric rate of flow and the
exchange processes between the various basins in the Baltic Sea. The actual flow rates
are commonly estimated using a two layer approach based on salinity and temperature
measurements (e.g., Kouts et al. 1993, Omstedt et al. 2000, and Lehmann and Hinrichsen
2002). In a few cases, this approach is combined with full-scale hydrodynamic models of
the Baltic Sea (Omstedt et al. 2000). There is a common agreement that the net flow rate
at the Arkona Basin is of the order 1.3x104 m3/s, corresponding roughly to the total
freshwater inflow to the Baltic Sea. However, values as high as 2.59x104 m3/s are also
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reported (Kouts et al. 1993). The main drawback of above method is its dependence on
salinity measurements for an assumed 2-layer flow structure. A consequence is the low
accuracy of water balance estimates for the Baltic Sea (Malinin 2002). In the
stratification chapter we showed the complexity of salinity stratification due to the lack of
well defined layers. Furthermore, we found multiple layers in some regions of the Baltic
Sea. To avoid the foregoing difficulty, we have computed the exchange rates at preselected cross sections by integrating the velocity component perpendicular to each cross
section. The method gives both the flow rates in and out of the cross section with no need
to distinguish different salinity layers. We believe our method offers more accurate
estimates than previous results.
Figure 6.1 shows the selected cross sections, which are placed between the sub-basins of
the Baltic Sea (refer to Figure 2.1, for more details on the cross section)

Figure 6.1 Cross sections taken for computing the volumetric exchange rates between the
sub-basins in the Baltic Sea

The computation of the flow rates is based on the general water balance equation 6.1.

The exchange processes

SA

6-3

d
 Qriver  Qout  Qin  A(P  E)  G ……………………………………………(6.1)
dt

in which A=surface area,  =water level, Qriver=freshwater inflow, Qout= outflow,
Qin=inflow, P and E= precipitation and evaporation rates respectively, and G groundwater
exchange. The left-hand side is the storage term, S. We are neglecting additional
contributions by groundwater, ice volume and volume change by land uplift. The former
two contributions are of order of 102 m3/s, and 101 m3/s, respectively (Omstedt and
Rutgersson 2000). The values correspond to 0.7 % and 0.07% of the total freshwater
inflow to the Baltic Sea. Peltonen (2002) estimates the direct groundwater flow to be
about 1% of the total runoff to the Baltic Sea (i.e., 4.4 km3/year). However, locally the
groundwater contribution could be significant. The volume fluxes obtained from the
model results include all the terms except G, which we have ignored.
The following statistical parameters for the water fluxes across all the cross sections that
connect the various basins in the Baltic Sea have been calculated:


Mean yearly statistic (Tables 6.2 to 6.8)



Cross correlation coefficients (Tables 6.9 & 6.10)



Auto-correlation and Power spectrum (Figures 6.3 to 6.15)

6.3 Results
6.3.1 Water balance
We start the analysis by deriving the 10-year water balance for the Baltic Sea. For this
purpose, the mean values of the simulated fluxes are used. The mean rates of
precipitation and evaporation are 240 km3/year and 190 km3/year, respectively. The
inflow and outflow water fluxes at the model open boundary (at Arkona Basin) are 898
km3/year and 1345 km3/year, respectively. Figure 6.2 gives a graphical summary for the
water balance. There is also a mean storage change of 23 km3/year that corresponds to a
5.8 cm water layer over the whole Baltic Sea, which is only 4.5% of the total active water
storage in the Baltic Sea (i.e., 500 km3/year). Table 6.1 compares the present values with
those reported by Leppäranta and Myrberg (2009).
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There is a good agreement with literature values. The differences with our values are
explained by the fact that in the Leppäranta and Myrberg (2009) analysis, the open
boundary is placed further towards the North Sea at Kattegatt through the Danish Strait,
compared to the Arkona Basin in our study. The river inflow in the former case is higher
as the river Göta älven in included. However, for both results the outflow is about 1.3 to
1.4 times higher than the inflow to the Baltic Sea.
Pp=240 km3/y

E=190 km3/y

1345 km3/y
Q=420
3

3

898 km /y

3

S=23 km /y

Figure 6.2 The annual Baltic Sea water balance for the period 2000-9. Numerical simulations.
Table 6.1 Comparison of the mean water budget terms for the Baltic Sea (km3/year), 2000-9
Study

Qriver

Qin

Qout

A.P

A.E

S

Present

420

898

1345

240

190

23

Leppäranta

440

1180

1660

215

175

0

The present value of the inflow is comparable with the value estimated from the more
traditional Knudesen’s equation 6.2 which is commonly applied to semi-closed basins. In
Equation 6.2, Si and So are inflow and outflow salinities, respectively. Applying Equation
6.2 at the Arkona Basin open boundary by using Si =12‰ and So=8‰ , we get Qin=840
km3/year which is close to 898 km3/year.

Qin 

S0
Qriver …………………………………………………………………..…(6.2)
Si  S 0

6.3.2 Water exchange
We start by presenting the volumetric flow rates for all cross sections in Figures 6.3 to
6.15. In these figures, the upper plot is the actual flow rate at 2-day interval, the middle
plot with a 4-hour lag, and the lower plot the corresponding power spectrum.
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Figure 6.11 The volumetric exchange rates through the Hoburg-Midsjö Banks, 2000-09
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Figure 6.12 The volumetric exchange rates through the Stolpe Channel, 2000-09
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Figure 6.14 The volumetric exchange rates through the Hamrare Strait, 2000-09
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To get the time expressed in hours, the x-axis in the latter plot should be multiplied with a
factor 80x103. The highest flow rates (about 104m3/s) are found at the open boundary in
the Arkona Basin (Figure 6.15) and the southern basins, i.e., Hoburg-Missjö Banks, and
through the North Sea Hamrare and Stolpe Channel. The flow rates are lowest (102 m/s)
through the Väinameri into the Gulf of Riga. The flow rates are of the order of 103m/s
through all the remaining basins. The autocorrelations and the spectrum plots show no
significant periodicity which implies the random characteristics of the exchange rates.
The oscillatory shape of the autocorrelation plots is manifested by several energy picks in
the spectrum plots. The dominate pick in all plots is 32 hours (i.e., 0.4x10-3x80x103) with
the exception of 128 hours at the Gdansk Sill (Figure 6.13). The corresponding
autocorrelation plots also show strong decaying periodicity.
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Figure 6.16 The volumetric exchange rates through the North Sea, January, 2000

The values of the various peaks in the spectrum plots are 48, 72, 88, 104, and 112 hours.
Figure 6.16 illustrates the various periods for the exchange rate at the open boundary
(North Sea) during January 2000. We can conclude that the periodicities are in the range
of one to four-and a half days. It is also interesting to note the similarity in the flow rates
at sections 3b-3a, 5b-4c, and 6a-6b. The autocorrelation and spectrum plots are almost
identical, indicating a hydrodynamic similarity.
The mean yearly exchange rates are listed in Tables 6.2 to 6.7. The inflow and outflow
rates as well as the storage changes are given. There are two common features; one is the
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relatively constant exchange rates throughout 2000–09, and the second is the significant
yearly variation in the storage change.

6.4 Discussion
The exchange rates with the North Sea (Table 6.2) are comparable to the values obtained
by Omstedt and Nohr (2004). For the period 1979-2002, they report mean inflow and
outflow rates as 4.275x104 m3/s and 5.941 x 104 m3/s. The reported values are well within
our results. Our mean inflow and outflow values for the period 2000–09 are 4.955 x104
and 4.799 x104, respectively. The lower mean value of outflow is because in our results
evaporation losses are already included. We found the mean storage to be +0.15x103 m3/s
which agrees well with the value +0.11 x103 m3/s reported by Omstedt and Nohr (2004).
Their mean storage values for 2000 and 2001 are 1.06x103 m3/s and 3.69x103 m3/s
respectively, which agree well with the values given in Table 6.2. The storage change
variations correspond to water level variations in the range 0.04m–0.80 m. We conclude
that the mean water levels were raised by 0.15 m during 2000–09. Here, it should be
noted that a 0.1 m rise of the water level across the Baltic Sea corresponds to a flow of
103m3/s (30 km3/year). To illustrate this point, the result is compared with the water level
time series at station Skanör given in Figure 6.17. The water levels vary from -1 m to
0.78 m having a standard deviation of 18.96 m. These values are close to the storage
change variations, i.e. 0.04m–0.80m.
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Figure 6.17 Water level time series at station Skanör (the open boundary) in 2000
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We can conclude that the water levels give indications of the amplitude and the
magnitude of the storage change. The exchange rates have both barotropic and baroclinic
character, i.e. temperature and salinity density gradients, atmospherically driven mainly
by air pressure and wind conditions.

Year

North Sea
Inflow
(104 m3/s)

2000
2001
2002
2003
2004
2005
2006
2007
2008
2009

5.026
4.462
4.562
4.597
5.266
5.978
3.754
5.284
5.842
4.780

Table 6.2 Mean volumetric exchange rates
Hamrare (2)
Outflow
Storage
Inflow
Outflow
(104 m3/s)

4.816
4.110
4.733
4.800
4.268
5.728
4.216
5.180
5.304
4.835

(103 m3/s)

2.100
3.516
-1.704
-2.028
9.972
2.508
-4.620
0.648
5.376
-5.520

(104 m3/s)

1.813
1.628
1.765
1.618
1.765
2.507
1.760
2.178
2.365
2.150

(104 m3/s)

2.312
2.132
2.000
2.162
2.003
2.282
2.179
2.138
2.168
2.147

Storage

(103 m3/s)

-4.985
-5.039
-2.345
-5.436
-2.370
2.258
-4.195
0.405
1.969
0.033

Table 6.3 Mean volumetric exchange rates
Year

Northern Quark (7)
Outflow
Inflow
(103 m3/s)

2000
2001
2002
2003
2004
2005
2006
2007
2008
2009

3.260
2.956
3.194
3.169
3.206
3.799
2.772
3.633
3.887
3.145

(103 m3/s)

3.371
3.080
3.168
3.161
3.140
3.721
2.979
3.693
3.616
3.185

Storage

(102 m3/s)

-1.110
-1.239
2.640
8.800
6.670
7.200
-2.069
-5.990
2.713
-4.030

Southern Quark + Kumlinge Sill (6ab)
Storage
Inflow
Outflow
(103 m3/s)

3.912
3.728
3.384
3.388
3.456
4.052
2.964
3.416
4.128
3.388

(103 m3/s)

3.725
3.728
3.581
3.642
3.968
3.462
3.744
3.907
3.360
3.788

(102 m3/s)

1.872
0.000
-1.968
-2.536
-5.120
5.896
-7.800
-4.912
7.680
-3.998
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Table 6.4 Mean volumetric exchange rates
Year

Åland Sill (5a)
Outflow
Inflow
(103 m3/s)

2000
2001
2002
2003
2004
2005
2006
2007
2008
2009

Year

5.535
4.495
4.627
4.491
4.542
5.171
4.529
4.702
4.971
4.559

Year

3.040
2.280
2.840
2.800
2.760
3.400
2.560
3.320
3.600
3.160

17.55
1.828
0.914
-0.411
-0.741
1.664
0.240
1.102
-1.462
0.934

(103 m3/s)

1.180
1.224
1.370
1.275
1.374
1.431
1.244
1.364
1.323
1.312

(103 m3/s)

1.319
1.244
1.325
1.320
1.290
1.334
1.286
1.251
1.278
1.244

(103 m3/s)

2.680
2.412
2.278
2.814
2.114
2.680
2.412
2.412
3.350
2.412

(102 m3/s)

3.600
-1.320
5.620
-1.400
6.160
7.200
1.480
9.080
2.500
7.480

(103 m3/s)

0.266
0.199
0.248
0.245
0.241
0.297
0.224
0.290
0.315
0.276

(103 m3/s)

0.263
0.254
0.218
0.217
0.218
0.216
0.216
0.216
0.216
0.216

Table 6.6 Mean volumetric exchange rates
Gotska Sandö Sill (5b)
Fårö Sill (4a)
Outflow
Inflow
Storage
Inflow
Outflow
(103 m3/s)

2000
2001
2002
2003
2004
2005
2006
2007
2008
2009

3.780
4.312
4.536
4.533
4.617
5.005
4.515
4.592
5.117
4.466

(102 m3/s)

Archipelago Sea Sill (NG)
Storage
Inflow
Outflow

Table 6.5 Mean volumetric exchange rates
Gulf of Finland (GOF)
Väinameri (5c)
Outflow
Inflow
Storage
Inflow
Outflow
(103 m3/s)

2000
2001
2002
2003
2004
2005
2006
2007
2008
2009

(103 m3/s)

Storage

2.754
3.168
3.501
3.726
3.245
3.344
3.002
4.248
3.794
3.920

(103 m3/s)

3.424
3.396
3.254
3.136
3.444
4.088
3.150
3.587
3.956
3.380

(102 m3/s)

-6.704
-2.284
2.474
5.900
-1.995
-7.445
-1.485
6.612
-1.662
5.399

(103 m3/s)

2.794
3.091
3.404
3.639
3.188
3.418
3.031
4.278
3.878
4.007

(103 m3/s)

3.791
3.760
3.602
3.472
3.813
4.526
3.488
3.971
4.380
3.742

(102 m3/s)

-1.387
-1.950
4.570
-4.500
8.360
9.790
-4.110
9.540
4.460
6.890

Storage

(102 m3/s)

0.021
-0.054
-0.304
0.025
0.023
0.078
0.080
0.074
0.098
0.060

Storage

(102 m3/s)

-9.977
-6.691
-1.988
1.666
-6.252
-1.108
-4.561
3.069
-5.025
2.649
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Table 6.7 Mean volumetric exchange rates
Year

Hoburg-Midsjö Banks (3b)
Outflow
Inflow
Storage
(104 m3/s)

2000
2001
2002
2003
2004
2005
2006
2007
2008
2009

(104 m3/s)

2.119
2.140
2.064
2.197
2.404
2.807
1.950
2.542
2.698
2.599

(103 m3/s)

1.906
2.431
2.606
2.502
2.231
2.807
2.364
2.733
2.755
2.599

Stolpe Channel (3a)
Inflow
Outflow
(104 m3/s)

2.126
-2.915
-5.424
-3.053
1.725
3.702
-4.137
-1.909
-0.537
0.633

Storage

(104 m3/s)

3.576
2.303
2.549
2.597
2.580
3.108
2.294
2.773
3.064
2.836

(103 m3/s)

3.179
2.674
2.867
2.752
2.454
3.121
2.600
3.006
3.027
2.790

3.970
-3.713
-3.178
-1.554
1.259
-1.270
-3.060
-2.331
4.364
4.600

Table 6.8 Volumetric exchange rates Gdansk Strait (4c)
2000

2001

2002

2003

2004

2005

2006

2007

2008

2009

Inflow

1.400

1.248

1.267

1.332

1.258

1.564

1.098

1.510

1.568

1.363

Outflow

1.394

1.330

1.299

1.304

1.252

1.420

1.199

1.396

1.402

1.297

Storage

0.064

-0.822

-0.315

0.279

0.057

1.434

-1.008

1.137

1.662

6.630

(103 m3/s)
(103 m3/s)
(102 m3/s)

Hamrare Sill (section 2) connects the Arkona and Bornholm basins. The mean 10-year
exchange rate through the sill is 2.055x104 m3/s but there is a considerable variation in
the storage change (Table 6.2). This value is higher than the mean 11-year volume flux
1.626104 m3/s reported by Lehnamm and Hinrichen (2002) but it agrees well with the 50year long term average (1950–2000) of 2.2x104 m3/s by Gutafsson (2000).
The Stolpe Channel (3a) controls the exchange rates between the Bornholm, the Eastern
Gotland basins and partly the Gdansk Bay. The total rate of 3.168x104 m3/s given by
Lehmann and Hinrichen (2002) is well within the range of our values listed in Table 6.7.
The sum of flow rates through sections 3b and 3a (Table 6.7) are of the same order as the
flow rates across the open boundary into the North Sea (c.f. Table 6.2). Based on this
result we can conclude that the Bay of Gdansk mainly exchanges flow with the Eastern
Gotland Basin. The mean 10-year exchange rate is 1.36x103 m3/s, which is comparable
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with inflow 1.08 x103 m3/s from the river Vistula. The storage change gives a water level
variation in the range -0.5cm to 3.9cm.
The Northern Gotland Basin is the main exchange basin of the Baltic Sea that connects
five basins and the bay of Riga. To the south of the basins, flow is exchanged through
Gotska Sandö Sill (5b) and Fårö Sill (4a). Table 6.6 indicates that the flow is equally
divided through these two sills, respectively. The mean annual rates remain relatively
constant throughout 2000–09. The northern part of the basin exchanges with Åland Sea
(5a), Archipelago (NG), and the eastern part with the Gulf of Finland (GOF). The sum of
the flows rates to the north and south of the Northern Gotland Basin are roughly equal
(see Tables 6.4, and 6.5). The exchange rate with the Archipelago Sea (NG) is 4.5 times
smaller than the rates with the Åland Sea (Table 6.4). This is an interesting result as it
confirms the existence of strong southwards flow inclined toward the Swedish coast. The
Archipelago Sea has the highest island concentration in the Baltic Sea, which effectively
reduces the northwards flow and thereby serves as a hydrodynamic controlling section in
the Baltic Sea.
The total flow passing through the Northern Quark (7) and the Southern Quark plus
Kumlinge Sill are nearly equal (Table 6.3). We can conclude that the flow exchange
between the Bay of Bothnia and the Sea of Bothnia are similar to that between the Åland
Sea and the Archipelago Sea. The storage changes in the two former basins are also
roughly equal. The Bay of Bothnia receives 3.062x 103 m/s freshwater that is comparable
to the exchange rates listed in the Table 6.3. The freshwater inflow to the Sea of Bothnia
is 2.843x 103 m/s, which is lower than the values found at section 6ab (Table 6.3). We
note that the differences are accounted for by the storage change.
The Gulf of Finland receives about 3.33x 103 m/s freshwater, which compares well with
the values listed in Table 6.3. However, the storage change ranges from -1cm to 5.6cm. It
appears that at the inflow to the Gulf is slightly higher than the outflow driven by the
freshwater inflow.
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The Bay of Riga is fed by a mean freshwater inflow of 103 m3/s, which is about 10 times
higher than the values listed in Table 6.5 for section 5c at Väinameri. The main reason is
that our selected cross section does not bridge the entire opening to the bay. The values
listed are the exchange rates with the Northern Gotland Basin. There is also a flow
contribution from the Gulf of Finland that is about 0.5x103 m3/s.
To understand the nature of the water exchange between the basins, we computed the
cross-correlation coefficients in two groups. In group one, the rates are related to the open
boundary with the North Sea (Table 6.9). Group two are the rates between the adjacent
basins (Table 6.10). The cross-correlation values are listed in the descending order for
ease of comparison. We arrive at the results listed below regarding the first group:
1. There is a strong correlation of exchange between the southern basins of Arkona
and Bornholm. It implies an effective mixing between these basins. No annual
variation in the cross correlation coefficients are found that could indicate a
hydrodynamically unstable system.
2. The Archipelago Sea and the Bay of Bothnia are weakly correlated with the North
Sea.
3. The Bay of Gdansk is an interesting case that shows a negative correlation with
the North Sea with its absolute value increasing from 0.032 at 2000 to 0.527 at
2009. In the earlier section, we stated that the Bay of Gdansk exchanges mainly
with the Eastern Gotland Basin, which should give a low correlation coefficient
with the North Sea. This is partly confirmed by referring to Table 6.10. The
coefficients are positive and moderately high between sections 4a and 4c. We
suggest that the negative correlation is due to the phase difference between the
water levels in the Bay of Gdansk and the open-boundary.
4. There is a weak correlation with the Western Gotland Basin that can be due to the
dominant southwards flow directed through the Stolpe Channel.
5. The correlation coefficients increase significantly during 2000–09 for The Eastern
Gotland Basin. The values are relatively low during the initial four years that
could be related to the variations in the forcing atmospheric conditions.
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6. The relatively high correlation coefficients for the Gulf of Riga (5c) are hard to
explain as the adjacent Gulf of Finland has much lower values. One possible
explanation is the complex character of the prevailing large scale eddies in the
southern part of the Baltic Sea. We shall address the issue later in the circulation
part and the particle-tracking chapter.
Considering the correlation between the basins (Table 6.10), the results below follow:
1. The bay of Bothnia, Sea of Bothnia, and the Åland Sea are highly correlated
(>0.8). There is also a reasonable correlation between the Åland Sea and the
Northern Gotland Basin during the first three year period of 2000–2009. The
correlation between the Archipelago Sea and the Northern Gotland Basin and the
Sea of Bothnia is weak as opposed to the correlation with the Northern Gotland
Basin. The latter results agree with the previous finding that the Archipelago Sea
exchanges mainly with the Northern Gotland Basin.
2. The three main Gotland basins are moderately correlated (about 0.25).
3. The three basins of Western Gotland, Bornholm and the Arkoma are likewise
moderately correlated.
Basins

N_Sea-4c
N_Sea-7
N_Sea-5b
N_Sea-6b
N_Sea-4a
N_Sea-GOF
N_Sea-3a
N_Sea-6a
N_Sea-NG
N_Sea-5a
N_Sea-5a
N_Sea-5c
N_Sea-2
N_Sea-3b

Table 6.9a Cross Correlation Coefficients, between
North Sea & Basins(2000-2004)
2000
0.032
0.049
0.114
0.129
0.142
0.231
0.265
0.287
0.290
0.312
0.321
0.544
0.903
0.905

2001
-0.028
0.078
0.114
0.143
0.117
0.221
0.182
0.287
0.292
0.278
0.278
0.544
0.891
0.905

2002
-0.092
0.108
0.114
0.158
0.111
0.212
0.082
0.287
0.291
0.254
0.254
0.544
0.883
0.905

2003
-0.151
0.009
0.114
0.171
0.105
0.206
0.214
0.287
0.301
0.240
0.240
0.544
0.875
0.905

2004
-0.212
0.100
0.114
0.185
0.104
0.195
0.338
0.287
0.306
0.235
0.235
0.544
0.868
0.905
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Basins

N_Sea-4c
N_Sea-7
N_Sea-5b
N_Sea-6b
N_Sea-4a
N_Sea-GOF
N_Sea-3a
N_Sea-6a
N_Sea-NG
N_Sea-5a
N_Sea-5a
N_Sea-5c
N_Sea-2
N_Sea-3b
Basins

6b-NG
NG-4a
4a-4c
5a-5b
3b-2
NG-5c
5b-3b
4a-3a
6a-5a
7-6b
3a-2
7-6a

.

Basins

6b-NG
NG-4a
4a-4c
5a-5b
3b-2
NG-5c
5b-3b
4a-3a
6a-5a
7-6b
3a-2
7-6a

Table 6.9b Cross Correlation Coefficients, between
North Sea & Basins(2005-2009)
2005
-0.312
0.125
0.114
0.205
0.121
0.143
0.516
0.287
0.309
0.252
0.252
0.544
0.856
0.905

2006
-0.348
0.130
0.114
0.211
0.121
0.128
0.586
0.287
0.330
0.249
0.249
0.544
0.851
0.905

2007
-0.407
0.116
0.114
0.240
0.113
0.128
0.703
0.287
0.347
0.238
0.238
0.544
0.8450
0.905

2008
-0.478
0.113
0.114
0.263
0.112
0.118
0.822
0.287
0.402
0.236
0.238
0.544
0.841
0.905

2009
-0.527
0.109
0.114
0.287
0.114
0.544
0.905
0.287
0.501
0.228
0.228
0.544
0.846
0.905

Table 6.10a Cross Correlation Coefficients (20002004) Basins to Basins
2000
-0.118
0.138
0.243
0.268
0.275
0.303
-0.316
0.330
0.357
0.497
0.807
0.826

2001
-0.002
0.153
0.255
0.274
0.344
0.289
-0.287
0.286
0.287
0.497
0.807
0.812

2002
-0.081
0.183
0.268
0.288
0.412
0.264
-0.246
0.264
0.227
0.497
0.807
0.794

2003
-0.005
0.185
0.278
0.277
0.457
0.267
-0.202
0.249
0.171
0.497
0.807
0.781

2004
-0.035
0.192
0.298
0.269
0.505
0.272
-0.155
0.235
0.1205
0.497
0.807
0.763

Table 6.10b Cross Correlation Coefficients (20052009) Basins to Basins
2005
-0.008
0.217
0.310
0.289
0.592
0.239
-0.071
0.235
0.051
0.497
0.807
0.724

2006
0.026
0.226
0.310
0.292
0.630
0.220
-0.035
0.225
0.005
0.497
0.807
0.702

2007
0.063
0.225
0.310
0.290
0.689
0.213
-0.032
0.203
-0.049
0.497
0.807
0.660

2008
0.162
0.235
0.369
0.294
0.751
0.160
0.113
0.190
-0.121
0.497
0.807
0.586

2009
0.388
0.238
0.382
0.287
0.807
0.282
0.181
0.181
-0.181
0.497
0.807
0.497
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The correlation patterns listed in Tables 6.9 and 6.10 that vary both spatially and
temporally are the result of complex exchange processes in the Baltic Sea that involve
many of the semi-closed basins. These processes could be related to the secondary and
coherent structures of the Baltic Sea. It is important to understand the values in a more
general context. In other words, a low value of the correlation coefficient does not
necessary suggest a lack of correlation. In the particle tracking chapter 8 we will explore
the issue further by presenting some of the three-dimensional transport features of the
Baltic Sea.

The foregoing results are summarized in a general Table 6.11 that lists the main exchange
basins. It should be noted that the results at this stage are entirely based on Tables 6.9 and
6.10.
Table 6.11 Exchanging basins in the Baltic Sea
Basins

Exchanging basins

Bay of Bothnia

Sea of Bothnia

Sea of Bothnia

Archipelago Sea and Åland Sea

Northern Gotland

Åland Sea, Western Gotland Basin, Gulfs of Finland and Riga

Gulf of Finland

Northern Gotland Basin

Western Gotland

Northern Gotland and Bornholm basins

Eastern Gotland

Bay of Gdansk, Bothnia Sea, and Northern Gotland Basin

Bornholm

Easter Gotland, Western Gotland and Arkona, basins

Arkona

North Sea, Bornholm and Eastern Gotland basins
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Chapter 7 The vortical structure of the flow
7.1 Introduction
The vortical flow structure in large water bodies resembles smaller-scale turbulent flows
ranging from boundary layer to larger-scale flows in rivers. Both flow types are characterized
by the type and the dynamics of vortices. Vortices are inherent of all turbulent flows that play
a major role in transport of mass and momentum. The well-known phenomenon of turbulent
energy cascade that takes place at various scales signifies the importance of vortices in
transporting kinetic energy. The viscous diffusion and advection control vortices irrespective
of length scales. However, the generation and dynamics of large water body vortices are more
complicated than their smaller counter parts. The interaction of forcing metrological
conditions with the water surface and the complicated bathymetry and the shorelines, generate
large-scale open vortices with helical streamlines (divergence free vector field). Large-scale
vortices are generated through a number of different mechanisms such as gradient type shear
layer instabilities caused by temperature and salinity stratifications. Similar instabilities are
also caused by shear stresses generated by the wind action. Other generating mechanisms are
buoyancy forces and the surface and the internal waves. The occurrence of three types of
surface and bottom waves, i.e., Kelvin, Poincare and topographic, are common in large water
bodies that are affected by a Coriolis force. The first two types are rotational long waves
which are observed daily in the English Channel. These waves can travel in both directions as
their frequencies are larger than the inertial frequency. The existence of Kelvin waves in the
Baltic Sea is only reported by Fennel and Seifert (1995). They attribute the occurrence of
downwelling during an upwelling observed in the summer of 1989 in the western Baltic to
Kelvin waves which originate from shoreline irregularities. The process is inherent of Kelvin
wave properties since the sea level is highest at coast and decays exponentially toward the
open sea. The processes of downwelling and upwelling are controlled by the sea water
differences between the coast and the open sea. In the Baltic Sea, the width of freshwater
discharge into the sea is controlled by Kelvin waves (Feistel et al. 2008). In the absence of
wind, a Kelvin wave that is originated from the river mount propagates cyclonal along the
coast. Either the Kelvin waves could be of barotropic or baroclinic types with Rossby radii of
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the order 100 km and 5km, respectively (Feistel et al. 2008). We can conclude that the
previous research indicates the importance of Kelvin waves in the Baltic Sea.
Topographically waves have been also found in the Baltic Sea (see Talpsepp 1983; Mälkki
and Tamsalu 1985; and Soomere et al. 2008). These waves occur in flows along the sloping
sea bottom. They are also known as topographic Rossby waves as the bottom slope has a
similar effect as the Coriolis parameter in Rossby waves. Topographical waves are seen in the
Baltic Sea along the coast of Bornholm Basin and the Gotland Sea (Mälkki and Tamsalu
1985). The length scale of these waves is typically 30km–40km that migrate at an estimated
speed of 1.9 cm/s (Mälkki and Myrberg 2009). Similar waves are reported in the Gulf of
Finland (Soomere et al. 2008). Near bottom water layers are not affected by wind; thus the
formation of topographic waves could be due to the baroclinic instability (Mälkki and
Myrberg 2009).
Subsurface large eddies (or cyclones) are often observed in the Mediterranean Sea around
topographic features having a small radius of curvature (Feistel et al. 2008). The horizontal
scale of these eddies are of the order of baroclinic Rossby radius and move westward with a
speed of few centimetres per second (same reference). In the Atlantic sea, cold cores are
cyclonic rings and the warm cores are anticyclone rings that shed off the Gulf Stream lasting a
few years. The interesting point is being the possibility of breakdown process of these largescale eddies into smaller-scale eddies and shorter dissipation times. Mediterranean type eddies
are observed in the deep basins of Baltic Sea (Aitsam et al. 1981) as the vertical disturbance
of the halocline. According to Feistel et al. (2008) these Baltic Sea eddies can carry a water
mass which is different from the ambient water. We believe the mixing process between the
Baltic Sea basins (see Chapter 6) could be partly controlled by these eddies but at a smaller
scale.
The basic mechanism for the generation of internal waves is the growth of small perturbations
from the disturbances of a stable stratification by fluid motion. Internal waves are the threedimensional analogy of surface waves. Large-scale perturbations can contribute to the mixing
and convection in semi-closed water bodies such as Baltic Sea. The length, velocity, and time
scales for internal waves are in the range of 1–20km, 0.05–0.5 m/s, and minutes to hours,
respectively (Cushman-Roisin 1994). The dominant process in the Baltic Sea is reported to be
the radiation of barotropic internal waves that are generated at the coasts (Feistel et al. 2008).
It is also suggested that the passage of barotropic waves in stratified water on a sloping bed
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generates baroclinic inertial waves. The baroclinic inertial motions in the Baltic Sea are found
to be energetic (Kielmann et al. 1973).
In the previous paragraphs we have attempted to provide a brief summary on various types of
vortices and wave type disturbances. The summary focuses on aspects related to our study of
the Baltic Sea and does not do justice to the extensive literature and theoretical works on the
topic.

7.2 Results
In this chapter we discuss the characteristics of the vortical structures in the Baltic Sea in
horizontal and vertical planes which are derived from the velocity fields. We have analysed
the simulated instantaneous velocity vectors in all layers for the period 2000–09 (5-km
model). The focus was on the detection of the rotational zones (vortex or eddy) revealed by
video animations of the velocities. Our work provides new insight into the type and dynamics
of vortical structures in the Baltic Sea, not addressed in previous studies. We have found good
evidence in support of large-scale coherent structures as well as Taylor-Görtler vortices.
However, our results are limited by the model horizontal grid size of 4.8 km and the vertical
z-layer thickness that ranges from 1.5 m at the surface to 12 m at the bottom layers.
We choose to present various plots of velocity vectors in both selected horizontal planes and
the cross sections shown in Figure 5.1b. The former are given for the various days in 2009
and the latter in 2000. We have selected these plots among hundreds of similar plots, as the
features were more pronounced and thus easier to see for the reader. To facilitate the
understanding of the figures, the interpolated vortices are overlaid on the same figures in
yellow colour. It should be noted that the figures do not necessary show the interpolated
structure, the reason being the dynamic features of the vortices. We have based the
interpolation on the animated velocity vectors during the time that the vortices prevailed. The
instantaneous velocity vectors in horizontal planes are presented separately for the upper
(Figure 7.2) and lower parts (Figure 7.5) of the Baltic Sea to have maximum resolution, i.e.


Figures 7.2a-f and Figures 7.35-f correspond to 12 layers at -4.5 m, -9.5 m, -10.5 m,
-21.5 m, -29.5 m, -41.5 m, -50.5 m, -60.5 m, -71.5 m, -83.5 m, and -101.5 m.

The time series of velocity vectors in vertical planes are presented for various cross sections
as listed below.


Bay of Bothnia: Figures 7.6a-f
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Sea of Bothnia: Figures 7.8a-c



Åland Sea: Figures 7.12a-c



Gulf of Finland Easter and Northern Gotland basins: Figure 7.13a-c



Eastern Gotland and Westerns basins, Bay of Gdansk: Figure 7.16a-f



Arkona basin and Bornholm Sea 7.17a-d
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The combined analysis of the velocity vectors in horizontal and vertical planes reveals the
unique three-dimensional characteristics of the vortical structures in the Baltic Sea. We also
present the results for Rossby deformation radius and current persistency computations. These
parameters are related to the vortical structure, making the analysis more effective.

7.2.1 Vortical structures in horizontal planes
A complex system of vortices is the dominant flow feature along all the flow layers from the
surface to the bottom. The vortices rotate both in clockwise and anti-clockwise directions
having diameters in the range of 5-10 km with typical time scales of 1-7 days. The vortex
advection velocities are in the range of 2-10 cm/s. The maximum number of vortices are
within the 15 m surface flow layer that diminish towards the bottom layer. To illustrate these
features the surface vortices for the year 2009 are shown in Figure 7.1. It was obtained
manually by overlaying all velocity vectors for 2009. The Baltic Sea bathymetry is also
shown for a better understanding of the locations of the vortices (Figure 7.1b).

Figures 7.1a & b, a: The surface water vortices in the Baltic Sea 2009; b: the Baltic
Sea bathymetry and the basin system
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The general features shown in the figures are:
1. The vortices are uniformly distributed across the sea with the exception of the deep
sub-basin B3 in the Sea of Bothnia.
2. The dominant anti-clockwise vortices appear to follow the general anti-clockwise
circulation pattern in the Baltic Sea.
3. Smaller-scale eddies are formed near the shorelines and around the Bornholm
Saaremaa, and Archipelago Sea islands.
4. Large-scale eddies are mainly formed around Gotland, the southern part of the Eastern
Gotland Basin, the Bay of Riga, and the Åland Sea.
We have already shown the rich spectrum of vortices in the Baltic Sea that can form
simultaneously or at different time steps. Here, we shall follow the development of the
vortices basin wise at a particular time of August 8, 2009 to reveal the specific details. The
emphasis is on the variation of the vortices from the upper surface to the bottom layers. This
will enable us to formulate a general conceptual vortical model in the discussion part of this
chapter. Our main hypothesis is the existence for distorted three-dimensional vortex structures
across the Baltic Sea.
In the Bay of Bothnia, a surface rotating vortex pair is formed close to the northern coastline,
which is about 20 km in diameter (Figure 7.2a). At a layer 4.5 m below the surface, an anticlockwise rotating vortex of about 15 km in diameter is formed (Figure 7.2a). The vortex is
likely a result of merging of the surface vortex pair. To the south east of this northern vortex,
a new vortex pair is formed close to the Finnish coast. The vortex is close to the Northern
Quark and appears to be connected to a new clockwise vortex within the Northern Quark.
Moving to the deeper layers, the vortices appear to be distorted in both the plane of view and
the depth (Figure 7.2b). At depths 21.5 m and below, the Bothnia Sea is disconnected from
the Sea of Bothnia (Figure 7.2c and Figure 7.1b). This depth compares well with the mean
depth in the Northern Quark. The main flow feature is the distortion and advection of the
surface vortex pair and the vortex close to the Finnish coast. It is interesting to note the
existence of the vortex pair at depth of 83.5 m below the surface (Figure 7.2f). The foregoing
general vortex description supports our three-dimensionality hypothesis in the Bay of
Bothnia.
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Figure 7.2a Instantaneous velocity vectors on 08-08-2009 left: water surface Z=0m, right Z=-4.5m
with overlay of the interpolated vortices

The vortical structure of the flow

Figure 7.2b Instantaneous velocity vectors on 08-08-2009 left: water surface Z=-9.5m, right
Z=-10.5m with overlay of the interpolated vortices
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Figure 7.2c Instantaneous velocity vectors on 08-08-2009 left: water surface Z=-215m, right
Z=-29.5m with overlay of the interpolated vortices
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Figure 7.2d Instantaneous velocity vectors on 08-08-2009 left: water surface Z=-415m, right Z=
-51.5m with overlay of the interpolated vortices
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Figure 7.2e Instantaneous velocity vectors on 08-08-2009 left: water surface Z=-60.5m, right Z=
-71.5m with overlay of the interpolated vortices
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Figure 7.2 f Instantaneous velocity vectors on 08-08-2009 left: water surface Z=-83.5m, right
Z=-101.5m with overlay of the interpolated vortices
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The formation and development of the vortices in the Sea of Bothnia is similar to that in the
Bay of Bothnia. A surface vortex pair (anti-clockwise) 10 km in diameter is formed close to
the Northern Quark (Figure 7.2a). At layer 4.5 m below the surface, the vortex pair appears to
have propagated south eastwards reaching the Archipelago Sea. The vortex rotates in the anticlockwise direction. This might suggest the two vortices to be either independent or the
vorticity field has caused a change in the rotation direction. In the layer range 4.5m–29.5m,
the number of the vortices increases around the coast and close to the islands in the
Archipelago Sea. Later in this chapter we will present results along the vertical cross sections
that show a system of vortices that change across the layers. Thus, the rotation vectors in the
horizontal plane could be the foot prints of the layered vortices. Moving to the deeper layers,
the vortices remain more or less unchanged up to a depth of 50.5 m (Figure 7.2d) although
there the positions are displaced. We can interpolate this result as evidence of connected but
distorted three-dimensional vortices that extend from about 4.5 m to 50 m. The Bornholm Sea
is disconnected from the Åland and Archipelago Seas at depths below 60.5 m (Figure 7.2e).
The vortex pair south west of the Northern Quark is still visible a depth of 101.5 m. However,
the rotation directions change as the sea bed is approached which can indicate the existence of
Ekman Spiral.
The Åland Sea is characterised by one counter rotating vortex pair from surface to a depth of
29.5 m (Figure 7.2b). The vortices are not visible below this depth since the local flow
features limits the formation of the vortices. The Åland Sea works as a large channel
connecting the Gotland basins to the Sea of Bothnia. The flow velocities are relatively high
(15-20cm/s) in comparison with the other basins. The vectors also have well-defined
northwards or southwards directions. At depths below 41.5 m (Figure 7.2d) the Åland sea is
disconnected from the Gotland basins but remains connected to the Bay of Bothnia up to
71.5m (Figure 7.2e). This is an important result which implies the Åland sea waters are
exchanged with the northern basin while begin disconnected from the Gotland basins.
In the Gulf of Finland, there is an apparent tendency to fewer vortices, which could be due to
the grid size (see Figure 7.1a and 7.2). The general features are a large anticlockwise vortex 8
km in diameter which is formed at the surface layers north of the Narva bay (Figure 7.2b) and
a couple of smaller vortices in the Neva Bay. The tangential velocity of the larger vortex is
about 5 cm/s which is slightly higher than in the northern basins. The vortex pair appears to
be split into two smaller vortices in depth range of 29.5 m to 50.5 m (Figure 7.2c). There
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appear to be no vortices in the deeper layers (Figure 7.2e). One interesting results is the
disconnection of the Gulf of Finland from the Gotland basins for depths below 8.5 m (Figure
7-2f). We believe the 5 km Baltic Sea model resolves only some of the larger vortex structure
in the Gulf of Finland, which is narrower than the other basins in the Baltic Sea. We would
expect to see more vortices especially around the irregular shorelines in the Bay of Finland.
To address this issue, we choose to refer to our regional model for the Gulf of Finland with a
horizontal grid resolution of 1.8 km. Figures 7.3 and 7.4 show two examples of the simulation
results on March 29, 2000 at surface and bottom layers, respectively. The two lower figures
are the enlarged southern and eastern parts of the Gulf of Finland. The two enlarged figures
make the vortices more apparent. The general flow features some of which are clearly visible
from Figures 7.3 and 7.4 are as follows:
1. The flow structure is dominated by a complex system of counter rotating vortices.
2.

The vortices are concentrated around the southern shorelines within the bay regions.

3. The vortices remain open and interconnected to surrounding flow.
4. The vortex structure remains unchanged throughout the flow depth.
5. There is a significant reduction in the magnitudes of the velocity vectors adjacent to
shorelines as the depth increases (from about 20 cm/s to about 5 cm/s).
6. Circulation zones exist around all the small islands.
7. The flow direction is multi-directional across the Gulf and varies spatially and
temporally.
A large number of vortex pair dominates the flow structure in the Gotland Basin with its three
sub-basins (NGB, WGB, and EGB). Some of these features are illustrated in the general
Figure 7.1 for 2009 and Figure 7.5 on August 8, 2009. The rotation directions and the
positions change temporally and spatially. However, the vortices appear to form distorted
open 3D structures in analogy to the northern basins. Typical length scales are in the range of
5-12 km. The highest vortex concentrations are within the narrow and enclosed regions of
Bay of Riga, the Bay of Gdansk, and to the south of Bornholm Island (e.g. Figure 7.5a). There
is a strong recirculation zone around the Gotland Island that is primarily driven by counter
rotating vortices. The vortex structures persist across the flow layers as deep as 101.5 m
(Figure 7.5f). The number of vortices increases between layers 9.5m–29.5m (Figures 7.5 b-c).
One interesting feature is the flow in the Stolpe Strait, which is dominated by a vortex type
flow (Figure 7.5c). There is a strong flow (15cm/s) across the strait that enters the Eastern
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Figure 7.3 Surface layer velocity vectors in the Gulf of Finland on March 29, 2000, fine
resolution regional model (1.8km)

7-14

The vortical structure of the flow

Figure 7.4 Bottom layer velocity vectors in the Gulf of Finland on March 29, 2000, fine
resolution regional model (1.8km)

7-15

The vortical structure of the flow

Figure 7.5a Instantaneous velocity vectors on 08-08-2009 top: water surface Z=0m, down:
Z=-4.5m with overlay of the interpolated vortices
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Figure 7.5b Instantaneous velocity vectors on 08-08-2009 top: water surface Z=-9.5m, down:
Z=-10.5m with overlay of the interpolated vortices

The vortical structure of the flow

Figure 7.5c Instantaneous velocity vectors on 08-08-2009 top: water surface Z=-21.5m,
down: Z=-29.5m with overlay of the interpolated vortices
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Figure 7.5d Instantaneous velocity vectors on 08-08-2009 top: water surface Z=-41.5m,
down: Z=-50.5m with overlay of the interpolated vortices
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Figure 7.5e Instantaneous velocity vectors on 08-08-2009 top: water surface Z=-60.5m,
down: Z=-71.5m with overlay of the interpolated vortices
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Figure 7.5f Instantaneous velocity vectors on 08-08-2009 water surface top: Z=-83.5m, down:
Z=-101.5m with overlay of the interpolated vortices
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Gotland Basin from the south west direction. This flow exists a layer range of 35m–50m
(Figure 7.5d). The Bornholm Basin is disconnected both from the Eastern Gotland and the
Arkona basins for depths below 50 m (Figure 7.5e). Here it should be noted that at depths
below 41.5 m, the Arkona Basin is completely disconnected from the Bornholm Basin. The
implication is that mixing processes among the Baltic Sea basins are predominantly internal
for all depths below approximately 40 m.

7.2.2 Vortical structures in vertical planes
In this section, we present the flow structure in various vertical planes that have been
interpolated from the cross-sectional instantaneous velocity vectors (for selected cross
sections see Figure 5.1). The vortices are highly resolved in vertical planes contrary to the
horizontal planes, the reason being a high resolution of the Z-layers that range from 1.5 m to
12 m at surface and bottom layers, respectively. The general features common in all basins
are:
1. The flow is multi-directional across a surface layer, which is about 10 m thick.
2. The number of multi-layer structures varies from 2 to 4.
3. Each layer is characterized by a set of vortices that have distinct dynamics.
4. The frequent reversal of the velocity directions in the upper and lower layers leads to
different transport modes.
5. The surface waters can be advected into the deeper layers (downwelling) or the
deeper water could migrate upwards reaching the surface layer (upwelling). The two
modes can either exists simultaneously or as single events.
6. The advection and transport phenomena are driven by the vortices.
7. Distinct counter rotating vortices are created above the boundaries with a sharp local
bottom slope.
8. The topography of the basins causes a general circulation pattern that is either
clockwise or anticlockwise depending on the flow direction of the surface layer.
9. The degree of water exchange between the basins depends on the flow direction and
the layering characteristics at the basin entrance. The latter refers to the channels or
straits that connect the basins.
In this section we will present the results basin-wise. Features 1-9 are exemplified by
referring to the selective plots of instantaneous velocity vectors at selected days.
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The Bay of Bothnia
The general vortical patterns in the Bay of Bothnia show no seasonal variation apart from
increasing the number of vortices during periods March–September. We exemplify the results
by referring to temporal cross-section plots of the velocity vectors shown in Figure 7.6. The
four-layer structure has a number of interesting characteristics.
The surface layer (10m to ≈20m) consists of two upper and lower layers within which the
flow direction changes between inwards and outwards. The flow is a combination of four
different modes. One is an inwards upper layer flow and an outwards lower layer flow (Figure
7.6: 02-24-200, 06-02-0200 & 10-09-2000). The inward flow brings the partially mixed
surface water of the Sea of Bothnia with slightly higher salinity into the Bay of Bothnia. The
inward flow is then circulated in a clockwise direction as it turns inwards into the basin at the
northern shoreline of the bay (Figure 7.6 10-06-2000). In the second mode the foregoing flow
directions are reversed (Figure 7.6: 09-24-2000, 10-06-2000, & 10-09-2000). The outward
flow is partly advected into the Sea of Bothnia and partly turned anti-clockwise into the bay.
The flow forces the inward lower layer flow from Northern Quark into the bottom water
layers within the bay (07-12-2000). This bottom layer flow is similar to density currents in the
reservoirs.
The flow has a higher salinity (i.e., density) being originated from the Sea of Bothnia but little
temperature difference. The flow has higher momentum than the ambient flow (higher density
and velocity) thus; it can reach the deeper layers in the Bay. The feature is exemplified in
Figure 7.7 that shows salinity stratification on April 3, 2000. (See also the corresponding
velocity vectors in Figure 7.6.) The intrusion of flow from the Sea of Bothnia with higher
salinity (5 ppt) is marked with an arrow. The interaction of flows with different directions and
thermodynamic properties is an interesting feature. It implies a partial mixing of flow entering
from the Sea of Bothnia with the ambient water within a region close to the Northern Quark.
The other two modes are either one directional outward (06-03-2000 & 08-13-2000) or one
directional inward flows (04-27-2000). However, the latter has a frequency of occurrence of
10% in a year. A multi-directional flow can also exist within the upper layer. The flow
direction can be multi- directional (11-11-2000), which is due to a lateral flow within the
layer (flowing into the cross-section). A major part of the outward flow turns anticlockwise
into the bay before entering the Northern Quark (Figure 7.6, 04-12-200 & 04-27-2000).
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Large-scale vortices (≈ 50m in diameter) are formed along the vertical planes marking a sharp
change in the bathymetry. To illustrate the feature we refer to Figure 7.6 on March 7, 2000
that show the velocity vectors. The vortices appear at boundary line crossing depths 60 m,
85 m, and 95 m that mark a sharp change in the slope. The rotation directions appear to follow
the general circulation patterns in the bay.
Smaller-scale ((≈ 10m in diameter) vortices are formed within the surface layer that are
spatially well organized structures showing little vertical movement. The mean advection
velocity is about 2.5 cm/s and the mean tangential velocity around 5 cm/s. We believe the
dynamics of these small vortices resemble Taylor-Görtler vortices.
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02-15-2000

02-24-2000

01-16-2000

Bay of Bothnia

01-22-2000

Figure 7.6a Instantaneous velocity vectors along cross-section S64, Bay of Bothnia
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03-07-2000

03-14-2000

03-16-2000

03-22-2000

Figure 7.6b Instantaneous velocity vectors along cross-section S64, Bay of Bothnia
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04-03-2000

04-12-2000

04-27-2000

04-24-2000

Figure 7.6c Instantaneous velocity vectors along cross-section S64, Bay of Bothnia
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06-02-2000

07-12-2000

06-11-2000

08-13-2000

Figure 7.6d Instantaneous velocity vectors along cross-section S64, Bay of Bothnia
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10-09-2000

10-06-2000

09-18-2000

10-16-2000

Figure 7.6e Instantaneous velocity vectors along cross-section S64, Bay of Bothnia
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10-27-2000

11-14-2000

11-11-2000

12-26-2000

Figure 7.6f Instantaneous velocity vectors along cross-section S64, Bay of Bothnia
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Flow from Sea of Bothnia
at higher salinity

Bay of Bothnia

Figure 7.7 Salinity stratification in the Bay of Bothnia cross-section S64. High salinity flow entering
through the Northern Quark

The Sea of Bothnia
The general four-layered vortical flow structure in the Sea of Bothnia is similar to the Bay of
Bothnia. However, the flow structure shows a higher complexity as the Sea of Bothnia is
connected both to the Bay of Bothnia through Southern Quark and to the Åland Sea and the
Archipelago Sea through and Kumlinge Sill, respectively. The interaction of cooler but less
saline waters from the Bay of Bothnia with warmer and more saline waters from the southern
basins creates strong temperature and salinity gradients. Flows with local gradients are
characterized by well-structured vortices. In analogy to the Bay of Bothnia the vortices appear
to be related to the four-layered structure (Figure 7.8). The flow in the upper layer which is
about 20 m also undergoes different modes which are as follows:


The layer consists of two sub-upper and -lower layers (each ≈5-10m thick) with
temporally varied flow directions. The flow directions in the sub-layers are either
outward-inward or the reverse. Large clockwise or anti-clockwise vortices are created
within these layers as well as smaller vortices. We exemplify the case by referring to
the instantaneous velocity vectors on March 24 and April 24, 2000 shown in Figure
7.8. Two important features are shown, which are the existence of a vortex pair and
vortices similar to Taylor-Görtler (04-24-2000). The latter vortices are formed within
the lower layer and have a mean diameter of 10 m. The rotation direction is in phase
with prevailing flow direction within the layer.
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The flow could be also one directional either inwards or outwards within the upper
layer (see Figure 7.8: 02-09-2000, 05-06-2000, and 08-10-2000). Large circulation
patterns are setup as the flow turns inwards into the basin (08-10-2000). The exchange
processes with the deeper water of the southern basins are reduced as the incoming
deeper waters meet the truing flow (see 07-04-2000).



The flow direction could also be multi-directional (see 10-24-2000). This is an
interesting feature since three nearly distinct regions are created. There are two regions
close to Northern and Southern Quarks and a middle region. The two former regions
control the exchange with the adjacent basins which are dominated by confined and
open type vortices. They appear to control the exchange processes.

The two reaming layers consist of a middle thick layer where the large vortices are formed
and a bottom layer. The bottom layers effectively follow the bed topography by creating local
circulating zones. We have seen that the bottom layer can originate both from the surface
layer or the adjacent basins. However, the common feature is the vortex type circulation.
Extensive flow splits take place along the boundary lines above the locations where there are
significant changes in the bed topography. This feature is present in all the time series of the
velocity vector shown in Figure 7.8.
To enhance our understanding of the special flow features close to the two connecting
channels, we refer to plots of temperature and salinity stratifications on June 24, 2009.
Figure 7.9 supports our results on incoming colder waters from the Bay of Bothnia and the
Åland Sea. We can see the extent of two significantly colder regions to the left and right of
the figure that create a complicated stratification pattern due to the density differences. Our
result is similar to the measured temperatures in the Gulf of Finland on July 11 and August 8,
2006 (Leppäranta and Myrberg 2009). The existence of the colder regions is indicative of
upwelling and downwelling processes. However, we argue that these processes are controlled
by the vortical structures. It is interesting to note the persistency of the vortex pair that we
showed for year 2000.
Our idea of the vortical flow within the basins can be further extended by analysing the plots
of vortices perpendicular to the cross sections (y-direction) and in the west-south direction.
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We exemplify the results in Figure 7.10 that is the plot of XY-vorticities at a point along
cross-section S64 upstream of the Southern Quark on June 24, 2009. We find that:


The vorticity components show a significant variation with the depth.



The loci of the increased vorticity correspond to the layers with large temperature and
salinity gradients.



The variations are greatest across the 20 m surface layer.



In agreement with vortex dynamics, an increase in vorticity in one direction is
balanced with a corresponding decrease in the other direction.



The vorticity variation is indicative of vortex stretching.



In the deep layers (<≈60m) the vortices components are nearly equal and constant.
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01-19-2000

03-25-2000

02-09-2000

04-24-2000

Figure 7.8a Instantaneous velocity vectors along cross-section S64, Sea of Bothnia
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05-06-2000

07-14-2000

06-05-2000

08-10-2000

Figure 7.8b Instantaneous velocity vectors along cross-section S64, Sea of Bothnia
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09-12-2000

11-08-2000

10-24-2000

12-11-2000

Figure 7.8c Instantaneous velocity vectors along cross-section S64, Sea of Bothnia
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Figure 7.9 Temperature and salinity in the Sea of Bothnia, June 24, 2009 cross-section S64

Figure 7.10 The vertical distributions of XY vorticities close to the Southern Quark along S64

The Åland Sea
The Åland Sea has the smallest surface area (60kmx40km) among the Baltic basins with a
maximum depth of 220 m. There are notable differences in hydrodynamic and thereby the
vortical structures compared to the other basins. The relatively small and deep region of the
Åland Sea serves as a main passage between the southern and northern basins. Consequently,
the multi-layer structure referred by the direction of the velocity vectors is more pronounced
with a lesser degree of merging layers. The main flow characteristic is a three-layer flow
structure with a few large-scale vortices. The layers are:
1. A 20-m thick surface layer flow which is either outwards (south) or inwards (north);
we could not find any seasonal variations in the flow direction.
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2. A middle 80-m thick layer with a reversed flow direction to layer one.
3. A bottom 40-m thick deep layer with a rotational flow trapped within its deep channel;
the rotation could be either clockwise or anti-clockwise which depends on the flow
direction in the middle layer.
Flow features in year 2000 are illustrated by refereeing to the instantaneous velocity vector
plots along cross-section S64 (Figure 7.12). The figure only shows the cross section that
covers the Åland Sea. Dashed lines mark the vectors at fixed positions. The lines should be
understood as the instantaneous velocity profiles. We have also chosen to overlay velocity
vectors on the salinity stratification as we believe both the stratification and the vortical
structures are related to the shape and nature of the velocity profiles. In the discussion
section, our ideas on this relationship will be expanded further.
The non-uniform shape of the velocity profiles suggests the existence of vortical flows. The
velocity vectors along a curved line trace the outer contours lines of the vortices (see Figure
7.12 02-06-2000). An important aspect is the existence of several inflection points where the
velocity vectors change direction. The second velocity derivative at these points is zero,
corresponding to a maximum shear force.

Figure 7.11 The velocity vectors along cross-section S64-b in the Åland Sea, January 3, 2000.
Åland Sea 1.3 km regional model
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The vortical structure in the Åland Sea is simpler with fewer vortices as compared to the
other basins. A more-or-less permanent feature is a vortex with a mean diameter of 40 m that
forms near the entrance to the Åland Sill (Figure 7.12 02-06-2000). However, the low grid
resolution in x-direction (4.8 km) may have not resolved the smaller vortices. To address
this issue, the velocity vectors obtained for the regional Åland model were analysed
(Chapter 3). We did not find a significant change in the numbers of vortices that make up the
vortical structure of the flow. However, the high grid resolution makes the instantaneous
velocity profiles more detectable. To exemplify, consider Figure 7.11, which shows the
instantaneous velocity vectors on January 30, 2000 for the cross section close to S64-b,
which is close to cross-section shown in Figure 7.12 S64. We couldn’t choose the exact
same cross section as the grid lines differ between the regional and Baltic Sea models. The
contour lines of a single open vortex are displayed in the figure as well as the characteristic
inflection points. It is concluded that the 4.8 km Baltic Sea model gives a reasonable
description of the vortical structure in the Åland Sea.
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Åland Sea

Flow reversal points

Åland Sea

Åland Sea

Figure 7.12a Time series
velocity vectors and salinity
stratification along crosssection S6, the Åland Sea

The vortical structure of the flow

7-41

Åland Sea

Åland Sea
Salinity (ppt)
05-12-2000

Åland Sea

Åland Sea
Salinity (ppt)
05-18-2000

Figure 7.12b Time series
velocity vectors and salinity
stratification along crosssection S6, the Åland Sea
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Åland Sea

Åland Sea

Figure 7.12c Time series velocity vectors and salinity stratification along cross-section S6, the Åland Sea

The Northern Gotland Basin and the Gulf of Finland
The vortical flow structure in the Northern Gotland Basin and the Gulf of Finland is similar to
the Sea of Bothnia. The main difference is the increased number of vortices as well as the
intensification of the upper layer vortices that we recognized as Taylor-Görtler vortices. The
general flow structure is as follows:


Three different types of vortical structures are possible, which are Taylor-Görtler
vortices, large scale anti-rotating vortices, and confined single large scale vortices.
These are formed within the upper, middle, and bottom layers, respectively.



Distinct structures appear within the regions marked by sharp changes in the
bathymetry. Flow splitting takes place across the boundaries of these regions. Here,
we choose to call these vertical lines as boundary lines.
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Within the shoreline regions, the flow can turn either inwards or outwards depending
on the rotation direction of the vortices.



There is a tendency for the deeper waters to reach the upper water layers through the
action of the vortices within the middle layer. A reversed process can also take place.



There is a general circulation pattern within each confined region. The patterns are
either clockwise or anti-clockwise with a typical velocity scale of about 5 cm/s.



The surface low salinity waters primary pass through the basins with little mixing
taking place with the lower layers.

To exemplify the vortical and flow characteristics, we refer to Figure 7.11, which shows the
instantaneous velocity vectors at cross-section S116 at various dates from January to October
2000. The cross-section cuts through both the Northern Gotland Basin and the Gulf of
Finland. The horizontal lines mark the boundaries of the layers and the vertical lines the
confined region. The latter are important as they appear at the locations were the bathymetry
elevations change rapidly. The velocities significantly vary (direction and magnitude) across
the upper 20-m thick layer. In analogy with the Sea of Bothnia there are two sub-layers within
the upper layer one is the surface layer (≈10m) and the other an underlying layer (≈10m). The
upper layer flow undergoes three different modes, i.e., one-directional outward (westwards)
and inwards (eastwards) flows and multidirectional flow as summarized below:
1. The flow direction is outwards across the entire layer (Figure 7.13: 02-06-2000). It is
interesting to note two features, i.e., the absence of Görtler-Taylor vortices and the
limited water exchange process between the basins. It implies internal circulation
(mixing) within the NGB and GOF. A reversed mode i.e., an inward flow (Figure
7.13: 03-13-2000 & 05-30-2000) can also take place. Here, it is notable that the
Görtler-Taylor vortices are formed contrary to forging case. We believe that the reason
is the differences between the instantaneous velocity distributions of the inwards and
outwards flows. These ideas will be further elaborated in the discussion section.
2. A two-layer structure with opposing flow directions (Figure 7.13: 04-09-2000 & 0512-2000). It is notable that the lower layer is tuned inward by the vortices within the
confined regions marked by red lines. Flow splitting occurs as the latter flow reaches
the boundary lines.
3. Multi-directional surface flow (Figure 7.13: 01-19-2000, 04-09-2000 & 08-07-2000)
and an underlying layer with a varying flow direction.
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The middle layer is characterized by multiply large scale vortices that entrain surface and
bottom layer waters. The rotation directions are the same as the flow direction in adjacent
layer. These vortices are probably formed as the flow splits at the boundary lines. The feature
is feasible in all time plots in Figure 7.13.
There are large-scale flow circulation regions below depths of about 50 m. These are partly
fed by the vortices at the middle layer and partly by the incoming bottom flows from the
adjacent basins. Based on the results we believe the NGB and the GOF are in turn divided
into sub-basins. We can recognize three sub-basins within the NGB and two with the GOF.
This is a significant result as the flow structure appears to be persistence within the boundary
lines.
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Northern Gotland Basin
01-19-2000

03-13-2000

02-06-2000

04-09-2000

Figure 7.13a Instantaneous velocity vectors along cross-section S116, Northern Gotland Basin and Gulf of Finland
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05-12-2000

08-07-22

05-30-2000

09-09-2000

Figure 7.13b Instantaneous velocity vectors along cross-section S116, Northern Gotland Basin and Gulf of Finland
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10-15-2000

Figure 7.13c Instantaneous velocity vectors along cross section S116 in the Northern Gotland Basin
and Gulf of Finland

To elaborate further on the ideas we presented in the above paragraphs, consider the
instantaneous velocity profiles in the x-direction at three points in the SB, NGB, and GOF in
June 2000. The locations of the points are marked in Figure 7.14. Figure 7.15 shows four
typical plots during June 2000.

Figure 7.14 The locations of the velocity profiles in the SB, NGB, and GOF
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Figure 7.15 Instantaneous u-velocity profiles in BS, NG, and GOF June 2, 5, 17, 29- 2000
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Some of the general features that we like to illustrate by referring to these profiles are as
follows.
1. Several inflection points where flow reversal takes place characterize each profile. The
local velocity gradients at these points are high in analogy with the wall boundary layer
flows.
2. The shapes of the profiles are similar within all the three basins.
3. A comparison of these profiles with plots in Figure 7.15 indicates that the basins have a
similar structure. The results support our previous statement in the beginning of this
section.
4. The upper 20-m thick layer shows significant variations of both the velocity directions and
their magnitude. We recognize the layer in which Görtler-Taylor vortices are formed.
5. The middle flow layer has a similar profile to 4 with the difference of the inflection points
being further apart. The reason is the large-scale vortices as we presented in the foregoing
paragraphs.
6. The profiles remain more or less unchanged within the deeper layer (below 50 m). They
are characterized by a single inflection point that appears to be related to the confined
vortex in the bottom layer.
7. The shapes of the profiles are similar within all the three basins.
8. A comparison of these profiles with plots in Figure 7.13 indicates that the basins have a
similar structure. The results support our previous statement in the beginning of this
section.
9. The upper 20-m thick layer shows significant variations in both the velocity directions and
their magnitude. We recognize the layer in which Görtler-Taylor vortices are formed.
10. The profiles remain more or less unchanged within the deeper layer (below 50 m). They
are characterized by a single inflection point that appears to be related to the confined
vortex in the bottom layer.

The Easter and Western Gotland Basins and the Bay of Gdansk
We have found a similar flow structure in the Easter and Western Gotland Basins (EGB &
WGB) and the Bay of Gdansk (BOG) as in the NGB. That is a four-layered structure
characterized by different types of vortices. The remarkable similarity appears to be a unique
feature of the Baltic Sea distinguished by its several semi-attached basins. We have analysed
the flow structure along different cross sections. Here, we choose to present the results for
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cross-section S82 as it crosses all the foregoing basins and the Färö and Gdansk sills. The
choice will help us to understand how the EGB interacts with the two adjacent water masses
of the NGB and the BOG. Figure 7.16 shows a set of typical cross-sectional velocity vectors
during year 2000. The layers and boundary lines are marked with red dashed lines as in the
other basins (Figure 7.13 01-13-2000). The BOG is connected to the EGB through the Gdansk
sill (maximum depth≈ 100m) which is labelled 4c. The EGB is connected to the NGB through
the Färö (maximum depth≈ 115m) which is labelled 4a. The four-layered structure has a
number of specific features regarding the flow direction and the general circulation patterns
within the basins. The dominant southwards-northwards (i.e., inwards with respect to the
basin) winds that are deflected by the Coriolis force control the flow direction in the upper
layer (e.g. Figure 7.16, 05-06-2000). However, the flow direction could also be outwards (e.g.
Figure 7.16, 04-09-2000). The mean flow persistency is about 30 and 70 per cent of a year for
the outwards and inwards flows, respectively. The vortices in the upper layer (Görtler-Taylor)
rotate in the same direction as the flow direction within the layer (e.g. Figure 7.16, 07-112000). However, the vortices in the middle layer rotate in the opposite direction. This
interesting result indicates a dynamic coupling between the shear upper layer flow and the
vortex generation. Considering the mean flow circulation patterns, two distinct regions with
counter rotating flows that contain a vortex system are recognized. Each region occupies
roughly 50% of the mean flow depth in each basin. The feature is displayed in Figure 7.16,
01-13-200 which shows the counter rotating flows above and below the dashed red line
between L3 and L4. Based on similar plots of the instantaneous velocity vectors, we have
noted that the BOG, the EGB, and the NGB work as a single basin displaying a rich spectrum
of vortices. The internal mixing of the basins is through the large scale vortices but appear to
be limited to layers 1 to 3 or within a depth of about 70 m. The deeper regions in EGB and
NGB have more or less confined flow properties, which is controlled by the seabed
topography. The interesting aspect is the resemblance between the boundary lines and
limiting streamlines found in separated flows. The velocity vectors are either divergent or
convergent along the lines. The implication is that the limiting streamlines can work as virtual
flow barriers. These are feasible in all plots in Figure 7.16 with velocity vector
intensifications along the boundary lines. The barriers in turn can limit the rate of flow
exchange between the basins.
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The various structures in basins have a daily persistency (see Figure 7.16, 10-15-2000 & 1016-2000) that appears to be correlated with the meteorological time scale of temporal wind
variations. The Görtler-Taylor vortices are characteristic of layer 2 with a mean diameter of
20m in XZ- plane and a mean XY-vorticity of 0.002 1/s, mainly appearing in the EGB basin
(e.g. Figure 7.16, 10-21-2000).
We saw that the flow is mainly one directional in the upper flow layer. However, a different
mode can also exist when the layer is divided into a surface and an underlying layer (Figure
7.16, 05-12-2000 and 06-26-2000). The same feature was noted in the northern basins.
Physically, a two-layer flow with opposing flow directions is hydrodynamically more
unstable than single layer flows with a mild density gradient. One would expect to find finerscale vortices at the interface of the two layers; however, our coarse model does not resolve
smaller vortices.
Large-scale confined vortices in the deeper regions create weak circulations patterns that
prevent mixing with the adjacent regions. The close inspection of the plots in Figure 7.16 (e.g.
06-08-2000, at x=1e+5) show these pronounced patterns.
Comparing basins BOG, EGB, and NGB, the flow structure is more complicated in the EGB.
The EGB appears to be the controlling basin regarding the hydrodynamic of the Baltic Sea. It
serves as a large passage between low salinity-temperature from the northern basin and the
more saline and warmer waters advected from the North Sea. The consequence is complex
flow structure, which results from the interaction of different flow types and dynamic
properties.
One remaining important issue is the three-dimensionality of the vortical structures. We
analysed the velocity vectors along several different S-N and W-E cross sections besides S82
and found similar vortical structures; this analysis indicates that the structures are highly
distorted as well as extending to large distances (50 km).
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01-13-2000

NGB
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(4c)

(4a)

03-22-2000

03-10-2000

04-09-2000

Figure 7.16a Instantaneous velocity vectors along cross-section S82 crossing BOG, NGB, and EGB, 2000
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05-06-2000

05-30-2000

05-12-2000

06-08-2000

Figure 7.16b Instantaneous velocity vectors along cross-section S82 crossing BOG, NGB, and EGB, 2000
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06-11-2000

07-11-2000

06-26-2000

08-12-2000

Figure 7.16c Instantaneous velocity vectors along cross-section S82 crossing BOG, NGB, and EGB, 2000
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08-13-2000

09-09-2000

08-31-2000

09-18-2000

Figure 7.16d Instantaneous velocity vectors along cross-section S82 crossing BOG, NGB, and EGB, 2000
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10-15-2000

10-21-2000

10-16-2000

11-02-2000

Figure 7.16e Instantaneous velocity vectors along cross-section S82 crossing BOG, NGB, and EGB, 2000

The vortical structure of the flow

7-57

11-05-2000

12-05-2000

Figure 7.16f Instantaneous velocity vectors along cross-section S82 crossing BOG, NGB, and
EGB, 2000

Arkona and Bornholm Basins
The Arkona Basin (AB) is connected to the Bornholm Basin (BB) through the Hamrare Strait
(≈100m deep). The flow structures in these two basins are partly controlled by exchange
processes with the North Sea especially the Arkona Basin. The main flow feature in the
Arkona Basin is a simple rotational flow in contrast to more complicated structure in the
Bornholm Basin. This is because of the interaction of the Bornholm basin with two large
basins of Western Gotland and Eastern Gotland. The Bornholm Basin is also twice as deep as
the Arkona Basin, which makes the mixing processes less effective for depths below 55 m.
The flow structure in the Arkona Basin is characterised by three different modes defined by
the flow direction. These are inward and outward flows that almost covers the entire basin and
in a two-directional flow. Single large-scale vortices occur during the latter mode. We did not
find any seasonal variations regarding these modes. However, the frequencies of occurrence
of the three modes were 60%, 30%, and 10% of a year, respectively. The statement agrees
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with our previous findings in Chapter 6, where in Table 6.2 a positive water budget of 2.1
m3/s for the incoming flow from the North Sea was noted. In the Bornholm Sea, we recognize
a three-layer structure (upper, middle & deep) as opposed to the four layers in the northern
basins. The upper layer is about 20 m thick with one-directional or two-directional flows. The
occurrence of Görtler- Taylor vortices in BB and AB is rarer than in other basins. The middle
layer is within a depth of 20m–55m in which the structure is composed either of a single or a
pair of vortices. A single confined vortex exists within the deep layer below 55 m.
To exemplify some of these features, consider Figure 7.17 which shows the instantaneous
plots of the velocity vectors at different times in 2000. The plots are made for cross-section
S2 that cuts through AB, BB, and the southern part of EGB. In plot 01-10-200, we have
labelled the basins, the Stolpe Channel (3a) and the Gdansk Sill (4c). The maximum depths
are about 60 m and 100 m, respectively. The selected cross section passes near the deepest
points. The important boundary lines are also marked by red lines as done for the other basins.
The Bornholm island appears as a gap at x=1.5E5 m. Plots 01-10-2000, 01-16 2000, and
similar, illustrate the inward flow mode in the Arkona Basin. The outward flow mode is
shown by plot 05-12-200 (also shows the Görtler-layer vortices) and similar. The two
directional flows are demonstrated by 03-22-2000, which shows the flow split near the
surface into inward and outward flows. The velocity vectors trace the contours of a vortex
pair.
In the Bornholm Basin, the Görtler-Taylor vortices in the upper layer are illustrated in plot
05-12-2000. The middle large vortices can be seen in plot 04-09-2000. The confined deep
layer vortex is seen in plot 04-12-2000.
One interesting feature is the velocity direction to the either sides of the boundary line of
Bornholm and Eastern Gotland basins. The velocities could either be in the same or opposite
directions, depending on the flow directions in the upper and middle layer. The main feature
is the formation of two large vortices close to the boundary line. The feature is clearly feasible
from the plot on 02-09-2000. The confined vortex in the deeper region limits the exchange
with the Eastern Gotland Basin.

The vortical structure of the flow

7-59

We have previously presented the results for the Gotland Basin; thus no further comments are
needed. However, it is instructive to compare the two cross-sectional plots of the velocity
vectors along S82 and S20. The former was taken in west-east direction and the latter in
south-north direction. We notice the similarity in the flow structures in the EBG that implies
the three-dimensionality of the vortical structures.

7-60

Bornholm
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AB
01-10-2000

BB

3a
4c

01-22-2000

01-16-2000

02-09-2000

Figure 7.17a Instantaneous velocity vectors along cross-section S20 crossing AB and BB 2000
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03-07-2000

04-09-2000

03-22-2000

04-12-2000

Figure 7.17b Instantaneous velocity vectors along cross-section S20 crossing AB and BB 2000
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05-12-2000

06-23-2000

06-14-2000

07-14-2000

Figure 7.17c Instantaneous velocity vectors along cross-section S20 crossing AB and BB 2000
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08-12-2000

10-09-2000

11-02-2000

09-09-2000

Figure 7.17d Instantaneous velocity vectors along cross-section S20 crossing AB and BB 2000
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7.2.3 Mesoscales
In the previous sections, we considered vortices that were interpolated from the velocity
vectors. The scales of order of few kilometres are commonly referred to as mesoscales. A
good representative of these scales is the Rossby radius of deformation that we computed
from Equation 3.10 (Ri) for the entire 10-year simulation period. Table 7.1 summarizes the
mean 10-year values in the various sills and basins (SD=standard deviation). To illustrate the
various features, surface plots of the Rossby radius of deformation in 2008 are referred to in
Figure 7.18.

Table 7.1 Rossby radius of deformation in various basins of the Baltic Sea
Sill /Channel

1

SD
(km)
0.7

5.8

3

1.1

6

3.5

1.2

Åland Sill
Gulf of Finalnd
Gotska Sandö
Sill
Fårö Sill

3
6.8
7.5

1
3.8
4.6

0.7
1.5
1.5

8.2

5.2

1.4

Ibre Strait
Hoburg-Midsjö
Banks
Stolpe Channel
Gdansk Sill
Hamrare Strait

3.5
6.1

1.3
3.1

0.8
1.2

7.5
9.2
6.6

3.9
5
2.7

1.5
1.7
1.4

Northern
Quark
Southern
Quark
Kumlinge Sill

Maximum
(km)
3

Mean
(km)

Basins
Bay of Bothnia

Maximum
(km)
6.6

Mean
(km)
3.8

SD
(km)
1.3

10

8

1.2

8

6

1.3

10
2.5
6.5

7.3
0.72
3.3

1.5
0.46
1.4

10.6

7.4

1.6

14
17

10
11.7

2
2.6

3.5
11
9.5
9

1.2
5.2
5.3
5

0.9
2
1.7
1.7

Sea of BothniaB2
Sea of BothniaB3
Åland Sea
Archipelago Sea
Gulf of Finland
Northern
Gotland
Western Gotland
Easter Gotland
Gulf of Riga
Bornholm
Bay of Gdansk
Arkona

The main findings are:



The largest scales are found in the Gotland Basins.



The deeper a basin the higher is the radius of deformation.



The smallest scales (≈ 1km) are characteristic of the coastal regions.



The radii decrease by about 5% with the depth.



There is seasonal variation with maximum radii during summer and early autumn.



The radii increase by about 20% during summer and autumn (08-01 & 10-15, 2008).
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Figure 7.18 Seasonal variation of Rossby deformation radius in 2008, surface plots
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7.2.4 Current persistency
The current persistency is an important parameter that helps analyse the circulation patterns.
We used Equation 3.7 (CPI) to compute the values for the entire 10-year simulation period. A
higher percentage indicates more persistence is the current direction along a particular path.
We found temporal and limited spatial variations in the values of CPI. The variations were
seasonal with higher values occurring during winter and autumn seasons. In this period, the
highest persistency was detected in the Bay of Bothnia (650%), Åland Sea (70%), Eastern
Gotland Basin (60%-70%), and the Arkona Basin (40%-60%). We did not find any significant
variations in CPI across the flow depth. The only significant change occurred at depths below
27 m in the Gulf of Finland where a shift from the northern coast to the middle channel of the
Gulf could be noted. The average values in the open sea were about 30-40%, which are
relatively high values. The lower limits were found in the Eastern Gotland Basin. The
persistency decreased by 10-20% during the spring, summer, and early autumn seasons.
Tabulated results for the mean values are listed in Table 7.2. The third column in the table
gives the locations which is an indication of the circulation pattern. The mean flow appears to
be inclined to the eastern coasts of the Baltic Sea moving principally northwards.
Table 7.2 Mean annual values of current persistency in different Baltic basins
Basin

CPI %

Direction

Bay of Bothnia

65 Eastward

Sea of Bothnia

40 Eastward

Åland Sea

70 Westward

Gulf of Finland

45 Eastward

Northern Gotland Basin

30 Northwards

Western Gotland Basin

35 West and Eastward

Eastern Gotland Basin

65 Eastward

Bornholm Sea

40 Eastward

Arkona Basin

40 Eastward
60 Westward
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7.2.5 Vorticity
Vorticity is a measure of the local rotation of a fluid which is inherent of turbulent flows
irrespective of type and scale. The importance of the vorticity lies within two important
properties. One is the merging tendency of vortices to form large vortices that can range from
mesoscale to very large Great Red Spot on Jupiter. The second is the breakdown process
(energy cascade) that generates small scale vortices that are diffused. The vortices in the
Baltic Sea appear to undergo the same processes of merging and breakdown. The latter
process generates the instabilities that are referred to as internal waves. The limitations of our
numerical model do not allow us to offer a detailed description of the two processes.
However, our vorticity results confirm one of the fundamental properties, namely vortex
stretching that redistributes the vorticity components. The total vorticity must be conserved.
In the Baltic Sea the nature of the vortical structures can be described from the temporal and
spatial variations of the vorticity components. We referred to the XY-vorticities at points
close to the Southern Quark (Figure 7.9). We find significant seasonal variations with respect
to the magnitude or rotation sign of the vorticities. The value range of XY vorticity
components were -0.1-0.4 1/s and -0.7-0.5 1/s, respectively. The values if X-vorticity
components were by one order of magnitude less than the two former components. The
maximum values occur during the summer periods. Figure 7.19 shows three surface contour
plots of X-vorticity during March 3, 27 and June 27, 2000. The maximum vorticities are
found around the Gotland Island and in the Sea of Bothnia that follow the main circulation
patterns in the Baltic Sea.
In the vertical plane, we choose to show 12 plots of the XY-vorticities during August–
September, 2009 50 km east of Bornholm Island (Figure 20a-b). All the features that we
discussed in Figure 7.10 are present. However, the flow depth could be divided into four
different layers with the following properties:



0m ≈ 10m: high vorticity region possibly due to Taylor-Görtler vortices.



10m ≈ 20m: sharp drop in the vorticity as the vortices growth larger.



20m ≈ 50m: relatively little change with depth characterise of stable vortices.



> 50m: deep water layers with isolated confined vortices.



The XY vorticity components are about 10 times higher than Z vorticity component.
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Figure 7.19 X-Y surface vorticities in the Baltic Sea from up to down: March 3, March 27, & June 27, 2000,
Figer legend to the left.
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Figure 7.20a XY vorticity profiles during August 2009 50km east of the Bornholm Island
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Figure 7.20b XY vorticity profiles during August-September 2009 50km east of the Bornholm Island
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7.3 Discussion
We start the discussion by addressing two major issues: the mechanism of vortex formation in
the Baltic Sea and the existence of coherent structures. The result section presented
supporting evidence on various types of vortices in horizontal and vertical planes. In the
horizontal plane, we noted vortices with typical length and velocity scales of 5-12km and 510 cm/s, respectively. These vortices appear to be open type three-dimensional structures
having two important features: they extend to 90% of the flow depth and they have a clear
periodicity of one to seven days.
First, we consider the variation of mesoscale in the different basins of the Baltic Sea that were
on the order of few kilometres. The mesoscale can be defined by the baroclinic Rossby radius
of deformation (Ri). Barotropic modes are also possible that are one order of magnitude larger
than baroclinic modes. However, the energy level is higher in the former mode which is the
focus of this study. The scale plays a major role in large scale circulation in oceans and the
length scale of unstable waves in stratified shear flows. Alternatively, at the Rossby
deformation scale the geostrophic balance between Coriolis and horizontal pressure gradient
forces becomes important. We know that the formation of the surface large-scale vortices are
related to the horizontal pressure gradients. In our study we found a significant spatial
variation of Ri in the range of 1.2 km–12 km (Table 7.1). The mean size or diameter of
vortical structures that we found are within this range. Our results are comparable with the
studies of Fennel et al. (1991) and Osiński et al. (2010). Their common findings are the
seasonal variation with minimum values occurring during the winter and autumn, and maxima
during summer. These results agree with our findings. However, there are major differences
in the actual numerical values. Fennel et al. (1991) find the largest Rossby radius of 7 km in
the Bornholm Basin and the smallest ones, 1.3 km, in the Belt Sea and in the Gulf of Finland.
The lower value Fennel et al. agrees with our results but not the higher value. Our results
show a clear positive correlation between the flow depth and the Rossby deformation radius.
The result is explainable by the prevailing different stratification structures in shallow and
deep basins. We believe the scales ought to be much larger in the Gotland basins, in line with
what we have found. Apart from the difference in stratification, these basins have a richer
vortex spectrum defined both by scale and number. Now, looking at Osiński et al. (2010)
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result the agreement is close. They report a mean Rossby radius of about 8 km in the
Bornholm basin which is within the range of 2 km–11 km (Table 7.1). However, their values
were also higher than the Fennel et al. (1991) results. Osiński et al. (2010) attribute the
difference to the data periods, namely the Fennel et al. study is for the period 1977–1988
whereas the Osiński et al. study is for 2003. During the former period, moderate salt water
inflows occurred as opposed to in 2003.
The Rossby deformation radius (being a characteristic mesoscale for the vortical structure)
will assume lower values should the stratification in the Baltic Sea weaken. The consequence
could be reduced circulation and mixing among the basins. This possible event is undesirable
from both environmental and ecological aspects. In this respect, the estimates of the Rossby
deformation radius can serve as a prognosis variable for adverse environmental effects. We
believe our estimates offer two improvements as compared to the previous studies. First, they
are more accurate as the model uses detailed inflow boundary conditions. Second, we have
obtained values for all the basins and provided the minimum and maximum range.
In comparison to the extensive literature on the general features of the Baltic Sea, studies on
various types of eddies are rather limited. We have used all the simulated velocity vectors to
detect possible vortical structures in both horizontal and vertical planes. The result section
presented the main findings and the corresponding interpolation to the vortical structure.
Here, we will attempt to address several important questions as follows:
1. What is the generation mechanism of the vortical structures?
2. Are the structures in various horizontal and vertical planes part of a general 3D flow
pattern?
3. Is it possible to interpolate the vortices in terms of coherent structures?
4. Have the structures similar patterns observed in other seas and ocean?
5. What is the implication of coherent structure in the Baltic Sea?
In the first step, we need to estimate two important hydrodynamic variables, i.e., the Ekman
layer thickness and Görtler number. A rough estimate of the Ekman layer thickness (D) is
possible from Equation 7.1 in which Av is the turbulent viscosity in the Ekman layer and f is
the Coriolis parameter.

The vortical structure of the flow

D 

7-73

2 Av
..........................................................................................................................(7.1)
f

We find a thickness range of 13-40m using the typical values of Av= 10-3-10-2 m2/s and

f=1.2x10-4 1/s. The thickness range corresponds to our definition of upper flow layer as
presented in the result section. The depth can also be considered as the boundary layer
thickness in which the wind induced currents are deflected to east by earth rotation. In
analogy with the turbulent boundary layers along walls, the flow in the upper layer will be
subject to strong shearing imposed by the vertical velocity gradient (dv/dz ≈1). There will be
a hydrodynamic instability of the shear layers. This suggests the first possible mechanism of
vortex generation in the vertical planes by unstable shear layers. We believe that the
hydrodynamic instability of the shear layers is the main vortex generation mechanism in the
Baltic Sea. However, the formation of the vortical structures will also be affected by solid
boundaries, the local pressure field, and a number of other factors. We will make relevant
references to the foregoing aspects as we consider the details.
We next estimate the Görtler number from Equation 7.2 in which Re is the scaling Reynolds
number and δ is the curvature of the streamline.

G  2 Re1/ 2  ............................................................................................................................(7.2)
Here, by assuming δ≈1/D and Re=uD/ν, we get G =10 and 18 for D=13m and 40m,
respectively. The formation of the Görtler vortices that we found in the upper flow layers
could be addressed by comparing G with the critical value of 2.86, implying that instability
prevails.
To suggest a possible flow structure along the horizontal planes, we will first examine the
literature for evidence on similar types of vortices found in the Baltic Sea. Here, it should be
noted that we have not found any study that considers the vortices along the flow depth as in
the present study. A principle result is mesoscale cyclones eddies that are formed by the
spreading of dense deep water towards the Baltic Proper (Hagen & Feistel 2001). A wedge
shape front is formed that rotates in the anticlockwise direction. The eddies follow the
bathymetry as their formation is due to water intrusion from the North Sea. Hagen & Feistel
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(2001) suggest the pressure gradient as the main driving mechanism. Generation of cyclonic
eddies in Easter Gotland is similarly explained by the bottom intrusion of saline water
(Zhurbas & Paka 2003). We can state that these eddies are in fact driven by a density gradient
setup by salinity or even temperature. The well-known Gulf Stream rings are examples of the
latter that are similar to mesoscale eddies but smaller in size and advection velocity. To
examine the possible association of the eddies with the salt intrusion from the North Sea, we
conducted a new set of simulations designated as zero conditions. We started the model with
zero salinity and a mean temperature of 5 °C keeping all the other input conditions the same.
We ran the model for 10 years (2000–2009) and traced the temporal growth of the salinity and
temperature plumes. Figure 7.21 compares the bottom layer salinity with path lines of the salt
front reported by Hagen & Feistel (2001).

Figure 7.21 a: Bottom layer salt intrusion after 7months in the Baltic Proper, present study zero
conditions; b: spreading of the dense water in the Baltic Proper (Hagen & Feistel 2001)

Our zero-simulation case is comparable to the case when exceptionally saline water from
North Sea enters the Baltic Proper as in Hagen & Feistel (2001) case. The migration of salt
wedge traces an identical path to the former study. The advantage of the zero simulation is
that the salt plume will be more pronounced and visible. We can notice rotational flows to the
east of the Gotland basin that resemble the mesoscale eddies as indicated by Hagen & Feistel
(2001). However, we found identical rotational patterns for the mixed simulation case that we
have used throughout this work. There are further indications on the generation of eddies in
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the Eastern Gotland Basin following the dense water inflows (Zhurbas et al. 2003). However,
we offer an alternative interpretation of the near bed vortex generation. We agree that salinity
and temperature gradients are relevant for the generation of the vortices. Here, we identify a
permanent nature of the vortices with a periodicity of about 7 days, meaning that the vortices
will be there even when without high salinity intrusion. We therefore suggest that sharp
variations in the bathymetry are a key factor for the near-bed vortex generation. To illustrate
this, consider Figure 7.22 that shows the sea bed elevations in the Baltic Proper.

Figure 7.22 The Baltic Sea bed elevation in the Baltic Proper in units of meters

Comparing Figure 7.21 with Figure 7.22, it is seen that the locations of the eddies correspond
closely to the regions with a sharp decrease or increase in the bed elevation. This leads us to
believe the similarity between boundary layer flows along wavy surfaces and the near bed
vortices in the Baltic Proper. We know the topography of wavy beds determine the
characteristics of the vortex field (Lin Mian and Yuan Zhi-Da 2005). Another case is the
turbulent flow over pool-riffle sequences, which suggests the generation of turbulence
structures in the form of Kelvin-Helmholtz instabilities above the boundary layer (Stoesser &
Kara 2010). The instability could be also be related to Götler-Taylor type vortices or the
Ekman spiral. Later, we will discuss more the two possible mechanisms. Here, it is concluded
that the main vortex generation mechanism are Kelvin-Helmholtz instabilities developed
along the wavy sea bed.
We found the vortices being uniformly distributed across the sea and the depth. This finding
is in agreement with the observation of mesoscale vortices observed in most regions of the
Baltic Sea (e.g. Aitsam et al. 1984, Elken et al. 1988, Zhurbas and Paka 1999, Reissmann
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1999, Lass and Mohrholz 2003, Zhurbas et al. 2003, and Reißmann 2005). In agreement with
our study, the observed Baltic eddies were found at various depths from the surface to the
bottom. Importantly, most of the eddies were observed in the permanent halocline in analogy
with our results. Aitsam et al. (1984) suggest that the eddies are non-linear, and transport
water in their nucleus. The suggestion confirms our idea of instability of the shear layer as an
important mechanism with inherent non-linearity. However, in most studies the mesoscale
eddies are believed to form along the salinity intrusion pathways (Zhurbas et al., 2003).
Furthermore, the focus has been mainly on deep southern Baltic basins, i.e., AB, BB, SF, and
EGB (Reißmann 2005). One principal result was the number of the coexisting eddies found in
the foregoing basins. The numbers were 15 in AB, BB, SF and 30 in EGB which are in full
agreement with the present study (see Figure 7.1a). The eddies were found in the pycnocline
here referred to as the middle layer. Interestingly, the eddies in each basin were found to be
uniform (see also Reissmann et al. 2007) as in our case. In the previous paragraph, an
alternative view was offered that emphasises the topographical characteristics of the wavy sea
bed. Topographical features such as jumps can change the propagation speed of inertial waves
causing their breakage (Reissmann 1999). Topographical waves are created as the slow
bottom layer flows over these topographical features (Johnson 1985). The necessary condition
is that the horizontal scale of the topographical features is on the order of the depth or higher,
which is valid in the Baltic Sea. The time scale (λw) for these waves can be estimated from the
vortex-stretching time Equation 7.3 suggested by Johnson (1985).

w 

h
..........................................................................................................................(7.3)
2 ho

in which h=flow depth, h0=step size and Ω=earth rotation 0.792x10-5. Using typical values of
h=100m, the elevation change h0=15m, we get a time scale of about 5 days. The time scale is
comparable with the inertia time scale of 9 hours (i.e. 2π/ Ω ) but smaller than the mean
advection time of 12 days (i.e. L/U, L taken as 50km and U=0.05 m/s). The vortex stretching
time scale is in the range of vortex periodicity of one to seven days found in our study. In the
present work, we could not directly resolve the topography vortices. However, the velocity
vector plots presented in Figures 7.11 and 7.14 show the rotational nature of the flow close to
the sea bed. Mälkki & Tamsalu (1985) confirm the existence of these vortices. They are
mostly observed along the coast of the Bornholm Basin and the Gotland Sea. They are also
referred to as bottom-trapped waves with typical lengths of 30km–40km and a migration
speed of 1.9 cm/s (Leppäranta & Myrberg 2009). Our results are in good agreement with the
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foregoing values. The length scale is comparable to the width of valleys in the topography. To
illustrate the foregoing discussion, time series plots of the bottom velocities at stations F3,
MS4, By29, By32, By15, and MSC-III during 5/28-8/8, 2009 are presented in Figure 7.23.
Two important features are observed: one is the range of the velocities i.e., -4 cm/s -2 cm/s
which agrees with 1.9 cm/s, and the other is the periodical nature of the velocities. To resolve
the periodicity we show the corresponding autocorrelation plots for all 6 stations (Figure
7.24). It yields a periodicity range of 5–10 days, which confirms our suggestion of the
topography vortices. In the Gulf of Finland a lower periodicity range of 68–72 hours (i.e.,
about 3 days) was found by Talpsepp (2006).

Figure 7.23 Time series of bottom x-direction velocities at 6 different
stations in the Baltic Sea during 5/28-8/8, 2009

We believe the underlying mechanism of vortex generation is shear layer instability of the
Figure 7.24 Normalized autocorrelation plots of bottom x-direction
velocities at 6 different stations in the Baltic Sea during 5/28-8/8, 2009
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Kelvin-Helmholz type. The instability is driven by a gradient perpendicular to the initial shear
layer which could be caused by a combination of the inflection nature of the velocity profile
and temperature and salinity stratifications. The shear layer is unstable and rolls up to form
coherent structures (Figure 7.25).
Kelvin Helmholtz instability
V1
dT/dy
or
dS/dy

dp/dy

V2

Figure 7.25 Simplified schematic of shear layer instability

In the result section we suggested a possible formation of Taylor-Görtler vortices developed
across the flow depth in vertical planes (e.g., Figure 7.13b: plot: 05-30-2000) within the
thermocline layer. The classical Taylor-Görtler vortices are longitudinal vortices that are
commonly formed between two rotating cylinders or concave walls by a centrifugal instability
(Schlichting 1979). The instability results from the action of a pressure gradient setup across
the boundary layer. In case of large water bodies in seas and oceans, the instability appears to
develop around the curvature of the waves in analogy with a concave surface (Tokuda 1976).
Here, an interesting result is the formation of the vortices beyond a critical wave height of
about 0.5 m. There are no indications that 0.5 m is a universal number. However, this value is
entirely consistent with our study, since the significant wave heights in most regions of the
Baltic Sea are above 0.5 m with a persistency of 65% (e.g., Figure 7.26).

Siginficant wave height (m)
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10/20
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Figure 7.26 Significant wave heights at station By29, August-October 2009
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An alternative mechanism to Taylor-Görtler vortices is Langmuir circulation in which the
upper water layer flow is in clockwise motion (Smith 2001). The circulation is seen as streaks
of floating material or bubbles that collect on the water
wind pro?le

surface. The streaks alignment is with the wind direction.
The generating mechanism is a variable surface shear force
which is created by the wind. Figure 7.27 is a schematic of

Streaks- bubbles

the longitudinal alternative roll vortices with the main wind
direction which is perpendicular to the view surface. Typical

Thermocline

Langmuir circulation. The main feature is the alignment of

scales are on the order of meters which is smaller than the

Alternative roll-vortices

vortices in the present study (about 15 m in diameter). The
other difference is the varying rotational directions both

Figure 7.27 Schematic of
Langmuir circulation

spatially and temporally for vortices reported by us.
Field and flow measurements confirm the existence of mixing Langmuir circulation in the
Vistual Lagoon and Darss-Zingst (Chubarenko et al. 2010). A principal result of their study is
the simultaneous growth of the rolls diameter with increasing the thickness of the upper layer.
The dependency explains our results that indicate a similar relationship.
Next, we examine the characteristics of the horizontal vortices that we presented in the result
section (see Figure 7.3). These vortices can be considered as coherent structures due to their
organized shape, scale, and frequency. Satellite observations are a common approach in
locating such structures. The vortices in the Mediterranean Sea for instance were studied from
Satellite observations over a 7-year period (Isem-Fontanet et al. 2006). They found a
correlation between the spatial distribution of the coherent vortices with the areas of high
levels of eddy kinetic energy. Their results confirm the role of coherent structure as the
controlling variable of the flow dynamics. Similar structures are found in atmospheric surface
layers (e.g. McNaughton and Blundell 2002, McNaughton 2003). The work on possible
coherent structures in the Baltic Sea is rather limited as we mentioned in the previous
paragraphs. We can suggest three possible mechanisms for the generation of the threedimensional vortices that extend to the sea bed:
1. Baroclinic instabilities
2. Taylor columns
3. Ekman spiral
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To address each mechanism, our findings will be compared with well documented literature
cases. We believe that the physics of coherent structures in large water bodies is similar
irrespective of the location.
The importance of coherent structures is due to their role in transporting matter and energy
through the ocean. They bear some resemblance to the large-scale horizontal vortices that are
often observed in the atmosphere. In the atmosphere, the scale varies from small-scale
turbulent features to tropical cyclones. The features vary from three-dimensional to twodimensional which are both in the horizontal and vertical planes. The study of atmospheric
vortices is complicated with latent heat sources and the Coriolis Effect (Green 1995). Vortical
structures in oceans and seas are at smaller scales and principally are of baroclinic type.
Various types of instabilities are inherent for the formation of vortical structures. Three
possible instabilities are inertial, barotropic, and baroclinic. We addressed the first type that is
due to imbalance between horizontal pressure gradients force and the Coriolis force (i.e.,
Kelvin-Helmholz type). Barotropic instabilities are generated by large horizontal gradients of
velocity (Sarpkaya 1979). The basic mechanism is the extraction of kinetic energy from the
wind to generate horizontal waves. The breakdown of the waves generates horizontal vortices.
We tried to illustrate the process in Figure 7.26 by using a threshold wave height for the
breakdown. The typical time scales vary from a few days to a week in agreement with our
results. The interaction of temperature advection with a velocity field generates baroclinic
instabilities. The baroclinic vortices are generally large scale of the cyclonic type. However,
the same mechanism can take place in a sea on a scale comparable with the baroclinic Rossby
number. The existence of these vortices in the Black sea is confirmed by Blokhina and
Afanasyev (2003) and Demetrashvili et al. (2008). The former work attributes the
development of the baroclinic instability due to the freshwater inflow to the Black Sea. This is
an interesting point as the average annual total freshwater inflow to the Black Sea is about
0.06% of the total volume (same reference). The corresponding figure in the Baltic Sea is
2.2% (480 /21700 in km3/y) which is much higher than in the Black Sea. Thus, the baroclinic
vortices at mesoscale are a possible scenario in the Baltic Sea.
Taylor Columns (TC) are generated from the application of velocity gradients in the direction
parallel to the rotation axis. The formation is in agreement with Taylor-Proudman potential
vortex theorem. Using a passive tracer and Lagrangain particles, Bechman and Mohn (2002)
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provided evidence of a TC over Great Meteor Seamount. The importance of Taylor Columns
is the rotation of the fluid in the column that is not disturbing the flow in all directions. The
formation of TC is often associated with upwelling and downwelling. We do not believe the
vortices shown in Figure 7.3 are of TC type. TCs are similar to solid body rotation whereas
the vortices suggested by us are three-dimensional distorted open type structures. However,
TCs could form along the boundary lines that we discussed by aid of Figure 7.13. The main
reason is the concentration of the velocity vectors in either upward or downward directions
along the vertical planes which could be related to downwelling and upwelling events along
boundary lines. At this stage we can neither exclude nor include the possible formation of
TCs as vortex generating mechanism. The task could only be addressed by combining satellite
observations similar to those in the Mediterranean Sea with high resolution baroclinic
hydrodynamic three-dimensional models.
The Ekman spiral offers the third possible vortex generation mechanism in the Baltic Sea.
The surface currents that are driven by wind are deflected to the east by the Coriolis force.
The deflection is 45° to the right of the wind direction. The wind kinetic energy is transferred
from the surface layer to the lower layers as each layer drives the layer below through a
frictional drag. The currents deflection angle increases with depth by the Coriolis force and
the boundary, consequently a spiral type motion is generated. Ekman Spiral can extend to
depths of 100 to 200 m. Below these depths the available energy is insufficient to set the
water in motion. The Ekman currents decay with depth up to 100 m, which extends to the
maximum depth that Ekman current, can reach (Lenn and Chereskin 2009). However,
stratification and turbulence can further reduce the thickness of the Ekman layer as well the
Ekman Spiral. Our results on vortices in the horizontal plane that extend across the depth
bears some similarity to the Ekman Spiral. We believe that the Ekman Spiral modified by
stratification from its idealize shape is a plausible mechanism at least to a depth of 100 m.
However, we have been unable to find any information on the Ekman Spiral related to the
Baltic Sea.
It is instructive to compare the generation of coherent structures in the turbulent boundary
layers along a wall. The main mechanism is the interaction of inrush-eject process (or
bursting generation) with the streak structure of the boundary layer. Basically, it is the growth
of the boundary layer instabilities into three-dimensional distorted coherent structures. In case
of a sea such as the Baltic Sea, the process is naturally more complicated by the scales, wavy
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sea bottom, stratification, buoyancy, convective transport, surface and internal waves at
various scales. However, the fundamental process of shear layer instability due to velocity or
density differences remains the same. The interaction of velocity vectors with transient
directions can also initiate the needed instabilities. The instability can decay or magnify
depending on the nature of the combined effect of the foregoing processes.
We found no indication of the vortical structures in the vertical planes to be related to the
structures in the horizontal planes. The character of vortices as well their orientations with the
main flow and wind directions in horizontal and vertical planes, differ as we discussed earlier.
We are inclined to suggest that the structures in the two planes are not directly related by a
hydrodynamic agent. However, modifications and interactions are still possible. If the
structures in the vertical and horizontal planes would interact, vortex breakdown and merging
would be two possibilities. Internal vortices are normally generated when the foregoing
process is active. We have currently no evidence for such phenomena.
We believe that the mesoscale vortices identified in this study are indeed coherent structures
because of three principal properties. The structures are well organized and persistent, they
extend across the entire flow depth with one end at the seabed and the other at the surface, and
they occur at regular bases throughout the sea. In conclusion, we offer a possible flow
structure for the Baltic Sea that is based on the detailed analysis of the velocity vectors. Our
proposed model should be considered as a possible vortical structure for the Baltic Sea.
However to reveal the true nature of coherent structures one needs to apply the concept of
Lagrangian coherent structures that are computed from trajectories of fluid particles (BeronVera et al. 2008). To arrive at the coherent structures in the horizontal planes we used the
following method:



The structures were manually detected from the superposition of the temporal velocity
vectors. The method was time demanding and crude but the results are reasonable.
Figures 7.1a and 7.28a shows the result of the analysis with the coherent structures
clearly displayed.



The structures were detected using image processing and picture superposition of the
velocity vectors. The former involved the application of various different types of
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digital filters. Figure 7.28b shows the results that are similar to Figure 7.28a but some features
are not displayed due to the filtering. Figure 7.28b is similar to the structures found in other
seas such as the Mediterranean Sea as discussed earlier (Fontanet et al. 2006).

Figure 7.28 a: Interpolated coherent structures at the sea surface in the Baltic Sea b: Coherent
structures obtained from image processing technique

We compared the detected coherent structures (velocity vectors) with the available satellite
images of Algal Blooms in the southern parts of the Gotland Basin. The aim was to address
the last question, i.e., the implication of coherent structure in the Baltic Sea. We found
significant similarities between the surface patterns of the Algal Blooms and the suggested
coherent structures. The southern parts of the Gotland Basins had an extreme period of Algal
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Figure 7.29 Satellite image of Algal Blooms in the Southern parts of the Gotland Basins, July 13, 2005
(Sources: http://phys.org/news69420332.html)

Figure 7.30 a Surface velocity vectors in the southern Easter Gotland Basin, July 13, 2005, present work

Figure 7.30b Filtered velocity vectors of Figure 7.30a, showing the coherent structures
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Blooms in July 13, 2005 as duplicated in Figure 7.29. We applied the image processing
technique for the surface velocity vectors (Figure 7.30a) for the same date to get the outlines
of the coherent structure. The result is given in Figure 7.30b. We can note a considerable
similarity among these three figures, suggesting that important information can be obtained
by analysing the velocity vectors. We therefore claim that identifying coherent structures in
the Baltic Sea is the key to better understanding large-scale mass transport and water quality
changes.
The results and the foregoing discussion on cross-sectional flow structures enable us to
suggest a possible conceptual model. We choose to present the model for Bay of Bothnia in
Figure 7.31. The flow structure is more or less the same in all the basins of the Baltic Sea. It
should be noted that the flow directions and sense of vortex rotations can vary with time as
discussed earlier. Three types of structures are possible that appear in the mixed layer (i.e.,
upper layer), pycnocline (i.e., middle layer), and the deep layer. The other important
characteristics are the occurrence of upwelling/downwelling that are controlled by the
mesoscale eddies, and the deep bottom inflow from the neighbouring basins. The extent of the
inflow is controlled by the general circulation direction within each basin. We have noted two
patterns, one a large weak circulation that occupies the entire basin either clockwise or anticlockwise, and the other two smaller circulations rotating in opposite directions. The inflow
deep cold water will migrate to a greater extent if the flow is in the same direction as
recirculation.
Finally, we wish to quantify the effect of vortices on the mixing process. Generally in
stratified flows mixing is only possible if the kinetic energy exceeds the potential energy. A
simple estimate can be found from the ratio of the foregoing i.e., Equation 7.4

 0 (U 1U 2) 2
m 
................................................................................................................(7.4)
g (  2  1 )h
in which indices 1 and 2 referee to layers 1 and 2, respectively, ρ=density, U=velocity,
ρ0=reference density, and h=depth. The layer is fully mixed if λm>1. We apply equation 7.4
to the upper 20-m thick layer and the middle 50 m layer, to get λm=50 and 0.93, respectively.
We conclude that the middle layer is a borderline case with relatively stable stratification.
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Figure 7.26b Algal Blooms in the southern Easter Gotland
Basin, 13 July 2005, SMHI
(Sources: http://phys.org/news69420332.html

Figure 7.31 Conceptual vortex model for the Bay of Bothnia, the Baltic Sea
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Chapter 8 Particle tracking

8.1 General features
Particle tracking modelling (PTM) is an effective tool to better understand transport
processes in large water bodies such as the Baltic Sea. One important application area
is the prediction of spreading and travel time of contaminating substances released
into the water body. We have applied PTM to the Baltic Sea for the entire 10-year
simulation period using the coarse Baltic Sea model with 10 km resolution. The PTM
involved the release at a constant rate of 100 particles during an initial 10-day period
from the basins, the major rivers, and the open boundary in the Arkona Basin. In each
basin, the particles were released at two different depths corresponding to the deep
water and middle water layers (see Table 3.3). The objectives of the PT simulations
were:
1. To analyse the intra exchange processes between the Baltic Sea basins.
2. To establish possible correlation between deeper and shallower water layers.
3. To estimate the arrival times and the paths of particles released from the
rivers.
4. To propose general circulation paths in the Baltic Sea.
We believe the application of PTM to the Baltic Sea is new regarding its coverage of
all the basins at two different depths and the simulation period. A study relevant to
our work is by Soomere et al. (2011). However, the scope of their work is limited to
the surface currents in the Gulf of Finland and to the southern part of the Baltic Sea.
They find an intense net transport that occurs along the coasts in the western and
central parts of the gulf. We present the simulation results basin-wise moving in the
southward direction at the end of the simulation period, i.e., 12-31-2009. The focus is
on determining the path and arrival times of deeper water masses rather than the
surface masses. We choose to present the graphical results for the basins as the path
travelled with the corresponding coloured vertical positions of the particles. The
location release for the particles are shown as two concentrated circles. However, it
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should be noted that the particles are to be considered as "passive tracers" that do not
dynamically affect the ambient water. In this chapter, particle concentration is defined
as the ratio of the particle numbers at time t, divided by the total number of particles
at the initial release time.

8. 2 Description of particle paths in the basins
8.2.1 Bay of Bothnia (Figure 8.1)
The basin mixing process is characterized by a large-scale anti-clockwise rotation of
deep and mid-depth water layers. The particles cover the entire basin during the 10year period having no particle exchange with the neighbouring Sea of Bothnia (Figure
8.1) through the 25-m deep Northern Quark. We can see from Figure 8.1 that the
particles from both layers remain below a depth of 30 m, and thus cannot enter the
Northern Quark. The average advection speed is 6 cm/s, which corresponds to a travel
time scale of 52 days. A few particles reach the Swedish shoreline after 50 days but
the concentration remains low, i.e., about 1%. It takes 450 days to reach the Finnish
shoreline and the concentration reaches a high value of 90 % after 10 years.
Release Location

Release Location

Figure 8.1 Particle tracking in the Bay of Bothnia particles coloured by depth, left: bottom
(-76m), right: middle (-36m), 12-31-2009.
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8.2.2 Sea of Bothnia: northern part (Figure 8.2)
Particles remain within the basin for 150 days and then start to migrate eastwards at
an advection speed of about 14 cm/s (Figure 8.2). Initially low concentrations reach
the Finnish and Swedish shorelines after 158 days and 417 days, respectively.
However, particle concentrations continue to increase to about 15% along the Finnish
shoreline after 425 days. Particles migrate southwards entering the Southern Quark
after 518 days, reaching Åland Sea after 30 days and thereafter pass through the
Gotska Sandö Sill.

Release Location

Release Location

Figure 8.2 Particle tracking in the northern part of the Sea of Bothnia, left:
bottom (-72m), right: middle (-36m), 12-31-2009.

The concentrations increase further after 858 days along the Finnish and Swedish
shorelines as well in the Sea of Bothnia. Some particles migrate towards the
Archipelago Sea after 930 days. Particle concentrations also increase around the
Åland Sea. Particles enter the Gulf of Finland after 1289 days; thereafter the
concentrations increase rapidly. The concentrations reach their maximum values after
2520 days, i.e. 40% in the Sea of Bothnia, 15% in the Åland Sea, 5% in the
Archipelago Sea, and 25% in the Gulf of Finland and 15% in the Stockholm
shoreline. The concentration partitioning among these basins remains unaltered to the
end of the 10-year period. In comparison to the Bay of Bothnia, the particles not only
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migrate to all the neighbouring basins, they also ascend further towards the surface
water. The implication is significantly enhanced mixing in the Sea of Bothnia. The
dominant particle path is an anti-clockwise circulation along the horizontal plane.

8.2.3 Sea of Bothnia: southern part (Figure 8.3)
The general particle paths are similar to those found in the northern basin of the
Bothnia Sea with the exception of few particles migrating as far as the Bay of Gdansk
(Figure 8.2). Initially, particles spread in all three directions to the west, east, and
south. Few particles reach the Stockholm shoreline after 150 days at an advection
speed of 5 cm/s. It takes 545 days for particle to enter the Gulf of Finland. After 765
days some particles also enter the Gulf of Riga. During this period, the particles are
nearly uniformly distributed among the three afore mentioned regions. Few particles
enter the Northern Gotland Basin at a low advection speed of 2 cm/s after 900 days.
The Gotland Sandö Sill is passed after 2752 days and the same particles reach the
Gotland northern shoreline after 3130 days, entering the Eastern Gotland Basin. It
takes the entire 10-year period for a few particles to enter the Bay of Gdansk. The
final particle concentrations are 70% in the Sea of Bothnia, 15% in the Åland Sea, and
15% in the Gulf of Finland.

Release Location

Release Location

Figure 8.3 Particle tracking in the central part of the Sea of Bothnia, left:
bottom (-94m), right: middle (-48m), 12-31-2009

Particle tracking

8-5

8.2.4 Gulf of Finland (Figure 8.4)
The particles remain more or less stationary for 90 days and thereafter migrate
towards the southern shoreline at an advection speed of 2.5 m/s. After 2687 days most
of the particles are concentrated along the southern shoreline with no particle exits the
basin. However, a few particles leave the basin and reach the Swedish shoreline after
2800 days but they return to the basin after 420 days. The particle concentration at the
end of the 9-year period is 90% close to the southeast shoreline of the Gulf of Finland.
The main exchanging basin is the Northern Gotland Basin. It is interesting to note
from Figure 8.4 that the bottom water layer travels further towards the Swedish coast
than the middle water layer. The bottom layer particles ascend rapidly to a depth of
about 30 m, which is the same depth as the particles released from the middle layer.
However, in both cases the particles do not reach the surface layer.

Release Location

Release Location

Figure 8.4 Particle tracking in the Gulf of Finland, left: bottom (-40m), right:
middle (-20m), 12-31-2009
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8.2.5 Northern Gotland Basin (Figure 8.5)
Particles remain stationary within a narrow region for 485 days, then start to spread
eastwards at speed of 6 cm/s. They approach the Gulfs of Riga and Finland after 914
days maintaining their depths. A few particles start migrating northwards after 1055
days at a speed of 4.2 cm/s and finally enter the Åland Sill after 1127 days. Single

Release Location

Release Location

Figure 8.5 Particle tracking in the Northern Gotland Basin , left: bottom (-106m), right:
middle (-52m), 12-31-2009

particles reach the Stockholm shoreline after 1160 days at a speed of 2.4 cm/s. After
1292 days, particles start to migrate (5.4 cm/s) in the southwest direction towards the
Western Gotland Basin and enter the basin after 1359 days. Particles close to the
Stockholm shoreline and the Åland Sill start to move northwards and finally enter the
Åland Sea after 1464 days. At the same time, single particles enter the Gulf of Finland
(11 cm/s). It takes 1580 days for single particles to enter the Gulf of Finland at
increased speed of 10 cm/s. Northward migrating particles enter the Archipelago Sea
after 16590 and then reach the lower part of the Sea of Bothnia after 16890 days. The
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southwest moving particles reach the southern Gotland shoreline after 2463 days.
Some of these particles migrate southeast towards the Bay of Gdansk and enter the
Bay after 2705 days. Single particles reach the Stockholm shoreline after 1160 days at
a speed of 2.4 cm/s. After 1292 days, particles start to migrate (5.4 cm/s) in the
southwest direction towards the Western Gotland Basin and enter the basin after 1359
days. Particles close to the Stockholm shoreline and the Åland Sill start to move
northwards and finally enter the Åland Sea after 1464 days. At the same time, single
particles enter the Gulf of Finland (11 cm/s). It takes 1580 days for single particles to
enter the Gulf of Finland at increased speed of 10 cm/s. Northward migrating particles
enter the Archipelago Sea
after 1659 and then reach the lower part of the Sea of Bothnia after 1689 days. The
southwest moving particles reach the southern Gotland shoreline after 2463 days.
Some of these particles migrate southeast towards the Bay of Gdansk and enter the
bay after 2705 days. By the end of the 10 years the highest particle concentration
(90%) near the release point in deep water (Figure 8.5). The middle depth particles
follow the same patterns but they travel further north into the Sea of Bothnia. Particles
now start approaching the surface water contrary to the previous basins.

8.2.6 Western Gotland Basin (Figure 8.6)
The particles spread in all four directions entering the Sea of Bothnia, the Åland Sea,
the Archipelago Sea, the three Gotland basins, and the Bay of Gdansk.

Release Location

Release Location

Figure 8.6 Particle tracking in the Western Gotland Basin , left:
bottom (-100m), right: middle (-52m), 12-31-2009
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Initially, they remain stationary for 216 days, then start to move north eastwards along
the Gotska Sandö Sill at a speed of 8 cm/s. After 252 days, some leave the basin
eastwards and enter the Northern Gotland Basin (9 cm/s). The particles then tend to
migrate southwards. Particles from the Northern Gotland Basin change direction and
move towards Gotland reaching its north shoreline after 337 days. These particles
move close to the western Gotland shoreline and finally reach its southern shoreline
after 577 days. New particles start migrating towards Öland after 415 days. They
reach the northern shoreline of Öland after 559 days and then change direction
towards the north.
Particles from the southern shoreline of Gotland re-enter the Eastern Gotland Basin
after 669 days at a speed of 14 cm/s. Southward moving particles reach the Lithuania
shoreline after 740 days. During this time, the highest particle concentration is in the
northwest of Gotland. Few particles from the southern shoreline of Gotland enter the
Hoburg-Missjö Banks and the Bornholm Basin after 1068 days. Some particles from
the southern part to the Eastern Gotland Basin start moving south along the Fårö Sill
and finally enter the Bay of Gdansk after 1132 days. After 1218 days, new particles
reach the Stockholm shoreline that move eastwards. They maintain nearly the same
position for 328 days and then start to move along the Stockholm shoreline towards
the Archipelago Sea after 1610 days. Finally, particles enter the Gulf of Finland after
1799 days at a speed of 18 cm/s. New particles arrive at the Bay of Gdansk and
thereby increase the particle concentration to about 20% after 1877 days. Particles
close to the Stockholm shoreline enter the Gotska Sandö Sill after 2366 days and then
enter the Åland Sea after 53 days at 3 cm/s. These particles continue to migrate
northwards and finally enter the Kumlinge Sill after 3620 days. The final particle
concentrations are: Bay of Gdansk 40%, Northern, Western and Eastern Gotland
Basins 5%, 10%, and 30% respectively, Gulf of Finland 10%, and the Sea of Bothnia
5%.

Particle tracking

8-9

8.2.7 Eastern Gotland Basin (Figure 8.7)
The two main particle paths are an anti-clockwise circulation around the Gotland
Island and particles migrating south towards the Bay of Gdansk. Particles remain
stationary for 111 days; thereafter they migrate northwest wards at a speed of 0.25
cm/s. The particles follow the general anti-clockwise circulation pattern around the
island of Gotland. A few particles move towards the eastern shoreline of Gotland after
344 days and reach the shoreline after 48 days. The same particles rapidly leave the
shoreline (11 cm/s) first eastwards and then southwards towards the Bay of Gdansk
through the Irbe Strait. The particles enter the Bay after 530 days (8 cm/s).

Release Location

Release Location

Figure 8.7 Particle tracking in the Eastern Gotland Basin , left bottom (-124m),
right: middle (-60m), 12-31-2009

At the same time, northward migrating particles enter the Northern Gotland Basin (5
cm/s). Particles stay 2 days in the Bay of Gdansk, then move northwards along the
Lithuanian shoreline. Particles moving around the Gotland island enter the Western
Gotland Basin after 575 days (2.5 cm/s) and stay within the basin for 79 days. The
particles then move towards the Gotland western shoreline (5 cm/s) reaching its
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shoreline after 666 days. They move southwest wards along the shoreline for 83 days
and enter Hoburg-Midsjö Banks. After 1 day, the particles turn eastwards re-enter the
Eastern Gotland Basin (11 cm/s). More particles from the basin move south towards
Lithuania after 856 days and follow its shoreline northwards. Additional particles
from the Eastern Gotland Basin enter the Gdansk Bay after 905 days and remain in
the bay for 92 days. After 1205 days, the particle concentration increases rapidly in
the Bay of Gdansk from 0.5 % to 10%. The particle resident time in the bay reduces
to 85 days. New particles enter the bay continuously.
Northwards migrating particles re-enter the Northern Gotland Basin after 1583 days
(10 cm/s). After 1583 days, the highest particle concentration (80%) is within the
Eastern Gotland Basin close to the Gotland shore line. Particles detached from the
Öland shoreline move along the Hoburg-Midsjö Banks and enter the Bornholm Basin
after 2022 days. More particles reach the basin but through the Stolpe Channel. The
main anti-clockwise particle movement is maintained throughout the 10-year
simulation period. The particle concentrations are 10% in the Northern Gotland Basin,
60% in the Eastern Gotland Basin, and 30% in the Bay of Gdansk. The exchanging
basins are the Northern and the Western Gotland Basins, the Bay of Gdansk, and the
Bornholm Basin.

8.2.8 Bay of Gdansk (Figure 8.8)
The dominant particle path is a clockwise motion towards southwest. The particles
remain stationary for 125 days thereafter spread circularly around the release point
with a radius of 50 km for 485 days (4 cm/s). A few particles enter the bay of Gdansk
and Bornholm Basin through the Stolpe Channel at a speed of 18 cm/s after 575 days.
Particles reach the inner Bay of Gdansk after 707 days. Particles within the Bornholm
basin traverse a length of 250 km before leaving the basin. A few particles leave the
Bay of Gdansk after 1000 days, move northwards along the Lithuanian shoreline, and
finally enter the Eastern Gotland Basin after 1106 days. Particles from the Bornholm
Basin enter the Arkona Basin after 1215 days, then reach the Polish shoreline after
1245 days at 5 cm/s.
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Figure 8.8 Particle tracking in the Bay of Gdansk, left: bottom (-82m),
right: middle (-40m), 12-31-2009

Particle concentration increases rapidly within the Bay of Gdansk. A few particles
reach the Öland shoreline after 1840 days and move eastwards. They reach the
southern shoreline of Gotland. The general particle pattern remains the same for the
10-year simulation period. The highest particle concentration 90% is within the inner
Bay of Gdansk. The paths of particles released at the mid-depth behave similarly to
the ones released at the bottom. The main differences are higher advection speeds and
the particle spreading into the Northern Gotland Basin after 845 days and the Eastern
Gotland Basin after 2885 days. The latter is through the Irbe Strait. The exchanging
basins are the Bornholm Basin and the Eastern Gotland Basin.

8.2.9 Bornholm Basin (Figure 8.9)
The general particle path is two different north eastwards and southwards directions.
The particles leave the basin after 159 days along the Polish shoreline and enter the
Bay of Gdansk. New particles leaving the basin move along Lithuanian shoreline and
enter the Eastern Gotland Basin after 780 days. Few particles leave the Bornholm
Basin, enter the Hamrare Strait after 940 days, and finally enter the Arkona Basin
after 1346 days.
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Figure 8.9 Particle tracking in the Bornholm Basin, left:, bottom (-82m), right:
middle (-40m), 12-31-2009

At the same time, the particle concentrations are the same in both the Bornholm Basin
and the Bay of Gdansk. Northwards migrating particles reach the southern part of the
of Åland shoreline after 1825 days (11 cm/s). New particles reach the Gotland
southern shoreline after 2445 days. They move along its western shoreline for a
distance of 65 km. The particle concentrations are 60% within Bay of Gdansk, 30%
Bornholm Basin, Öland shoreline 8%, and Gotland shoreline 2%. The exchanging
basins are the Eastern Gotland Basin, Arkona Basin, and the Bay of Gdansk.

8. 3 Description of particle paths from the rivers
We applied the PTM to 10 major rivers by releasing the particles at the river mouths
to the Baltic Sea. The focus was on determining the total travel path and the particle
arrival time at various coastlines. The particle paths give a good indication of the fate
of possible releases of nutrients or contaminated substances into the Baltic Sea from
these rivers. The particle paths are described below separately for each river with the
mean discharge (Qm) specified. We choose to show the particle positions rather than
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the connected paths. This is because the particles are released into the surface water
layers and thus easier to follow as individual particles. Table 7.3 summarizes the
results.

8.3.1 Torne River Qm=428 m3/s (Figure 8.10)
The particles released at the mouth of the river remain stationary for 438 days, then
start to migrate south westwards into the deeper layers at a speed of 2.5 cm/s. The
particles move close to the northern shoreline of the Bay of Bothnia at an increased
speed of 6 cm/s. They reach the shoreline after 790 day and move along it for 1080
days. The particles start to move southwards leaving the shoreline after 1870 days.
After 1945 days, the particles move rapidly in a southeast direction towards the
deeper regions of the Bay of Bothnia. Thereafter, particles circulate in an anticlockwise direction within a close region during the entire simulation period. The
main characteristic is the random migration from surface to the deeper layers. This is
an indication of the fresh river water mixing with the middle water layers within the
basin. However, the particles remain at all times at the peripheral of the basin and
never reach the deepest region of the basin. The total travel distance is 53 km.
Release Location
Release Location

Figure 8.10 The 10-year (2000-09) particle path; left: released from the Torne river, and
right: released from the Kalix river, the Bay of Bothnia

8.3.2 River Kalix Qm=305 m3/s (Figure 8.10)
The general particle paths are similar to the Torne River. They remain stationary for
533 days, then start to move westwards along the northern shoreline of the Bay of
Bothnia at speed of 3.5 cm/s. The particles remain within the surface water layer
moving further along the shoreline westwards. After 1960 days, particles leave the
shoreline and migrate into the deeper water layers for about 60 m, while moving
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rapidly southwest wards. The particles divert east westwards and start approaching the
bay after 2053 days with a speed of 6 cm/s and continue to move towards the deeper
regions of about 60 m. The particles move out of the deep region in the bay northwest
wards after 2070 days. Thereafter, the particles maintain a randomly changing circular
motion close to the periphery of the basin. The total travel length is 37 km.
We can see from Figure 8.10 that the 10-year particle paths are similar for both the
Torne and Kalix rivers. However, the travelled distance is longer for the Torne River.

8.3.3 Lule River Qm=531 m3/s (Figure 8.11)
The particles first remain at the surface close to the release point for 365 days. They
then move rapidly southeast wards at a speed of 14 cm/s entering the Bay of Bothnia
after 375 days. The particles move rapidly towards the central region of the bay
following a large anti-clockwise circulation pattern. They start
Release Location

Figure 8.11 The 10-year (2000-09) particle path from the Lule river, the Bay of Bothnia
and the Sea of Bothnia

migrating southwards and after 613 days enter the Northern Quark with a speed of 8.5
cm/s. The particles enter then the Sea of Bothnia after 643 days with a reduced speed
of 3.7 cm/s, approaching the Finnish shoreline (around Lapporarna) after 709 days.
Thereafter, a more or less quasi-stationary anti-clockwise circulation pattern is
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maintained. The particles remain within the surface layer until 2057 days. The
circulation is between the Pohjanmaa islands and the Hamnskärsfjärden, which are
both at the Finnish coastlines. After this period, the particles start to migrate into the
deeper layers reaching a maximum depth of about 55 m. The foregoing pattern is
maintained until the end of the simulation period. The total travel distance is 235 km.

8.3.4 Kemijoki River Qm=554 m3/s (Figure 8.12)
The particles remain stationary close to the release point for 68 days. They then
spread northwards in an anti-clockwise circulation pattern covering a length of about
67 km. The circulation is in westward direction along the northern shoreline of the
bay. A few particles start to migrate southwards after 1754 days and enter the Bay of
Bothnia after 1822 days at speed of 9.6 cm/s. They then move again rapidly towards
the central region of the bay. A few particles enter the Northern Quark after 1890 days
at a speed of 3.5 cm/s. They reach the Finnish and the Swedish shorelines after 1954
days. Thereafter, the circulation pattern found for the river Lule between the
Pohjanmaa islands and the Hamnskärsfjärden is repeated for the remaining simulation
period. The particles remain in the surface water layer for the entire simulation time.
The total travel distance is 300 km.

Release Location
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Figure 8.12 The 10-year (2000-09) particle path; left: released from the Kemijoki river, and
right: released from the Neva river
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8.3.5 The River Neva Qm=2500 m3/s (Figure 8.12)
The particles spread rapidly northwest wards with a speed of 5 cm/s. They follow an
anti-clockwise circulation pattern within the Gulf of Finland that covers a path of
about 236 km long. The circulation is between the release point and the Island of
Loksa and is maintained throughout the entire simulation period. The highest particle
concentrations (90%) are at the Estonia shorelines. A few particles leave the gulf after
2113 days entering the Northern Gotland Basin after 2169 days. Thereafter more
particles migrate towards the Finish coastline increasing the particle concentration to
5%. A few particles reach the Hiiumaa Island after 2348 days and some reach the
Åland Sea after 2698. The particles continuously move between the deeper water and
surface water layers. However, the majority of the particles travel along the deeper
layers.

8.3.6 The River Narva Qm=400 m3/s (Figure 8.13)
Particles initially migrate in north-eastward and south-westwards directions with a
speed of 5 cm/s. They spread locally to the eastern parts of the Gulf of Finland for 60
days and only after 185 days start moving out of the Gulf of Finland westwards. After
185 days, a few particles leave the Gulf of Finland with an increased speed of 15 cm/s
and finally enter the Northern Gotland Basin after 266 days. A few particles enter the
Gotska Sandö Sill after 370 days and finally enter the Western Gotland Basin after
377 days (8.5 cm/s). Thereafter the particles spread eastwards
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Figure 8.13 The 10-year (2000-09) particle path; left: released from the Narva river, and
right: released from the Daugava river
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approaching the northern shoreline Gotland Island. The particles then circulate
between the Western Gotland Basin and the Northern Gotland Basin for 60 days.
After 757 days, some particles reach the Öland Island northern shoreline. The same
particles then migrate towards the Eastern Gotland Basin and enter this basin after
945 days. The particles reaching the basin move southwards along two different
directions. One group passes through the Ibre Strait reaching the Bornholm Basin
after 2013 days. The second group enters the Bay of Gdansk after 2185 days. The
particles remain stable within the bay for 1 year. Isolated particles from the Gulf of
Finland move northwest wards and enter the Åland Sea after 2887 days. The particles
then leave the Åland Sea and enter the Sea of Bothnia through Southern Quark after
2904 days (5 cm/s). Thereafter the particles from the Bothnia and the Åland Sea start
to migrate southwards and re-enter the Northern Gotland Basin after 3285 days. The
percentage of particle concentrations after 9 years are: 80% Gulf of Finland, 10% Bay
of Gdansk, 5% Northern Gotland Basin, and 5% Eastern Gotland Basin.

8.3.7 The River Daugava Qm= 675 m3/s (Figure 8.13)
The particles remain within the shoreline at the Gulf for Riga for the entire 10 years
simulations time. Most of the particles are within the deeper layers of the Gulf of Riga
(about 30m). The particles advection speed is low i.e., less than 1-2 cm/s.

8.3.8 The River Venta 44 m3/s (Figure 8.14)
The particles released from the river Venta cover a large region of the Baltic Sea
despite the relative low flow discharge. The main particle paths are:


Particles enter the Northern and Western Gotland Basins through the Fårö Sill.



Particles from the Eastern Gotland Basin spread to the Bay of Gdansk through
the Gdansk Sill.



Particles enter the Gulf of Finland from the Gulf of Riga.



Particle enter the Archipelago Northern Gotland Basin.



The shorelines affected are Stockholm Archipelago, Estonia’s northern and
Lithuania’s western shorelines.

To better understand the complicated patterns we choose to show the monthly (June
30) 10-year time history of particle paths in Figures 7.14a-b.
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Particles spread rapidly northwards (14 cm/s) and first reach the Saaremaa Island west
of the Gulf of Riga after 23 days and then the Northern Gotland Basin after 111 days
(4.5 cm/s). After 173 days, few particles enter the Gulf of Riga and leave the gulf
after 283 days in a northeastwards direction. After 199 days particles enter the Eastern
Gotland Basin (5 cm/s) while particle concentration increases in the Northern Gotland
Basin. The general particle path is northwestwards with some particles entering the
Gulf of Finland after 467 days. Westward moving particles arrive at the northern
coastline of Gotland after 300 days and the concentration around the island continues

Figure 8.14a The 10-year (2000-09) particle path time history released from the River Venta

to increase. After 374 days, new particles enter the Western Gotland Basin and
migrate along the western shoreline of Gotland. Few particles also reach the eastern
shoreline of Öland (after 645 days). Particles in the Eastern Gotland Basin start to
migrate southwards after 738 days and enter the Bay of Gdansk. Particles in the
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Gdansk Bay spread westwards entering the Bornholm Basin after 935 days and
remain

within

the

basin

for

300

days

(after

1235

days).

Northward

Figure 8.14b The 10-year (2000-09) particle path time history released from the River Venta

moving particles enter the Åland Sea through the Åland Sill after 1655 days and the
Sea of Bothnia. The particles remain 485 days in the Sea of Bothnia. The Swedish
shoreline, west of Northern Gotland Basin is reached after 2395 days (5 cm/s). The
particle concentrations increase rapidly in the Gulf of Finland and the Eastern Gotland
Basin. After 3167 days few particles enter the Arkona Basin through Hamrare Strait
and remain within the basin for only 13 days. The percentage of particle
concentrations after 9 years are: 5% in the Sea of Bothnia, 40% in GOF, 5% in
Northern Gotland Basin, 40% in Eastern Gotland Basin, and 10% in Bay of Gdansk.
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8.3.9 The River Neman 616 m3/s (Figure 8.15)
Particles initially move only northwards along the shoreline of Lithuania entering the
Eastern Gotland Basin after few days (4.5cm/s) and the Gulf of Riga after 213 days.
The particles enter the Northern Gotland Basin after 745 days and then start to spread
in both southwest and southeast directions (6 cm/s). The southwestward moving
particles pass the southern shoreline of the Gotland Island and enter the Western
Gotland Basin after 507 days. Some of these particles reach the eastern Öland
shoreline after 755. Thereafter, the particle concentration increases gradually between
Öland eastern and the Gotland western shorelines. A few particles within the Eastern
Gotland Basin pass through the Stolpe Channel and enter the Bornholm Basin after
351 days. They then enter the Arkona Basin through the Hamrare Strait after 840 and
remain within the basin for 7 months. The southeastward moving particles enter the
Bay of Gdansk after 425 days. The highest particle concentration is within the Eastern
Gotland Basin. The particles mainly circulate among the Bay of Gdansk, the

Release Location

Figure 8.15 The 10-year (2000-09) particle path released from the Neman river

regions between Öland and Gotland, and the Bornholm Sea. The particles from the
Bornholm Sea start to move southeast wards after 2555 days. By the end of
simulation time, the particles are mainly contained within the Bay of Gdansk and the
region between the islands of Öland and Gotland. The percentages of particle
concentrations after 9 years are 30% and 70% within the forgoing two regions.
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8.3.10 The Oder 575 m3/s (Figure 8.16)
The general particle paths are similar to those for the river Neman. The final particle
concentrations are uniformly distributed between the Bay of Gdansk, the region of the
islands of Öland, and Gotland. The main differences are in the migration and the
arrival times (Table 7.2).

Release Location

Release Location

Figure 8.16 The 10-year (2000-09) particle path; left: released from the Vistula river, and
right: released from the Oder river

Particles spread rapidly northwest wards with a velocity of 13 cm/s. The travelled
distance is about 6 km after 5 days. However, the particles remain in the Arkona basin
for 45 days, which agrees with the 3-month resident time reported by Meier et al.
(2006). The particles enter the Bornholm Basin, the southern part of West and East
Gotland basins after 91 days. The entire Arkona and Bornholm basins are covered
after 420 days as well as the southern parts of and Western and Eastern Gotland
basins. The foregoing patterns remain unchanged throughout the simulation period.

8.3.11 The River Vistula Qm=1080 m3/s (Figure 8.16)
The river Vistula is the second largest river that flows into Baltic Sea. However, by
the end of the 10-years period the particles cover more or less the same path and area
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as for the river Oder case. The main differences are in travel times and the distances.
The various stages and time of arrivals are as follows:


Entrance to the Eastern Gotland Basin after 33 days



Entrance to the Bornholm Basin after 57 days



Entrance to the Arkona Basin 272 days

Particles are constantly interchanged between the foregoing basins with a growing
lateral extent that covers larger areas. By the end of the simulation period same area
as the Oder River is covered.

8. 3.12 Description of particle paths from the open boundary
(Figure 8.17a-b)
We applied the PTM for the open boundary with the North Sea for better
understanding of the exchange processes with the North Sea. Particles were released
in the Arkona basin at a point south of Ystad (55o08' N 12o59' E) at three different
depths of 8m, 12m, and 40m. The depths correspond to the low salinity surface water,
the transition layer, and more saline water entering from the North Sea. Figures 8.17ab show the particle paths at the end of the simulation period.

Release Location

Release Location

Figure 8.17a The particle paths released at the open boundary with the North
Sea at depths 8m and 12m. A 10-year period 2000-09
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Release Location

Figure 8.17b The particle paths released at the open boundary with the North Sea at depth
24m. A 10-year period 2000-09

The main results are as follows:
1. Depth 8 m: Particles move to the north of the Arkona Basin through the
Hamrare Strait. They then pass the eastern Öland coastlines through HolburgMidsjö Banks and finally reach the southern part of the Western Gotland
Basin.
2. Depth 12 m: The paths are very similar to the 8 m case. The main difference
been some of the particles enter the southern part of the Eastern Gotland Basin
and finally enter the Bay of Gdansk through the Ibre Strait.
3. Depth 40 m: The paths are identical to the 12 m case but the particles move
much further into the Eastern Gotland Basin as well as covering a much larger
area.

8.4 Discussion
We summarize the result analysis of the particle tracking simulations in three
summary tables, i.e., Tables 8.1, 8.2, and 8.3, which are based on the foregoing
descriptions of the particle paths for the basins and the rivers. Table 8.1 lists the
exchanging basins of the Baltic Sea, Tables 8.2 and 8.3 list the particle transport
characteristics in each basin, and the rivers, respectively. We are using the particle
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tracking results as an aid to discuss some of the basic hydrodynamic characteristics
such as the exchange processes among the basins. Particle tracking gives limited
information on the actual exchange processes as the path lines are related to a
concentrated release at a small fixed position. In the case of water exchange
processes, we are concerned with the entire basins and their prevailing vortical
structures. However, the PTM information is useful, as it will give a better prediction
of point releases. The PTM results can be interpolated both in terms of exchanging
processes and the transport path that are closely related to the vortical flow structure.
In Chapter 5, we explored the rates of exchange between the various basins and listed
the actual rates. The summary Table 8.1 is derived by considering both the exchange
processes and PTM results. The results found on the vortical flow structure enable us
to suggest a general circulation patterns that is based on the PTM results. It is
convenient to proceed with the discussion in two parts of transport characteristics and
the circulation patterns.

8.4.1 Transport characteristics
To discus the particle transport characteristics we first introduce two new parameters
to relate the particle concentration in percentage to the flow properties, i.e. advective
(Cad) and diffusive (Cdi) changes in particle concentration in units of 1/s.

Cad 

uC
DC
, C di  2 ......................................................................................(8.1)



In which U=velocity scale, ΔC=change in particle concentration, D= horizontal
diffusion coefficient, and  = travel length scale. Here,  is defined as the averaged
travelled length in the unit transport time by the particles. For the Baltic Sea D = 100
m2/s is commonly used (Leppäranta and Myrberg 2009). We can form a new ratio by
dividing the two the advection with diffusion terms to get Equation 8.2



ul
.....................................................................................................................(8.2)
D

It is notable that Equation 8.2 is analogous to Reynolds number, which is the ratio of
the inertia force to the viscous force. Our proposed ratio or Reynolds number should
be understood in terms of the length and velocity scales of the particle migration.
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Limited exchange takes place in the Bay of Bothnia and the Gulf of Finland. The
former is a nearly closed system having a small and relatively shallow connection
with the Sea of Bornholm through the North Quark (25 m). We showed that particles
released from both locations could not reach the 20m thick surface water from the
middle layer (40 m depth) of the basin (see Figure 8.1). The results imply that
hydrodynamic of the Bay of Bothnia can be characterised as an exchanging and a not
exchanging layers. Here, we should add that exchange does not necessarily imply full
mixing. The long resident time of 3285 days and the high particle concentration of
90% also support this view (Table 7.2). The Bay of Bothnia is supplied with 75
km3/year of freshwater, which is 18% of the total inflow into the Baltic Sea. This high
momentum flow causes shearing of the lower layers by inducing a dynamic shear
force that contributes to the mixing in the bay. Part of the freshwater flow leaves the
basin through the Northern Quark and the other part turns into the bay as the flow
interacts with the bottom boundary. Omstedt et al. (2004) and Myrberg (2006) also
report the process of internal mixing and circulation in the bay. Table 7.2 shows that
both advective and diffusive processes control the hydrodynamics of the bay with a
velocity scale of 10 cm/s.
The Sea of Bothnia exchange basins are the Åland Sea, the Archipelago Sea, and the
Gulf of Finland (Table 7.1). In contrast to the Bay of Bothnia, the particles reach the
surface water in these basins as shown in Figure 8.2. The implication is a more
effective mixing within the basin having a stronger diffusive nature (Tale 7.2).
Previous studies indicate that the mixing is essentially through the Åland Sea (Nihoul
1982). However, we have found a considerable particle transport through the
Archipelago Sea. The Archipelago Sea is a shallow water body with a maximum
depth of 25 m, which implies the need of a hydrodynamic model with both high
horizontal and vertical resolutions. Otherwise, the Archipelago Sea will block the
water exchange of the Sea of Bothnia with the other basins and most of the water will
be forced through the Åland Sea. We present the velocity vector plot at 07/03/2005 to
illustrate the strong flow through the Archipelago Sea (Figure 8.18).
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Figure 8.18 Simulated velocity vectors in the Sea of Bothnia, the Åland Sea, and the
Archipelago Sea on 3 July 2005.

However, the particle transport has a more complex path in the Archipelago Sea as
compared to the Åland Sea. The particle travel time to the Archipelago Sea (Table
7.2) is twice the time needed to reach the Åland Sea. The difference in time could be
explained by increased diffusive transport which is slower than the advective type.
The particles travel through a compact network of islands. We note that the particle
paths in the northern part of the Sea of Bothnia are comparable to the movement of
drifting buoys in the same region (cf. Figure 5.10 in Leppäranta and Myrberg 2009).
An interesting result is the differences between the particle paths released from two
different locations but in the same basin, in this case the Sea of Bothnia. In the result
section, we showed that particles released from Basin 3 (central part of Sea of
Bothnia, see Figure 2.3) reach as far as the Bay of Gdansk after 3285 days. We
believe the behaviour is caused by the existence of two closed coherent structures in
the northern and central parts of the Sea of Bothnia, suggested by our analysis of the
vortices (see chapter 7). The implication is important as it indicates the spatial and
depth variability in the transport paths of possible nutrients and contaminants released
in the Baltic Sea.
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Given sufficient time (here 10 years), most of the particles ascend into the surface
water (about 20 m). However, the transport of particles as far as the Gdansk Bay does
not imply active water exchange between the Sea of Bothnia and the Gdansk Bay. We
have shown in Chapter 6 (Table 6.11) that the two water bodies are not correlated.
The main point is that we can have a source transport for instance from the
contaminated bottom sediments revealed using a PTM. The forgoing argument
assumes that the particles are passive with no reaction with the ambient water.
In the Gulf of Finland, the exchange and transport processes are through the limited
opening to the Northern Gotland Basin. Particles are exchanged with the Åland Sea
and the Northern Gotland Basin, which makes the resident time as long as in the Bay
of Bothnia. The high particle concentration of 80% (Table 8.2) after 10 years also
indicates a low level of exchange with the Gotland Basin. The diffusive transport
dominates over the advective transport i.e., χ <1 (Table 8.2) that prolongs the resident
time. Despite the large freshwater inflow into the Gulf (95 km3/s) the total distance
covered by the particles is rather short. Comparison of the bottom topography and the
main velocity vectors indicates that the particle paths are along a mid-depth channel
in the Gulf that extends into the Gotland Basin. The path for the particles released
from the middle 40m depth is similar to the main route of the water mass cited by
Leppäranta and Myrberg (2009). We can conclude that the bottom topography plays a
more important role in the Gulf of Finland than in the other basins.
The Gotland basin which consists of three sub-basins is the major contributor to the
exchange process in the Baltic Sea (Table 8.1). Previous research confirms the
effective mixing of the bottom and the surface waters (Bendtsen 2009) within this
basin. The low values of resident times as well as the high values of advectiondiffusion ratio are also indicative of the existence of a forced advective transport
process i.e., χ >>1 (Table 8.2). The significant drop of particle concentration by the
end of the 10-years period is driven by the effective redistribution of the particles
among the connected basins.
The Bay of Gdansk is probably the most vulnerable region in the Baltic Sea. This is
despite the fact that the prime exchange basins are the Bornholm Sea and the Eastern
Gotland Basin. The main reason is the intensive supply of the particles from the
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northern basins that normally take about 3000 days to reach the bay. The process
maintains a high level of particle concentration (90%, Table 8.2) along its coastlines
even after the 10-year period.
Table 8.1 The list of water exchanging basins in the Baltic Sea
Basins
BOB
Bay of Bothnia
SB
Sea Bothnia
ÅS
Åland Sea
AS
Archipelago Sea
GOF
Gulf of Finland
NGB
N. GotlandBasin
WGB
W. GotlandBasin
EGB
E. GotlandBasin
BoR
Bay of Riga
BOG
Bay of Gdansk
BB
Bornholm Basin
AB
Arkona Basin

BOB

SB

ÅS

AS

x

x

GOF

NGB

WGB

EGB

BOR

BOG

BB

AB

x
x

x

x

x
x

x
x

x

x

x

x
x
x

x
x

x
x
x

x
x

x
x
x

x

x
x
x
x

x

x
x

x
x

In the Northern Gotland Basin, particles released from 106 m and 52 m are
transported upwards (vertically) to about 52 m and 32 m, respectively. We believe the
advective and convective processes are involved. The former is evident considering
the high values of advection ratio (Table 7.2). The convective transport is possible as
the cooler water masses with lower density are lifted up to the warmer water layers
(see the stratification chapter). The implication is that the deeper water layers mix
with the shallower water layers. The mixing process is further enhanced by the
Northern Gotland basin being connected to the six neighbouring water bodies
(Archipelago Sea, Gulfs of Finland and Riga, Westerner and Eastern Gotland Basins)
through six sills.
Comparing the particle paths in the Western (Figure 8.6) and Eastern Gotland basins
(Figure 8.7) two interesting features are revealed. We can see that particles travel in
all four directions in the former basin and the middle layer particles reach the surface
flow in the eastern most part of the Gulf of Finland. This interesting feature indicates
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mixing of deeper waters of the Western Gotland Basin with the sub-surface waters of
the Gulf of Finland. We believe strong density current and upwelling processes drive
the process. We show in the stratification Chapter 5 that salinities were much higher
in the lower layers of Gotland Basin in comparison with the Gulf of Finland. The
pronounced upwelling can also carry the deeper water layers and thereby the particles
to the surface.
The main particle paths in the Eastern Gotland Basin appear to follow partly a
cyclonic circulation around the Gotland Island and partly a southern path. The former
is the main circulation pattern in the Gotland Basin that appears to involve deeper
water layers as well as the surface layers. The Gdansk Sill and Stolpe Channel are
important locations where salinity and temperature fronts are formed by the incoming
warmer and more saline waters from the North Sea. We believe the main transport
mode in the Eastern Gotland Basin is advective as indicated by the high advection diffusion ratio i.e., χ >>1 (Table 8.2). The uniform distribution of the particles at the
end of the simulation period also supports this suggestion.
As already indicated, the Bay of Gdansk seems to be most vulnerable to intrusion of
contaminated waters following its semi-closed nature and relatively large depth. The
high particle concentration of 90% close to its coastlines indicates a strong
recirculation flow pattern. We have also seen that few particles from the middle could
reach as far as the southern shorelines of Öland (Figure 8.9), which is an undesirable
situation considering the high particle concentration within the Bay.
The Bornholm and Arkona basins are the mixing basins receiving the warmer North
Sea waters. The transport processes are both advective and diffusive driven by the
interacting flows of the northern basins of the Baltic Sea and the North Sea. We have
seen particles from Arkona Basin flows northwards along the Stolpe Channel (see
also Figure 8.17a at 8m), which is in agreement with Meier et al. (2007). Our model
based maximum transport velocity is 15cm/s, which is half of that estimated by
Leppäranta & Myrberg (2009). However, the high values concern the major inflow
event in 2003.
The results suggest the existence of a strong two-layer flow at the open boundary.
Figure 8.18 compares the paths at different depths. We can see that a much larger
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region is covered with particles released from 24 m that bring the deeper North Sea
water into the Gotland Basin.
The significant differences in temperature and salinity between the waters of the
North Sea and Baltic Sea implies dominant baroclinic transport as opposed to the
baroclinic transport through the Danish Straits. We found the normalized variances of
water level differences between the model open boundary and the Arkona four times
lower than the values for temperature and salinity differences. The lower water layers
from North Sea flow.
The comparison of our results with previous studies is rather limited because not
many comparable works are available. Meier (2007) and Soomere et al. (2011) were
the only source where the tracer tests are done for the river Neva and the river Kalix,
and particle tracking in the Gulf of Finland, respectively. Our particle paths for the
Neva and Kalix rivers is in agreement with their results. Our results on the particle
paths in the Gulf of Finland are also in agreement with the Soomere et al. (2011)
results. However, their results are only valid for the surface currents, which explains
the limited deviations from our results (see Figure 2 in Soomere et al. 2011). In
addition to the Gulf of Finland, the same reference presents the particle paths entering
the sea through Öresund, Great Belt, and from the Gulf of Finland (see Figure 1 in
Soomere et al. 2011). The copyright restriction does not allow us to reproduce their
figure. However, there is a significant difference between the particle paths for the
river Neva. In their case, the particles travel as far as the Arkona basin whereas in our
study the path is westwards and much shorter (see Table 8.3). However, there is a
good agreement if we compare their results for the river Neva with our results for the
river Narva (Figure 7.13). This is an interesting point, as it is can imply a more active
transport along the southern shorelines in the Gulf of Finland as opposed to the central
region of the Gulf. It is probable that the high momentum of the River Neva creates a
well-defined jet flow within the Gulf. The River Narva with its much lower discharge
(400 m3/s) appears to play a more important row in the transport processes. We
suggest that the jet induces a strong drag force on the ambient slow moving waters
that enhances the transport close to the southern shorelines in the Gulf of Finland. The
other contributing factor is the difference in the topography. The deep central region
of the Gulf acts as a channel that directs the flow westwards.
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The particle paths from the rivers are summarized in terms of three important features
of arrival times at each coastline, the advection properties, and the particle
concentration (Table 8.3). The two rivers Narva and Venta have the highest spreading
in comparison with the other rivers. This is in spite of the relatively low flow
discharge values that rules out a correlation between high moment flows and the
extent of spreading. Here, we can consider the rivers entering the Bay of Bothnia. We
found flow discharge to be correlated with the advection lengths (Table 8.3). The lack
of any correlation for the other rivers signifies different hydrodynamic characteristics
among the basins. The hydrodynamics of the Gotland basins are more complex and
involve several different processes of internal and external mixing with convective
and diffusive properties. The main reason is that one basin is interconnected with
several basins, implying a higher and more complex exchange. The river Neva with
its 2500 m3/s is an interesting case (Figure 8.12). The advection length of 450 km is
the highest in the Baltic Sea but there is not much spreading and diffusion. The high
moment flow is similar to a jet type flow with an exponential decay.
The information provided in Table 8.3 can be used for a general environmental
assessment in terms of sensitivity of the various coastlines to the release of
contaminating substances. For example, Skwarzec et al. (2008) find very high
concentrations of PO in the Oder River. Annually the river supplies the Baltic Sea
with 14.6 GBq

210

PO that will only take 36 days to reach the Arkona Basin and 420

days the Eastern Gotland Basin. It is likely that most of the rivers entering the Baltic
Sea carry greater or lesser loads of toxic substances.

8.5 Circulation patterns
To suggest a general circulation pattern for the Baltic Sea we combined the results
obtained for the exchange process, the vortical structure, and particle tracking in the
present chapter. Here, we have shown the complexity of the flow field that is driven
by a system of coherent structures as well as complicated transport paths within the
basins from the rivers. Regarding the spatial and temporal variations in the circulation
paths, we do not believe a dominant path could be suggested. However, the common
view indicates a mean cyclonic circulating pattern (see Leppäranta & Myrberg 2009).

Particle tracking

8-32

There appear to be two possible modes of baroclinic and barotropic fields that
contribute to the circulation pattern. The absence or reduction in the winds will
intensify the former mode, which is also suggested by Lehmann and Hinrichsen
(2000). The implication is the seasonal variations of the patterns. To further our
discussion, we refer to our previous discussion on the persistency index. The main
aspect was the highest persistency that we detected in the Bay of Bothnia (650%),
Åland Sea (70%), Eastern Gotland Basin (60%-70%), and the Arkona Basin (40%60%).

Figure 8.19a Surface persistency in the Baltic Sea on March 3 and June 2, 2000 and 2009
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Figure 8.19b Surface persistency in the Baltic Sea on August 4 and September 30,
2000 and 2009
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To emphasize this finding, we present the plots of the persistency index during late
spring, summer, and autumn for years 2000 and 2009 (Figure 8.19a-b). High values
are found in the Bay of Bothnia, Sea of Bothnia, and the Gotland Basin which
confirm the existence of dominant currents.
We detect a moderate degree of seasonal variation as opposed to a significant yearly
variation of current persistency (Figure 8.19a-b). The cyclonic circulation in each subbasin is maintained, but the persistency is reduced as illustrated for years 2000 and
2009. It implies that a dominant circulation pattern is more difficult to define in such
cases. The variations in the forcing meteorological conditions induce corresponding
modifications in the circulation patterns. Summarizing all these results we can suggest
a mean circulation pattern shown in Figure 8.20 for the period 2000–2009. There is a
good agreement with the patterns suggested by Sarkisyan et al. (1975) (in see
Leppäranta & Myrberg 2009).

Figure 8.20 The mean circulation patterns in the Baltic Sea, 2000-2009
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Table 8.2 Summary results of the particle tracking for nine Baltic Sea basins
Release
Basin

Basins/Shoreline

Bay of
Bothnia

Bay of Bothnia
Swedish shoreline
Finish shoreline
Northern Basin
Swedish shoreline
Finish shoreline
Southern Quark
Åland Sea
Archipelago Sea
Gulf of Finland
Central Basin
Swedish shoreline
Gulf of Finland
Gulf of Riga
Northern Gotland
Basin
GotlandSandö Sill
Åland Sea
Gotland shoreline
Bay of Gdansk
Basin
Southern shoreline
N. shoreline
Swedish shoreline
Basin
Gotska Sandö Sill
Northern Gotland
Öland shoreline
Gotland shoreline
Eastern Gotland
Lithuania shore
Bornholm Basin
Bay of Gdansk
Bothnia Sea
Gulf of Finland
Basin
Northern Gotland
Basin
Eastern Gotland
Lithuania shoreline
Hoburg-Missjö Bank
Bornholm Sea
Bay of Gdansk
Stockholm shoreline
Gulf of Finland
Gotska Sandö Sill
Åland Sea
Kumlinge Sill
Sea of Bothnia

Sea of
Bothnia

Sea of
Bothnia

Gulf of
Finland

Western
Gotland

Northern
Gotland

Arrival
time
(days)

Resident
time
(days)
3285

Advection
speed
(cm/s)
6

50
450
158
417
488
548
930
1289

150
30

Particle
concentration
(%)

14

1
90
10
40
10
5
15
5
25
70

150
545
765
900

0.68

15
2
15

3285

0.46
2.5

420
216

216
252
559
577
669
740
1068
1132
1689
1799

80
15
5
10

8
9

5

14

30

250

40
18

252
669
740
1068
1068
1132
1218
1799
2366
2411
3620
3640

1

5

2752
3000
3130
3285
90
700
801

Advection-Diffusion
Ratio
( )

10
10
5
30

30
328
18
53
20

10
10

3
5

30
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Table 8.2 Summary results of the particle tracking for nine Baltic Sea basins
Release
Basin

Basins/Shoreline

Eastern
Gotland

Basin
Gotland shoreline
Bay of Gdansk
N. Gotland
Lithuania shoreline
W. Gotland Basin
Gotland western
shoreline
Hoburg-Missjö
Bank
Bornholm Basin
Bornholm Basin
Stople Channel
Inner Gdansk Bay
Arkona Basin
Polish shoreline
Öland shoreline
Gotland south
shoreline
Basin
Polish coast
Bay of Gdansk
Lithuania shore
Eastern Gotland
Hamrare Strait
Arkona
Åland shore
Gotland shore

Bay of
Gdansk

Bornholm

Arrival
time
(days)

Resident
time
(days)

Advection
speed
(cm/s)

Particle
concentration
(%)
60

392
530
530
540
575
666

25
79
83

749

1

2022
575
575
707
1215
1245
1840
1850
140
159
780
940
1340
1340
1825
2445

11
8
5

AdvectionDiffusion Ratio
( )
110

30
10

2.5
5

27
4
4
5

6
6
10
15
6
5

90

30
2
60

8
2

60
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Table 8.3 Summary results of the particle tracking of ten major rivers entering Baltic Sea
River

Basin/Shoreline

Torne

Northern shoreline -Bay Bothnia
Deep region - Bay Bothnia
Northern shoreline -Bay Bothnia
Deep region - Bay Bothnia
Bay of Bothnia
Northern Quark
Sea of Bothnia
Finish shoreline
Bay of Bothnia
Northern Quark
Swedish NE shoreline
Island of Loksa
Estonia shoreline
Existing Gulf of Finland
Northern Gotland Basin
Hiiumaa Island
Åland Sea
Gulf of Riga (GOF)
Northern Gotland Basin
Gotska Sandö Sill
Western Gotland Basin
Öland northern shoreline
Eastern Gotland Basin
Bornholm Basin
Bay of Gdansk
Åland Sea
Southern Quark
Saaremaa Island
Northern Gotland Basin
Gulf of Riga
Eastern Gotland Basin
Northern Gotland shoreline
Western Gotland Basin
Gulf of Finland
Eastern Öland shoreline
Bay of Gdansk
Bornholm Basin
Sea of Bothnia
Swedish shoreline west of NGB
Arkona Basin
Eastern Gotland Basin
Bornholm Basin
Bay of Gdansk
Northern Gotland Basin
Western Gotland Basin
Öland eastern shoreline
Öland-Gotland shorelines
Arkona Basin

Kalix
Lule

Kemijoki

Neva

Narva

Venta

Venta

Neman

Arrival time
(days)
790
1945
533
2053
375
613
643
709
1822
1890
1954
30
45
2113
2169
2348
2698
30
266
370
377
757
945
2103
2185
2887
2907
23
111
173
199
300
374
467
645
738
935
1235
2395
3167
4
351
425
745
507
755
755
840

Advection
Length (km) - Speed (cm/s)

Particle
concentration
(%)

53

2.5

37
235

3.5
6
14
8.5
3.7

300

9.6

5
9

480

5

80
5

8.5
5
10

320

14
4.5

5

5

40

40
10

5
260

4.5
6
70

30
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Table 8.3 Summary results of the particle tracking of ten major rivers entering Baltic Sea
Vistula

Oder

Bay of Gdansk
Eastern Gotland Basin
Bornholm Basin
Arkona Basin
Western Gotland Basin
Öland-Gotland shorelines
Öland eastern shoreline
Bay of Gdansk
Eastern Gotland Basin
Bornholm Basin
Western Gotland Basin
Arkona Basin

220

70

33
127
182
621
707
1454

30
230

420
46
330
36

70
13

3
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Chapter 9 Summary and concluding remarks
9.1 Background
The Baltic Sea is a brackish sea located in northern Europe from 53 °N to 66 °N latitude
and from 20 °E to 26 °E longitude; it is connected to the Atlantic Ocean via the Danish
Straits. The Baltic Ice Lake was born 13,000 years ago and its present brackish state
emerged 7,000 years ago. Since 2,000 years ago, salinity has been close to the present
level (mean salinity 7 parts per thousand). The Baltic Sea borders nine coastal countries
with a total population of 85 million people. The maximum length and width are 1,600
km and 193 km, respectively. The surface area is 377,000 km2 with an average depth of
55 m, and a water volume of 20,000 km3. Its maximum depth is 459 m, which is located
between Stockholm and the Island of Gotland. The Baltic Sea is a shallow sea that
consists of a series of basins interconnected through narrow sills.
We have applied a fully calibrated and validated 3D hydrodynamic model to the Baltic
Sea (horizontal resolution 5 km) to investigate the hydrodynamic and transport
characteristics of the Baltic Sea in the period 2000–2009. The aim was to obtain a
scientific understanding of the hydrodynamic and transport properties. The novelty of our
approach lies in the implementation of fully transient river inflow boundary conditions,
close examination of the bathymetry and the forcing meteorological condition. The other
new aspects are the extensive application of the Particle Tracking Model (PTM) and
vortical structure analysis. This study provides new insight into the type and dynamics of
vortical structures in the Baltic Sea, not considered in previous studies. The four main
areas addressed are stratification, exchange processes, vortical structure, and particle
tracking at selected depths. In the following, we provide a self-contained summary of the
foregoing parts. Emphasis is on the hydrodynamic and transport characterisation, as well
as on the various model limitations and shortcomings.
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9.2 Stratification
The study addressed both the thermal and salinity stratifications with the focus on the
structural properties of the layers. The hypothesis was that the layer properties could be
expressed as dimensionless numbers valid for all cases. In particular, the detection of
cooler regions (dicothermal) within the layer structure has been an important finding. The
detailed investigation of thermal stratification for a 10-year period (i.e., 2000–2009)
revealed some new features. A multilayered structure that contains several thermocline
and dicothermal layers prevails. Statistical analysis of the simulation results made it
possible to derive the mean thermal stratification properties expressed as mean
temperatures and the normalized layer thicknesses. The three-layered structure reported
in literature appears to be rather oversimplified. We have found the three-layer model to
be valid only during the winter periods. Following the winter period, the three-layered
structure is decomposed into several layers (i.e., up to 5). The process takes place in all
the basins. The primary mechanism is the increased mixing during the ice free periods.
The freshwater inflow contributes both by its high momentum and temperature
differences with the ambient surface water. The latter increases the convective transport
within the upper surface waters. The vertical temperature gradients are significantly
lower in the southern basins (a factor of 3). The difference is due to the formation of an
ice cover during winter and spring periods in the northern basins, which affects the
surface heat transfer and its exchange with the overlying cold air.
The layering properties vary significantly among the basins whereby the layered structure
could not be generalized. Nevertheless, a few generalizations appear to be possible. The
thermocline occupies about 25% of the water depths in each basin. The deep bottom layer
is about 40% of the water depth with temperatures of about 3 oC, and 5 oC in northern and
southern basins, respectively. The good correlation between water and air temperatures
suggests the thermocline dependency on the atmospheric forcing fluctuations.
There is also some evidence of upwelling and downwelling along the coastlines across
the Baltic Sea. The two features occur as wind causes surface water to diverge (Ekman
transport) or converge (downwelling). During both processes, either water is replaced
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from the deep region or is forced downwards. The phenomenon dicothermal appears is
related to the upwelling and downwelling processes.
Three-layered salinity stratification prevails in all basins of the Baltic Sea in general
agreement with the previous studies. Salinity stratification has a strong seasonal
variability but much weaker than the corresponding variability in temperature. We have
succeeded to generalize the seasonal normalized layer thicknesses for the entire 10-year
period. The use of normalized values is advantageous compared to absolute values given
in the literature enabling estimation of layer thickness as a function of depth. Typically,
the layer thickness is in the range of 18-50%, 15-66%, and 12-50% in the upper, middle,
and bottom layers, respectively, with significant seasonal variations in all basins.

9.3 Exchange processes
The exchange processes are driven by forcing meteorological conditions and different
kinds of internal mixing such as wave mixing, shear layer instabilities, and convective
entrainment. We addressed the details of water exchange between the Baltic basins and
with the North Sea by computing cross-sectional volumetric rates or the exchange rates
between all the basins in the Baltic Sea. The exchange rates play a key role in
understanding changes in concentration of nutrients, and other chemical substances. The
focus was on three fundamental properties, first on the actual volumetric exchange rates,
second on the basin-wise correlation and third on the correlation of each basin with the
North Sea. The calculation of cross correlations (R) based on the exchange rates enables
us to determine the main exchanging basins.
At the open area to the North Sea the mean inflow and outflow exchanging rates, and the
mean storage are 4.955 x104, 4.799 x104, and +0.15x103 m3/s, respectively. The
variations in storage correlate with the water level variations in the range 0.04m–0.80 m.
We can conclude that the water levels give indications of the amplitude and the
magnitude of the storage change. The exchange rates have both a barotropic and
baroclinic character, i.e. temperature and salinity density gradients, atmospherically
driven mainly by air pressure and wind conditions. The mean exchange rate between the
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basins is of the order 103 m3/s with a corresponding mean storage of the order ± 102 m3/s.
The most active basin is the Northern Gotland Basin, which is connected to the Åland
Sea, the Archipelago Sea, the Gulf of Finland, Western and Eastern Gotland basins, and
the Bay of Riga. The mean exchange rate is of the order 104 m3/s and a mean storage of
the order ± 102 m3/s. The exchange rate increases by a factor of 10 for the southern
basins.
Considering the correlation between the basins, the bay of Bothnia, Sea of Bothnia, and
the Åland Sea are highly correlated (R >0.8). There is also a reasonable correlation
between the Åland Sea and the Northern Gotland Basin during roughly 2000–2003. The
correlation between the Archipelago Sea and the Sea of Bothnia is weak compared to the
correlation between the Archipelago Sea and the Northern Gotland Basin. The three main
Gotland basins are moderately correlated with R ≈ 0.25. The three basins of Western
Gotland, Bornholm and the Arkoma are likewise moderately correlated.
The correlation of each basin with the North Sea leads to a number of important
observations. The northern basins are weakly correlated with the North Sea. This is in
contrast to a moderate to strong correlations for most of the southern basins. We found a
strong correlation between the North Sea and the southern basins of Arkona and
Bornholm. It implies an effective mixing between these basins. There is a weak
correlation with the Western Gotland Basin that can be due to the dominant southwards
flow. The correlation coefficients increase significantly during 2000–2009 for the Eastern
Gotland Basin. The values are relatively low during the initial four years that could be
related to the variations in the forcing atmospheric conditions. The Archipelago Sea and
the Bay of Bothnia are weakly correlated with the North Sea (R ≈ 0.1).

9.4 Vortical structure
Understanding of vortical structures is the key for analysis of the transport characteristics
that derive the various mixing and exchange processes in the Baltic Sea. The detection of
large scale organized vortices both in horizontal and vertical planes (i.e., coherent
structures) was the main interest of the present study.
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In the horizontal plane, vortices with typical length and velocity scale of 5–12km and 5–
10 cm/s, are present. These vortices are of open type three-dimensional structures having
two important features. They extend to 90% of the flow depth and have a clear
periodicity of one to seven days. The vortices rotate both in clockwise and anti-clockwise
directions. The baroclinic Rossby deformation radii are in the same range. The maximum
number of vortices are within the 15-m thick surface layer that diminish towards the
bottom layer. The results give good evidence in support of large-scale coherent structures
in the Baltic Sea. Interesting similarities exist between the contour lines of algae blooms
and our proposed coherent structures for the Baltic Sea.
In the vertical planes, there is a multi-layered structure with the layer numbers varying
from 2 to 4. Each layer is characterized by a set of distinct vortices. The frequent reversal
of the velocity directions in the upper and lower layers leads to different transport modes.
Taylor-Görtler type vortices appear within the surface layers. The middle flow layers are
featured by distorted large-scale vortices. Boundary trapped vortices and large local
circulation patterns feature the deeper bottom flow layers. The topography of the basins
creates a general circulation pattern that is either clockwise or anticlockwise depending
on the flow direction in the surface layer. The downwelling and upwelling flow
phenomena are controlled by the vortices at least in the vertical planes.
There are two underlying mechanisms of vortex generation: one is shear layer instability
of the Kelvin Helmholtz type and the other Taylor-Görtler. The former instability is
driven by a gradient perpendicular to the initial shear layer which could be caused by a
combination of the inflection nature of the velocity profile and temperature and salinity
stratifications. The shear layer is unstable and rolls up to form coherent structures.
Taylor-Görtler vortices cause Langmuir type circulation in which the upper water layer
flow is a clockwise motion. The circulation is seen as streaks of floating material or
bubbles that aggregate on the water surface. The streaks’ alignment is with the wind
direction. The generating mechanism is a variable surface shear force created by the
wind.
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We suggested a conceptual vortex model that with some variation applies to all basins of
the Baltic Sea in vertical planes. Three types of structures are possible in the mixed layer
(i.e., upper layer), pycnocline (i.e., middle layer), and the deep layer. In these are TaylorGörtler vortices, meso-scaled coherent structures, and trapped boundary vortices,
respectively.

The

other

important

characteristics

are

the

occurrence

of

upwelling/downwelling that are controlled by the mesoscale eddies, and the deep bottom
inflow from the neighbouring basins. Two patterns are dominant: a large weak circulation
occupying the entire basin (either clockwise or anti-clockwise) and two smaller
circulating regions rotating in opposite directions. The inflow of cold deep water will
migrate into a greater length if the flow is in the same direction as the circulation
direction.

9.5 Particle tracking
Particle tracking modelling (PTM) is an effective tool to better understand transport
processes in large water bodies such as the Baltic Sea. One important application area is
the prediction of spreading and travel time of contaminating substances released into the
water body. The results of our PTM study may be used for a general environmental
assessment in terms of sensitivity of the various coastlines to the release of contaminants.
In the present study, one hundred particles were released at a constant rate of 100
particles during an initial 10-day period from all the Baltic Sea sub-basins, the major
rivers, and the open boundary in the Arkona Basin. In each basin, the particles were
released at two different depths corresponding to the deep water and middle water layers.
The objectives of the PTM simulations were to analyse the inter-exchange processes
between the Baltic Sea basins and to estimate the arrival times and particle pathways
from releases at river discharge locations. The present application of PTM to the Baltic
Sea is new regarding the coverage of all the basins and the simulation period.
The number of exchange basins increase from 2 in the case of the Bay of Bothnia to 6
basins in the case of the Western Gotland Basin. The Western Gotland basins are the
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most active basins that involve the Sea of Bothnia, the Åland Sea, the Archipelago Sea,
the Eastern and Northern Gotland basins, and Bay of Gdansk. The particle travel times to
reach the coastlines vary significantly in the range 50 to 3640 days. The same variation
exists for particle travel times between the exchanging basins. The PTM results are
consistent with the obtained results on exchange processes. There is a good agreement
between the two methods regarding the interacting basins.
The Gotland basins are the major contributors to the exchange process in the Baltic Sea.
Here, an important feature is the high values of advection ratio which indicate forced
advective transport in the basin. The Bay of Gdansk is probably the most vulnerable
region in the Baltic Sea. This is despite the fact that the main exchange basins are the
Bornholm Sea and the Eastern Gotland Basin. The main reason is the intensive supply of
particles from the northern basins that normally take about 3000 days to reach the bay. A
high level of particle concentration (90%) prevails along the coastlines of the Bay of
Gdansk after the 10-year period.
Comparing the particle paths in the Western and Eastern Gotland basins, two interesting
features were found. Particles travelled in all four directions in the former basin and the
middle layer particles reach the surface layer in the eastern most part of the Gulf of
Finland. This indicates significant mixing of the deeper waters of the Western Gotland
Basin with the sub-surface waters of the Gulf of Finland. Strong density current and
upwelling processes drive the process.
The transport processes in the Bornholm and Arkona basins are both advective and
diffusive driven by the interacting flows of the northern basins of the Baltic Sea and the
North Sea. Particles released from Arkona basin migrates northwards along the Stople
Channel.
One fundamental issue for water quality is the source of organic matter that enters into
the Baltic Sea. The main transport path is through the rivers with five rivers of Vistula,
Neva, Oder, Daugava and Neman carrying most of the load. The rivers Vistula and Oder
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are the major contributors to the Baltic Proper. The Gulf of Finland and the Gulf of Riga
are supplied by the Neva and Daugava.
The two rivers Narva and Venta have the highest spreading in comparison with the other
rivers. This is despite their relatively low flow discharge, ruling out a correlation between
high moment flows and the extent of spreading. The flow discharge is correlated with the
advection lengths. There is a significant variation in the travel times and the path covered.
The time ranges from 130–2907 days, whereas the total travel path ranges between 37
and 480 km. The worst scenario from the ecological point of view is the combination of
short travel time and maximum travelled path. Three rivers of Narva, Neva, and Neman
fall within this scenario.

9.6 The limitations of the study
The present study suffers from a universal problem that is inherent for all numerical
models. It is a challenging task to create a model that closely resembles the natural
conditions. The task is particularly difficult for the case of large water bodies such as the
Baltic Sea. The flow and transport characteristics are complicated by the motion of the
free surface compressible sea water, heat and mass transfer, forcing meteorological
conditions, complicated boundary conditions, the eco-environment, water quality
processes, solid and organic sea bed transports, and the bio-chemical processes. How
well we can match the true hydrodynamic and the transport characteristics of this system
depends on many factors. The most important are the mathematical formulation of the
problem, the solution and numerical processes, the choice of turbulence model, the
discretization of the fundamental equations. The other factors are the bathymetry
modelling and the spatial resolutions in horizontal and vertical planes, the temporal
resolutions of the input data, and the computation time steps. Having stated the foregoing
general issues, we believe the comparison of different model results is not a trivial task.
Many of commonly used the hydrodynamic models are either based or resemble the
Princeton Ocean Model. Thus, our view is that the deviations between different model
results should be sought in terms of the difference in the quality and accuracy of input
data and the accuracy of both measured and modelled bathymetry.
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In the present study, one limitation was the available computer capacity that has been a
serious constraint. There are a number of shortcomings in our study, despite hundreds of
simulations done for testing the numerical and modelling issues. The various
shortcomings are:


The maximum model resolution used is 5 km.



The maximum number of layers is 46.



The higher discretization scheme and the high order turbulence model could not
be used.



We used constant mean discharge values for the Eastern European rivers that
enter the Baltic Sea. The temporal data were either not available or were not
released for this project.



The study does not account for the ice formation during winter and early spring.

9.7 Concluding remarks
The present work is an in-depth study of the various hydrodynamic and transport
characteristics that to our best knowledge have not been exposed to the same extent in
earlier studies. Especially, we can mention the work on vortical structure of the flow and
the extensive particle tracking from various basins and major rivers. We have
incorporated boundary conditions and the bathymetry with as high accuracy as possible,
to serve as an improvement over previous studies.
Although our model of the Baltic Sea incorporates a number of new features, the overall
results are in general agreement with earlier studies. The present work summarizes our
understanding of the hydrodynamics of the Baltic Sea as revealed by the modelling
combined with available information during the period 2000–2009. This work should be
seen as a basis for more comprehensive studies of the Baltic Sea that may include some
of the following topics:


Detailed analysis of the coherent structures using a Lagrangian approach.



A finer grid resolution of 1 km in the horizontal plane.
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The application of coupled hydrodynamic and ice models.



Extended simulations using climate model scenarios.



Detailed study of flow and transport in archipelago regions under climate
scenarios.



Coupling hydrodynamic and water quality models.
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