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Introduction 

The traditional approach to marine and coastal management has to a large extent 
relied on a sectoral concept, dividing the coastal and sea areas into zones 
designated for specific use. This approach has led to fragmentation of jurisdiction 
and decision-making. For example, fisheries’ managers focus on the exploitation of 
fish stock, shipping authorities address safety of navigation, watershed managers 
focus on freshwater discharge and coastal planners consider mostly land-side 
impacts. In a congested marine environment these interests are often conflicting, 
which has highlighted the need for new approaches in marine and coastal 
management (Agardy et al., 2011). A fundamental problem with the sectoral 
management approach is that water, and any substance immersed in water, is 
constantly being exchanged between sea areas. While atmospheric modelling 
systems have reached a stage where short-term weather forecasts are reasonably 
reliable, the same cannot be said for the present state of ocean modelling systems 
with respect to predictions of current velocities. 

This thesis is focused on certain options towards better protection of coastal and 
nearshore areas. Such areas are among the most productive ecosystems on the 
planet, a vital source of food for many communities, while being under increasing 
anthropogenic pressure due to commercial, transport and recreational activities. 
The importance and challenges of maintaining a healthy coastal environment is 
recognised globally, and has been addressed by major international organisations 
such as United Nations through the United Nations Environment Program, 
European Union through the Water Framework Directive and the Marine Strategy 
Framework Directive, as well as regional organisations such as the Baltic 
Environment Protection Commission (HELCOM). Such organisations promote 
management strategies based on monitoring programmes, maritime spatial 
planning, and establishment of marine protected areas to preserve important and 
sensitive habitats. A stated goal of the Water Framework Directive is to achieve a 
good ecological and chemical status for all surface water areas within the European 
Union region. Likewise, the HELCOM Baltic Sea Action Plan is a programme to 
restore a good ecological status of the Baltic marine environment by 2021. 

The coastal impact of harmful substances originating from offshore sources is 
one of the topics where the mismatch between marine and coastal management 
becomes an issue. This topic includes, but is not limited to, pollution from shipping 
accidents and spillage of oil or other harmful substances under certain 
circumstances. There is a general interest in minimising the number and severity of 
shipping accidents, but conflicts of interests may arise as to what kind of risk 
should be minimised. Shipping authorities are primarily concerned with safety of 
navigation, where minimising risk of ships’ grounding or collision as well as 
possibilities for rescue operations are the main factors to consider. Institutions 
responsible for a good ecological status emphasise the risk related to the 
environmental impact of various harmful substances, especially pollution in 
economically valuable or ecologically vulnerable coastal areas. 
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Shipping activities and related environmental impact in the Baltic Sea 

A large part of accidents associated with the release of harmful substances (oil or 
chemical pollution) or undesired items (for example, lost containers) into the 
marine environment occur along shipping routes (Burgherr, 2007). Although 
relatively small, the Baltic Sea is the host to heavy ship traffic, with up to 15% of 
the world’s international maritime cargo (HELCOM, 2009). The number and size 
of ships have grown in recent years. The largest environmental threat to this 
vulnerable brackish, high-latitude environment is oil transportation. Its volume has 
increased by more than a factor of two in 2000–2008 and a further 40% increase is 
expected by the year 2015 (HELCOM, 2009; Brunila and Storgard, 2013). One of 
the major marine highways in the European waters enters the Baltic Sea through 
the Danish straits, crosses the Baltic Proper1 and stretches through the Gulf of 
Finland (Figure 1) to Saint Petersburg, a major population and industrial centre in 
this area, and to a number of new harbours in its vicinity. Sustainable management 
of this traffic flow is a great challenge in the Baltic Sea, which is designated as a 
Particularly Sensitive Sea Area by the International Maritime Organisation (IMO, 
2007; Kachel, 2008). 

 

 
Figure 1. Shipping activities in the Gulf of Finland. 

A commonly used approach to manage adverse impacts in the marine 
environment (including potential maritime pollution) is to develop quick remedial 
action plans in the event of an accident (e.g., Keramitsoglou et al., 2003; Kostianoy 
et al., 2008). This approch includes (but is not limited to) the development of 

                                                      
 

1 This notion is used here to denote the Eastern, Northern and Western Gotland Basin, 
Bornholm Basin and Gdańsk Bay (Leppäranta and Myrberg, 2009). 
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operational oil spill drift and fate models, increasing the capacity of oil-combating 
services and raising awareness of the potential involvement of people in coastal 
countries (HELCOM, 2009). 

The problem of detection, modelling and forecast of the fate of oil spills in the 
Baltic Sea has been addressed in numerous publications since the mid-1990s 
(Ambjörn, 2000; Tufte et al., 2004; Kostianoy et al., 2005; Lavrova et al., 2006; 
Uiboupin et al., 2008), including the related economic issues (Gottinger, 2001; Aps 
et al., 2009; Elofsson, 2010), statistical models of collision and grounding 
probability (Gucma, 2008), optimum allocation of the available monitoring 
resources (Deissenberg et al., 2001) and propagation of pollution under the ice 
cover (Alhimenko et al., 1997; Wang et al., 2007). The official HELCOM oil spill 
forecast system Seatrack Web, launched at the turn of the millennium (Ambjörn, 
2000; Gästgifvars et al., 2002) and regularly updated (Ambjörn, 2007), has become 
an important part of operational oceanography in the region (Kostianoy et al., 
2005, 2008; Lavrova et al., 2006; Ambjörn, 2008; Uiboupin et al., 2008). 

In addition to oil pollution, a variety of different, possibly dangerous, adverse 
impacts (substances, objects, etc.) can potentially be released from ships. They may 
be carried to a substantial distance along trajectories governed by the complex 
interaction of different metocean drivers (currents, turbulence, wind and waves 
etc.) and/or modified by a number of physical and chemical processes (e.g., 
weathering of the oil pollution, dispersion of chemicals, change in the radioactivity 
level for nuclear waste). Even the very best models for the propagation and fate of 
adverse impacts of different kinds still suffer certain limitations that result in 
imperfect predictions (e.g., Ambjörn, 2007). Such models are also demanding in 
terms of computational power and long simulation times. 

Another, rapidly developing approach is the preventive maritime planning and 
decision-making strategy. The primary focus of such efforts is to account for the 
effect that an accident would incur before it actually happens. The relevant efforts 
range from the optimisation of the location of tugboats along a major tanker 
fairway to aid ships that suffer loss of steering or propulsion (Eide et al., 2007) and 
optimisation of shipping routes (Schwehr and McGillivary, 2007; Soomere and 
Quak, 2013) over a proper designation of marine protected areas and Particularly 
Sensitive Sea Areas and development of possible policies and regulations 
(Lefebvre-Chalain, 2007; Ko and Chang, 2010) to the theoretical research of the 
relevant issues (Hassler, 2011; Rusli, 2012). A large part of the work in this thesis 
contributes to one of the foci of this approach, namely, to the development of 
preventive methods for coastal protection. 

The developments in physical and biological oceanography in the last decades 
have demonstrated the richness of the internal structure of various sea properties. 
The perception that different sea areas may have different value and/or 
vulnerability has led to the designation of many marine protected areas. The marine 
protected areas of the Baltic Sea are mostly located in the nearshore, with the only 
exceptions to the south and north of the island of Gotland and in the northern part 
of Pomeranian Bay. It is a common practice to treat the coastal zone and the open 
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sea areas differently. This practice reflects the major differences in their 
ecosystems (e.g., the coastal areas are generally the main life reproduction areas 
and thus play a great role in restoring the fish stock) and also a policy dimension of 
their management. The coastal zone is, as a rule, the responsibility of a specific 
state, whereas open sea areas customarily are managed as a shared resource 
between many states. Whereas pollution in the open sea can have strong short-term 
impact on marine life, pollution in the nearshore has potential to destroy habitats 
vital for the reproduction of marine life, with possibly severe long-term 
consequences. Combating oil pollution is generally much more effective and less 
expensive in the open sea than in shallow coastal areas. Damage due to pollution in 
a major spawning area, a nesting or wintering region of birds, a beach of a national 
park or a large tourist industry at the coast is highly undesirable from both an 
environmental and economic point of view. 

Hence the nearshore areas are considered as ‘high-value’ regions in this thesis. 
A simple measure to reduce the risk of danger to the coast from the release of 
adverse impacts associated with shipping activities is to shift the fairways further 
away from the coast. In large water bodies such as the Atlantic Ocean in principle 
the fairways could be moved so far offshore that any adverse impact released from 
ships would have minor chances to reach the coast. This solution does not suit for 
smaller seas such as the Black Sea, the Baltic Sea or the Mediterranean Sea. 

The challenge of current-driven transport 

With the ever growing size of ships and the volume of cargo, potential pollution 
released through an accident, careless operation or human error is no more 
concentrated in a small area around the ship (Soomere, 2013). Instead, in case of 
larger releases of adverse impacts, various substances are often carried a large 
distance from the point of origin, first of all by currents in the surface layer, but 
also by wind and waves. 

The impact of wind and surface waves on the propagation of water parcels and 
various substances in the surface layer of the sea has been relatively well 
understood (Ardhuin et al., 2009; Breivik et al., 2011). The present-day forecasts of 
wind and wave conditions in open sea areas are usually acceptable (Ardhuin et al., 
2009) and relevant parameterisations have been implemented into operational 
models decades ago. The probability of purely wind- or wave-driven Lagrangian 
parcels to hit a certain area is, to a first approximation, a function of the wind or 
wave direction. The time until the hit occurs is roughly proportional to the 
combined downwind/downwave distance of the release location from this area. 
Hence, the location and time of a shipping accident determine not only which 
remote areas are exposed to adverse impacts (and thus the cost of the consequences 
of a ship accident) but also the time available to handle such hazards. The solution 
to the problem of the management of ship traffic is straightforward: the optimal 
location for the sailing line is just as far in the combined upwind/upwave direction 
from the susceptible spots as possible. 
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The situation with the forecast of currents and especially current-driven 
transport of various objects is less satisfactory (Vandenbulcke et al., 2009). The 
typical spatial scales of sea currents are considerably smaller than the usual 
dimensions of air flow patterns (Cushman-Roisin and Beckers, 2011) and thus 
more complicated to replicate. The system of currents exhibits large spatial and 
temporal variations even for practically stationary and spatially homogeneous wind 
fields. Although global circulation models are now able to provide improved 
forecasts compared to climatological (daily average) current fields (Blockley et al., 
2012) and successful attempts have been made to replicate the three-dimensional 
(3D) propagation of oil spills (Chang et al., 2011), it is extremely hard to track the 
pathways of even single drifters (Vandenbulcke et al., 2009; Fingas, 2011). A 
deterministic method capable of adequately reproducing the floating object drift is 
still lacking (Vandenbulcke et al., 2009) and even small errors in its estimates can 
drastically change the calculated trajectories of parcels (Griffa et al., 2004). 

The situation is even more difficult in shallow basins with complicated 
geometry such as the Baltic Sea (Verjovkina et al., 2010; Kjelsson and Döös, 2012) 
where the currents are frequently even in antiphase with wave- and wind-induced 
transport features (Andrejev et al., 2004b; Gästgifvars et al., 2006). Even with 
state-of-the-art circulation models and high-quality forcing data it is challenging to 
provide drift prediction in a dependable way, especially in areas with complex 
topography and a high degree of small-scale variability. 

Hence, on the one hand, the probability of a vulnerable area being hit by an 
adverse impact (for example, by an oil spill) carried by currents may vary largely 
for areas located at an equal distance from the source. As mentioned above, the 
forecast of current-induced transport is usually much less reliable than the 
description of wind- and wave-induced transport. This means, on the other hand, 
that a better understanding and description of current-driven transport has the 
largest unused potential for the quantification of pollution propagation in the 
marine environment (Soomere and Quak, 2013). 

In order to gain a solid understanding of the properties of current-driven 
transport and propagation of various adverse impacts in the surface layer, it is 
reasonable to consider the problem under slightly idealised conditions, by ignoring 
the direct impact of wind and waves on substances in the uppermost layer of the 
sea (Soomere and Quak, 2013). Following this idea, in this thesis the focus is on 
the impact the surface currents may have on the pathways of various objects and 
substances in the surface layer. Progress in this area is an important contribution to 
smart use of currents, more generally, to the challenge of the practical use of 
intrinsic features of marine dynamics for environmental management, for example, 
preventive reduction of the costs of accidents on sea. 

An adverse impact from harmful human activity may happen at any depth. For 
example, large quantities of oil may be released into near-bottom waters after 
failures of offshore oil platforms (Burgherr, 2007) and an accident with a nuclear 
submarine may pollute any layer in the sea. The material presented above suggests 
that systematic analysis of the transport of adverse impacts by a 3D current field is 
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far too complicated today even for relatively small sea domains. For this reason, 
the work presented in this thesis is limited to the analysis of substances released to 
the surface layer and further transported by surface currents. 

This framework has an obvious potential for the quantification of the role of 
surface currents in the dynamics of any objects or substances in the surface layer, 
for example, for search-and-rescue purposes (e.g., Melsom et al., 2012). However, 
strictly speaking, it is only directly applicable to persistent substances that are 
dissolved in strongly stratified environments under calm conditions when the 
contaminants (e.g., dissolved radioactive substances) largely remain in the 
uppermost layer and are mostly carried by surface currents (e.g., Periañez, 2004). It 
is only conditionally valid for the drift of floating objects that extend over sea 
surface or are exposed to wave action. 

It is still a suitable approximation for a large portion of releases of adverse 
substances to the marine environment of the strongly stratified Baltic Sea. For 
example, during a large part of the spring and early summer when the wind speed 
is below 5 m/s (Mietus, 1998), favourable conditions for this approximation exist 
in the entire Baltic Sea: surface waves are very low and a very thin and stable 
uppermost mixed layer overlies a sharp pycnocline (Leppäranta and Myrberg, 
2009). In such occasions current-driven transport apparently is responsible for a 
large fraction of the fate of the lighter components of oil that are usually thought to 
pose great danger to valuable areas. The field of currents also largely governs the 
transport of objects and substances in the surface layer during the ice season when 
the wave motion is absent and wind impact only becomes evident through the ice 
drift. This framework is still only conditionally valid for oil pollution because other 
metocean drivers, chemical processes and buoyancy effects are not accounted for 
(Murawski and Woge Nielsen, 2013). It may, however, be useful in many 
occasions to obtain a first approximation of the drift of oil pollution (Lončar et al., 
2012; Meier and Höglund, 2012). 

Semi-persistent patterns and eddies as building blocks of transport 

Once some marine or coastal areas are agreed to be more valuable than others, the 
cost of the consequences of any marine accident that leads to the release of some 
potentially harmful substances or items into the marine environment (that are 
further transported by various met-ocean drivers) will depend on when and where 
the accident happens. Even if some of the costs are distant, remote or delayed, 
tagging some areas with a price label naturally yields an associated distribution of 
costs of otherwise similar accidents but occurring at different locations or at 
different time instants. Several ways of quantification of this distribution 
(equivalently, the damaging potential of accidents involving release of long-living 
harmful substances into the marine environment) and of its practical use were 
recently addressed in the BalticWay project. A large part of the research presented 
in this thesis was conducted within this project that was funded by the joint Baltic 
Sea research and development programme BONUS in 2009–2011. 
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The distribution of costs is often largely governed by the current-driven 
propagation of released substances from the accident site to vulnerable areas. It is 
assumed in this thesis that the transport of released substances by surface currents 
fully defines this distribution. As discussed in the previous section, this assumption 
is applicable in many occasions in the Baltic Sea. 

A key requirement for the practical use of the distribution in question, for 
example, for reduction of risks associated with ship traffic, is the existence of 
certain favourable patterns. For example, the presence of such a pattern in the 
density of the likelihood to meet a whale was used to shift the fairway to Boston 
Harbour into an area infrequently visited by whales (Stokstad, 2009). Any 
favourable pattern may be used for some purpose. For example, sailing along jet 
currents reduces fuel consumption (Calvert et al., 1991), the use of areas with 
lower waves decreases the risk of wave damage and persistent currents can be used 
for transporting potential pollution to less vulnerable sea areas (Soomere and Quak, 
2007) 

It is natural to expect that the most distinct features in the distribution of 
current-driven costs of accidents are created by the presence of various persistent 
or semi-persistent patterns of surface currents. The problems of identification and 
analysis of such patterns are the central objects of the studies presented below. As 
there exist hardly any persistent jet-like currents in the Baltic Sea or in the Gulf of 
Finland (Andrejev et al., 2004a, 2004b; Leppäranta and Myrberg, 2009), the focus 
is on semi-persistent patterns extending from mesoscale features up to basin-scale 
transport pathways. If such features of currents or current-induced transport exist, it 
is very likely that, for example, the probability of coastal hits will also have a 
distinct pattern. 

The problem of highlighting such (normally hidden) patterns in the mesoscale 
and basin-scale current-induced transport has been addressed in Soomere et al. 
(2011) and Andrejev et al. (2010). The transport properties have been analysed by 
statistical methods applied to realisations of Lagrangian trajectories of test parcels 
driven by simulated velocity data. Such an analysis allows the identification of 
several flow features that cannot easily be extracted from the Eulerian velocity 
fields. This technique is widely used below for the quantification of the distribution 
of environmental costs of releases of such dangerous substances that are further 
carried by surface currents. 

As motions in the sea are extremely complicated, it is usually not clear whether 
the field of currents contains isolated, long-living eddies (that are able to transport 
water masses to large distances) or whether the instantaneous velocity patterns just 
resemble eddy-like structures. The presence of eddies over longer time in a specific 
location evidently has a strong impact also on the long-term statistical properties 
(including the usually hidden features) of the long-term transport. 

It is fairly easy to visually distinguish eddy-like roughly circular features from 
two-dimensional (2D) satellite images, but it is difficult to single out a particular 
long-living eddy and/or to track its motion even from a sequence of remotely 
sensed or numerically simulated velocity fields. The problem of automatic 
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detection of eddies, their characteristic dimensions and evolution has been studied 
during more than 40 years (Isern-Fontanet et al., 2003). This research area has 
greatly benefited from several technological advances such as surface or subsurface 
drifters or satellite and remote sensing imagery. Similarly to the transport of 
pollution, the Lagrangian framework and methods constitute an important tool in 
the field of eddy detection (Davis, 1991). Eddy detection by Lagrangian methods 
requires that the eddies must be stable. If this is the case, drifters (either a real 
passive parcel or device, or a simulated parcel) move along a roughly circular 
track. The detection is more difficult if the eddy meanders, the swirling motion is 
slow, or the eddy does not live long enough to exert a full rotation. In such cases a 
larger number of drifters is required to obtain a reasonable portrayal of the eddy. In 
this thesis, both Eulerian and Lagrangian methods are employed to detect short-
term dominant features in the flow field and transport created by semi-persistent 
patterns. 

A generic property affecting the presence of semi-persistent patterns of 
transport is that realistic motions in the ocean are turbulent. This is commonly 
reflected in surface currents that are normally characterised by a complex field of 
eddies or vortices interspersed by meanders, fronts, filaments and other features, 
and only in exceptional cases are rectilinear or laminar. A part of this thesis 
addresses certain options for the quantification of such complicated flow patterns. 
The goal is to determine to what extent the patterns of Lagrangian surface transport 
(identified using Lagrangian trajectories) are reflected in the spatial structure of 
widely used and easily computable parameters of the flow such as strain or relative 
vorticity. These features are analysed using Eulerian velocity fields. 

Objective and outline of the thesis 

As shipping, and especially oil transport in the Baltic Sea, is a serious threat to 
vulnerable coastal regions, there is a clear incentive to explore novel methods to 
reduce environmental risks. The economically best way is to use, if possible, 
certain intrinsic properties of sea dynamics to mitigate these risks. The material 
presented above suggests that smart use of surface currents may have great 
potential for such mitigation. In this thesis I attempt to apply this line of thinking to 
development of certain components of a preventive method for environmental 
management of shipping in the northern Baltic Sea. Methods of this type focus on 
adjusting the potential accident site (equivalently, the sailing line) beforehand, not 
waiting until an accident happens (Eide et al., 2007; Soomere and Quak, 2013). If 
an accident does not happen, nothing is lost except maybe a certain amount of time 
due to the lengthening of the sailing line, but in case of an accident, the related 
environmental costs are minimised. The main idea is to make use of the properties 
of Lagrangian transport induced by surface currents to either minimise the 
probability of the transport of pollution to vulnerable areas or to prolong the drift 
time in open sea before the harmful substances reach such areas. 

The particular objectives are as follows: 
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 to demonstrate the presence of various potentially favourable flow patterns 
in the Gulf of Finland and to develop express methods for their detection; 

 to develop a method for the specification of a sailing line, the use of which 
would correspond to sensible sharing of environmental risks; 

 to generalise this method towards the design of sailing lines that would 
preventively minimise the probability of coastal pollution. 

 
This problem generally involves the specification of the ‘price’ for different sea 

or coastal areas. Similarly to Soomere and Quak (2013), it is assumed that the 
nearshore is the most vulnerable and valuable area.  

 Chapter 1 gives a short overview of the existing knowledge of these features of 
the hydrography and dynamics of the Baltic Sea and the Gulf of Finland that are 
essential for the research in this thesis (Section 1.1) and provides a short insight 
into the efforts of numerical replication of these features (Section 1.2).  

In an ideal case, information about flow dynamics may be gathered by direct 
measurements. The available in situ or remote sensing data sets do not provide 
adequate coverage in space and time, and this is likely to remain the case for the 
foreseeable future. A realistic way to create the necessary data is to simulate the 
fluid motion with a General Circulation Model (GCM, for simplicity called ocean 
model in this thesis), velocity data from which provide a basis for the calculation of 
the transport (over time) of substances immersed in the fluid. Section 1.3 describes 
the main features of these ocean models, the output of which has been used in this 
thesis. 

A major technical problem is how to extract rational information from the vast 
amount of numerically simulated data and how to build a reasonable 
implementation for the shipping industry with its specific needs and restrictions. A 
feasible way is to use Lagrangian trajectories of very small but persistent parcels 
that are passively advected by surface currents. These parcels can be associated, for 
example, with certain fractions of oil pollution (Murawski and Woge Nielsen, 
2013). Section 1.4 shortly describes the method and code for the construction of 
such trajectories from the simulated velocity fields. 

The entire concept only has a practical value if the field of currents contains 
some (usually hidden) features or patterns. The relevant questions are discussed in 
Chapter 2. Although the currents in the key study area, the Gulf of Finland, are 
extremely complex, they often contain certain favourable patterns, which can be 
used for the reduction of environmental risks (Soomere and Quak, 2007) and are 
essential for the design of optimum ship routes (Murawski and Woge Nielsen, 
2013). Several examples of such patterns, for example, highly persistent almost 
basin-scale motions in certain layers (Andrejev et al., 2004b) and semi-persistent 
systems of surface currents and rapid pathways of Lagrangian transport (Soomere 
et al., 2011) are presented in Section 2.1. This description is followed by examples 
of applications of automatic detection of their smaller siblings from simulated or 
observed velocity fields. For this purpose the areas with pronounced strain or 
vorticity (Section 2.2, Paper C) are compared with the outcome of a hybrid method, 
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based on some physical and geometrical properties of relatively small-scale 
persistent eddies (Section 2.3, Paper D). 

To identify the ‘best’ location of the possible release of pollution, its 
propagation has to be tracked backwards in time. No straightforward solution exists 
to such inverse problems; moreover, no universal method exists for their treatment. 
A feasible way forward, towards an approximate solution to this ‘inverse’ problem, 
is to extract information from statistical properties of large ensembles of particular 
solutions to the direct problem of current-driven propagation of single passive 
persistent pollution parcels released to the sea at different time instants and 
locations (Soomere and Quak, 2013). Lagrangian trajectories of pollution parcels, 
constructed using modelled velocity fields, provide the required solutions for the 
direct problem. In essence, this approach is a variation of the ‘trial and error’ 
method, to some extent resembling the Monte Carlo approach, in which 2D 
trajectories of selected parcels are considered as individual samples or trails, and 
has been applied in many applications, e.g., for studies of transport of larvae and 
migration of fish (e.g., Ådlandsvik et al., 2007). The least dangerous offshore areas 
for a particular example of oil spill released at different locations can be estimated 
based on a large enough number of trials. The potential of the use of this method 
for ‘ideal’ persistent pollution parcels will be demonstrated in the context of the 
optimisation of ship routes in the Gulf of Finland in terms of minimising the risk of 
coastal pollution. 

Research presented in Chapter 3 (Papers A, B and E) contributed to the 
development of a novel method for preventive coastal protection (Soomere and 
Quak, 2013). This method contains four components: (i) a high-resolution 
circulation model, (ii) a scheme for tracking Lagrangian trajectories of pollution 
parcels, (iii) a technique for the calculation of quantities characterising the potential 
of different sea areas to serve as a starting point of propagation of such adverse 
impacts that may affect the coast and (iv) decision-making routines. The 
underlying calculations involved evaluation of the transport of substances by 
means of tracing individual passive parcels by surface currents over time spans of 
several weeks. Such simulations were repeated for subsequent time intervals 
spanning over several years with the same set of pollution parcels but with slightly 
shifted release instants, and thus involved several crucial parameters. Section 3.1 
describes the overall scheme of such calculations, Section 3.2 analyses the problem 
of adequate representation of the nearshore area in such models and Section 3.3 
provides an insight into the sensible time scales to be used in the calculations. This 
also involves research towards justification of this method (Paper B). Section 3.4 
introduces the concept of the equiprobability line, the use of which as a possible 
sailing line provides an option for sharing the risk of coastal pollution between the 
opposite coasts (Paper A). Section 3.5 presents a short overview of sensitivity 
studies of the applied method, performed in parallel with the work in this thesis. 

Chapter 4 demonstrates some possibilities of the application of the above-
described preventive method for coastal protection. Following Andrejev et al. 
(2011), the probability for a coastal hit and and the time it takes for parcels to reach 
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the coast (called particle age in this thesis) are taken as the decisive parameters 
(Section 4.1, Paper E) to calculate the optimum fairways and ‘safe corridors’ 
(Section 4.2). Using the same technology, connections between the most frequently 
affected nearshore areas and the most probable starting points of pollution along 
the major fairway in the Gulf of Finland are analysed in Sections 4.3 and 4.4. 
Finally, the reliability of the results with respect to the way of treating the 
dispersion of pollution (which is one of the processes that were parameterised in 
the ocean model) is evaluated in Section 4.5 (Paper G) based on the Lagrangian 
particle modelling with several options of spatially variable dispersion coefficients. 

Approbation of the results 

The basic results described in this thesis have been presented by the author at the 
following international conferences: 

Viikmäe B. and Torsvik T. 2013. Analysis and comparison of automatic eddy 
detection methods. Poster presentation at the 9th Baltic Sea Science Congress (26–
30 August 2013, Klaipeda, Lithuania). 

Torsvik T., Soomere T., Kalda J. and Viikmäe B. 2013. Improving the forecast 
of coastal pollution using surface drifter trajectories. Poster presentation at the 9th 
Baltic Sea Science Congress (26–30 August 2013, Klaipeda, Lithuania). 

Viikmäe B., Torsvik T. and Soomere T. 2013. In search for hidden transport 
patterns governing the coastal pollution. Oral presentation at the International 
Coastal Symposium 2013 (8–12 April 2013, Plymouth, UK). 

Viikmäe B., Torsvik T. and Soomere T. 2012. Analysis of the structure of 
currents in the Gulf of Finland using the Okubo–Weiss parameter. Poster 
presentation at the 6th European Postgraduate Fluid Dynamics Conference (10–12 
July 2012, London, UK). 

Viikmäe B. and Soomere T. 2012. Spatial pattern of hits to the nearshore from 
a major marine highway in the Gulf of Finland. Oral presentation at the Joint 
Numerical Modelling Group 16th Biennial Conference (21–23 May 2012, Brest, 
France). 

Viikmäe B., Torsvik T. and Soomere T. 2012. Analysis of the structure of 
currents in the Gulf of Finland using the Okubo–Weiss parameter. Oral 
presentation at the IEEE/OES Baltic International Symposium (08–11 May 2012, 
Klaipeda, Lithuania). 

Viikmäe B. and Soomere T. 2012. Patterns of hits to the nearshore from a 
major fairway in the Gulf of Finland. Poster presentation at the European 
Geosciences Union General Assembly (22–27 April 2012, Vienna, Austria). 

Viikmäe B., Soomere T. and Delpeche-Ellmann N. 2011. Optimizing fairways 
to reduce environmental risks in the Baltic Sea. Oral presentation at the 8th Baltic 
Sea Science Congress (22–26 August 2011, St. Petersburg, Russian Federation). 
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Viikmäe B., Soomere T. and Delpeche-Ellmann N. 2011. Optimizing fairways 
for environmental management in the Baltic Sea. Oral presentation at the 3rd 
International Workshop on Modeling the Ocean (06–09 June 2011, Qingdao, 
China). 

Viikmäe B., Soomere T. and Delpeche N. 2011. Technology for finding 
optimum fairways for environmental management in the Baltic Sea. Oral 
presentation at the International Conference "Particles in Turbulence 2011" on 
Fundamentals, Experiments, Numeric and Applications (16–18 March 2011, 
Potsdam, Germany). 

Viikmäe B., Soomere T. and Delpeche N. 2010. Using Lagrangian trajectories 
to find areas of reduced risk of coastal pollution in the Gulf of Finland. Oral 
presentation at the 5th International Student Conference on "Biodiversity and 
Functioning of Aquatic Ecosystems in the Baltic Sea Region" (06–08 October 
2010, Palanga, Lithuania). 

Viidebaum M., Viikmäe B. and Delpeche N. 2010. Sensitivity study of the 
Lagrangian trajectory model TRACMASS. Oral presentation at the 5th 
International Student Conference on "Biodiversity and Functioning of Aquatic 
Ecosystems in the Baltic Sea Region" (06–08 October 2010, Palanga, Lithuania). 

Viikmäe B., Soomere T. and Delpeche-Ellmann N. 2010. Potential of using 
Lagrangian trajectories for environmental management in the Gulf of Finland. Oral 
presentation at the 10th International Marine Geological Conference (24–28 
August 2010, St. Petersburg, Russian Federation). 

Delpeche N., Soomere T. and Viikmäe B. 2010. Towards a quantification of 
areas of high and low risk of pollution in the Gulf of Finland, with the application 
to ecologically sensitive areas. Poster presentation at the 6th Study Conference on 
BALTEX (14–18 June 2010, Międzyzdroje, Island of Wolin, Poland). 

Andrejev O., Sokolov A., Soomere T., Myrberg K. and Viikmäe B. 2010. 
Using multi-year circulation simulations to identify areas of reduced risk for 
marine transport. Application to the Gulf of Finland. Oral presentation at the 6th 
Study Conference on BALTEX (14–18 June 2010, Międzyzdroje, Island of Wolin, 
Poland). 

Viikmäe B., Soomere T., Delpeche N., Meier H.E.M and Döös K. 2010. 
Utilizing Lagrangian trajectories for reducing environmental risks. Oral 
presentation at the 6th Study Conference on BALTEX (14–18 June 2010, 
Międzyzdroje, Island of Wolin, Poland). 

Viikmäe B., Soomere T. and Delpeche N. 2010. The use of Lagrangian 
trajectories for minimisation of the risk of coastal pollution. Oral presentation at 
the Joint Numerical Modelling Group 15th Biennial Conference (10–12 May 2010, 
Delft, The Netherlands). 

Soomere T., Delpeche N. and Viikmäe B. 2010. The use of current-induced 
transport for coastal protection in the Gulf of Finland, the Baltic Sea. Poster 
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2010, Vienna, Austria). 

Viikmäe B., Isotamm R. and Delpeche N. 2010. An empirical method to 
determine patterns of the risk of coastal pollution in the Gulf of Finland. Oral 
presentation at the Joint Baltic Sea Research Programme (19–21 January 2010, 
Vilnius, Lithuania).  

Soomere T., Delpeche N. and Viikmäe B. 2010. Semi-persistent patterns of 
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Baltic Sea Research Programme (19–21 January 2010, Vilnius, Lithuania).  
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1. In search for favourable patterns of currents 

The Baltic Sea (Figure 2), which is sometimes called a small intra-continental sea 
(Leppäranta and Myrberg, 2009), belongs to the shelf seas connected to the 
Atlantic Ocean. The outermost part of the Baltic Sea is located in the narrow region 
between the mainland of Denmark and Sweden. The traditional definition places its 
boundary between the Kattegat and the Danish straits. Although the Kattegat is 
customarily not considered as a part of the Baltic Sea, many circulation models of 
the Baltic Sea include this basin in the model domain. 

 

 
Figure 2. Main fairways in the Baltic Sea. Map by M. Viška. 

The Baltic Sea is relatively shallow (mean depth 54 m and the deepest part, 
459 m) and small (392 978 km²), with a total volume of 21 205 km³. Only about 
12% of its total area has a depth of more than 100 m, and only 2.7% is deeper than 
150 m. Consequently, a large part of the Baltic Sea can be characterised as a 
shallow, coastal-like area. The sea consists of several sub-basins of different depths 
and volumes (Leppäranta and Myrberg, 2009). The largest basin is the Gotland Sea 
with an area of 151 920 km² or 39% of the total area of the Baltic Sea. The Gulf of 
Finland covers an area of 29 498 km² and has a volume of 1098 km³ (5% of the 
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Baltic Sea). Its mean depth is only 37 m, clearly less than that of the entire Baltic 
Sea. The Danish straits, the Arkona Basin and the Gulf of Riga have relatively 
small volumes. 

The research in this thesis concerns mostly the Gulf of Finland. A small part of 
the results comes from the area of Vatlestraumen (Norway, not shown in figures). 
The possibilities of the use of a similar technology for preventive optimisation of 
fairways have been analysed for the south-western Baltic Sea and Danish straits 
(Lu et al., 2012), for the northern Baltic Proper (Viikmäe et al., 2011) and for the 
entire Baltic Sea using Lagrangian transport (Lehmann et al., 2014) and Eulerian 
tracers (Höglund and Meier, 2012; Meier and Höglund, 2013). The impact of wind- 
and wave-driven transport on the results obtained from the analysis of current-
driven transport is presented in Murawski and Woge Nielsen (2013). The main 
message from this work is that inclusion of wind drift renders the climatologically 
valid solution discussed in this study and in Andrejev et al. (2011) into two 
branches, one of which is valid for summer and winter months and another for 
transitional seasons (spring and autumn). 

1.1. Circulation in the Gulf of Finland 

The motion of water masses in the Gulf of Finland is tightly connected with the 
overall circulation in the central Baltic Sea. The mean circulation in the Gulf of 
Finland, similarly to the Gotland Sea, Gulf of Riga, Sea of Bothnia and Bay of 
Bothnia, is cyclonic (Leppäranta and Myrberg, 2009). As a result, the water is 
warmer and saltier in the eastern sides of all these basins than in the western parts. 
In the narrow, west–east oriented Gulf of Finland such a difference induced by 
mean circulation is observed between the northern and southern sides. 

Although the long-term mean current in the Baltic Sea is weak, with an average 
speed of 5–10 cm/s, the circulation system is in some areas relatively persistent 
(Andrejev et al., 2004b). During storms the surface drift currents can reach 
50 cm/s, in straits up to 100 cm/s. 

Water masses in the Baltic Sea and in the Gulf of Finland are strongly stratified. 
As a result, motions in the upper layer (above the main pycnocline) are only 
weakly connected with the motions in the lower layer. This feature is most vividly 
evident in the Gulf of Finland. To characterise interactions between the layers and 
vertical fluxes, Döös et al. (2004) introduced the term ‘haline conveyor belt’ in 
analogy to the deep-water conveyor belt of the World Ocean. This term denotes the 
combination of many factors (such as bottom currents of the denser inflowing 
waters from the North Sea, the entrainment of ambient surface waters, mixing due 
to diffusion, interleaving of the inflowing water at a depth corresponding to the 
level of neutral buoyancy, vertical advection and upward entrainment of deep water 
into moving surface water in the Northern Gotland Basin) that are responsible for 
the overturning circulation of the Baltic Sea. 

Water masses in the Gulf of Finland are diverse and rich in fronts due to the 
estuarine character of the gulf. This diversity is enhanced by the voluminous river 
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runoff, vigorous modulation of currents by bathymetry and frequently occurring 
upwelling events. Systematic studies of circulation in the Gulf of Finland have 
been performed already at the beginning of the 1900s (Leppäranta and Myrberg, 
2009). These observations were collected onboard lightships using simple 
instrumentation but they still provided a fair understanding of the surface 
circulation for the northern Baltic Sea. 

One of the key properties of sea dynamics from the viewpoint of this thesis is 
the existence of (semi-)persistent patterns of transport. The above-mentioned 
classical studies highlighted the marked horizontal variability of the entire field of 
currents and demonstrated that the mean circulation is a statistical property rather 
than a permanent feature. Palmén (Leppäranta and Myrberg, 2009) defined the 
persistency R of the direction of the current as the ratio 

%100
U

R
U

, (1.1) 

where U  is the current velocity2, U  is the length of a vector consisting of mean 

values of velocity components and U  is the mean current speed. If the direction 

of the current is constant, the persistency is 100%. The long-term persistency of 
surface currents in the Gulf of Finland was between 6% and 26% (Leppäranta and 
Myrberg, 2009), whereas it was much larger during some seasons. 

The early analyses and observations revealed some other important details of 
the behaviour of the entire surface layer, including local drift currents. The surface 
flow (equivalently, the transport in the surface layer, including the Ekman current) 
has a speed of about 1.4% of the wind speed and is deflected by 19° to the right of 
the wind direction (Leppäranta and Myrberg, 2009). 

A major improvement of this picture was achieved in the 1970s when the 
existence of mesoscale features was discovered. The numerical values in Eq. (1.1) 
did not change much. The persistency R  of the surface circulation is usually well 
below 20% in the central part of the gulf but up to 50% in the coastal areas and can 
be even higher in specific locations of the Gulf of Finland (Andrejev et al., 2004a). 
Due to the impact of local topographic and hydrographic features, the persistency 
of the currents is smaller along the northern nearshore than along the southern 
coast (Andrejev et al., 2004a). 

The nature of the residual (mean) circulation is crucial for long-term estimates 
of the drift of substances. The presence of an overall cyclonic pattern does not 
mean the existence of a permanent stream-like circulation type (Myrberg and 
Soomere, 2013). The instantaneous field of mesoscale currents almost totally 
masks the mean circulation and even an anticyclonic gyre may exist in the eastern 
part of the Gulf of Finland in selected years (Soomere et al., 2011). The current 
system is additionally complicated by periodic processes like inertial oscillations, 

                                                      
 
2 Below I interpret velocity as a vector and speed as its length (scalar). 
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‘harbour oscillations’ in the gulf and seiches of the combined Gulf of Finland–
Northern Gotland Basin system (Jönsson et al., 2008). 

The search for the background residual current revealed one detail that is 
important from the viewpoint of this thesis. This current was quantified using 
linear regression between the easterly and northerly wind components and the 
easterly component of the current at a depth of 5 m off Kotka in the northern Gulf 
of Finland (Myrberg and Soomere, 2013). The difference between the classical 
results for the surface flow (1–3 cm/s) and for the residual flow at a depth of 5 m 
(4.8 cm/s) signals the presence of a layered structure of velocity fields and the 
necessity of using a sufficiently high vertical resolution in circulation models of the 
Gulf of Finland. Andrejev et al. (2004a) suggest that in terms of instantaneous 
velocities, persistency and the overall structure of the flow, the uppermost 2–3 m 
thick layer may be almost completely decoupled from the subsurface layer. The 
results of Suursaar (2010) also confirm that the sea currents are highly variable 
over the first metres of depth, at least for some seasons. 

The patterns of long-term (Lagrangian) transport are quite complicated in the 
Gulf of Finland. The long-term mean flow (of a couple of cm/s) towards the west 
was indirectly derived from the time difference between the annual minimum of 
the surface salinity near the island of Utö and the maximal river runoff (Myrberg 
and Soomere, 2013). These estimates match the typical east–west net transport 
speed in relatively coarse numerical models (Soomere et al., 2011). 

A random transport model demonstrated that after a one-year period from a 
starting point at Helsinki, as expected, the probability distribution of the transport 
had a maximum in the west. However, the probability density was non-zero in the 
east, signalling that the eastward net transport does occur in some cases even if the 
direct impact of mesoscale features is filtered out (Leppäranta and Peltola, 1986). 

The understanding of the circulation in the Gulf of Finland has considerably 
improved during the last decades based on numerical investigations of spatio-
temporal variability of the currents and extensive in situ measurements (Alenius et 
al., 1998; Soomere et al., 2008). Mean surface current velocities were westwards 
(3–5 cm/s in summer and 4–6 cm/s in autumn) off the Hanko Peninsula 
(Laakkonen et al., 1981; Haapala et al., 1990) and near Kotka (Alenius, 1986) at 
the northern (Finnish) coast, supporting the concept of cyclonic circulation. Strong 
westerly winds turned these currents to the east even for several weeks at a time, 
indicating the possibility of an anticyclonic gyre for some seasons (Soomere et al., 
2011). The largest flow speeds were recorded in summer. This feature probably 
reflects the strongly layered structure of the flow and signals that the energy of 
wind-driven motions is concentrated in a relatively thin upper layer. Interestingly, 
these features are consistent with the analysis of Murawski and Woge Nielsen 
(2013) who found that the same optimum fairway is valid for summer and winter. 

Measurements with moored current meters revealed that current speeds near the 
Estonian coast (up to about 20–30 cm/s in coastal jets) were generally higher than 
on the Finnish side (Talpsepp, 1986; Talpsepp et al., 1994): the long-term mean 
current speed off Helsinki was only about 10 cm/s. The most prominent variability 
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of the currents occurred on time scales of about 18–20 days. The presence of 
unidirectional currents over several days (Laakkonen et al., 1981; Talpsepp et al., 
1994) was further analysed by Soomere et al. (2011) in terms of semi-persistent 
transport patterns. 

The Finnish Institute of Marine Research conducted measurements at five 
stations across the entrance region of the Gulf of Finland in summer and autumn 
1994–1995 (Leppäranta and Myrberg, 2009; Myrberg and Soomere, 2013). The 
surface-layer flow had a typical velocity of 10–20 cm/s. Its direction varied across 
the gulf mostly consistently with a cyclonic circulation. The persistency of the 
outflowing current near the Finnish coast was about 50%. The current direction 
was highly variable in the middle of the gulf and inflow occurred near the Estonian 
coast. The regions of oppositely flowing currents were at times separated only by 
about 10 km. A long period of inflow along the Finnish coast was observed in 
autumn, possibly an evidence of surface water masses being pushed into the gulf 
by stronger south-western winds, associated with the export of saltier water at 
larger depths (Elken et al., 2003). 

Remarkable seiche-driven currents with periods of 31, 24, 19.5, 16 and 11 h 
have been identified near the island of Naissaar (Lilover et al., 2011), despite a 
widespread opinion that tidal flows and especially seiches (Jönsson et al., 2008) are 
relatively weak in the entire gulf. The current was deflected by 35° to the right 
from the wind (Lilover et al., 2011), that is, slightly more than in the classical 
estimates (Alenius et al., 1998; Elken et al., 2011). On certain occasions the 
average speed of tidal flows was close to 10 cm/s (Lilover, 2012). 

The currents in deep semi-enclosed bays at the southern coast of the gulf are 
apparently often multi-layered, with an anticyclonic flow in the upper layer and the 
cyclonic flow in the lower layer steered by the local topography (Raudsepp, 1998). 

Although the Gulf of Finland evidently hosts a large number of mesoscale and 
submesoscale phenomena, observational evidence of such features is quite limited. 
Pavelson (2005) reported observations of a mesoscale eddy with a diameter of 15–
20 km at the entrance to the gulf. The maximum velocities in its core reached 
35 cm/s. Observations of fronts and upwelling events are more frequent. These 
features occurring in the uppermost layer can be easily tracked and quantified by 
remote sensing. A classical example is the quasi-permanent multi-layered salinity 
front at the entrance of the gulf (Kononen et al., 1996; Pavelson et al., 1997), 
supported by the interplay of waters of different salinity and/or temperature 
flowing into and out of the gulf. Several quasi-stationary patterns (e.g., certain 
features of stratification) persist for 4–15 days in the gulf (Liblik and Lips, 2012). 
The variability of hydrophysical forcing drives similar heterogeneity in 
phytoplankton distribution (e.g., Lips et al., 2014; Laas et al., 2014). 

The system of currents in the eastern end of the Gulf of Finland (that is 
dynamically similar to an estuarine domain) is largely decoupled from the 
circulation in the rest of the gulf (Alenius et al., 1998). The mean flow is to the 
west with a speed ~10 cm/s. The flow direction is highly variable, while relatively 
persistent ‘streams’ can exist in this part of the gulf, in Neva Bay and in the 
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vicinity of the Saint Petersburg flood barrier where the influence of the Neva River 
is most clearly manifested. 

Drifter experiments also indicate that the dynamics of currents in the gulf is 
extremely complicated. In May 2003, Current Spy surface buoys with a drogue 
depth of 0.7 m (Gästgifvars et al., 2006) moved with a speed of about 2% of the 
wind speed and with a deviation angle of 0–10° to the right in moderate wind 
conditions. In weak wind conditions the buoys drifted to ~60° to the left of the 
wind. A feasible explanation is that currents are strongly layered and that the 
dynamics of the lower layers has overriden the wind-induced drift of the upper 
layer (Gästgifvars et al., 2006; Myrberg and Soomere, 2013). The relevant 
observational evidence is presented, e.g., in (Liblik and Lips, 2012). The idea that 
the dynamics of deeper layers may play a great role in the drift of various 
substances in the uppermost layer has been further developed in Soomere and Quak 
(2007). 

The presented material demonstrates that the system of currents in the Gulf of 
Finland hosts motions with a large range of spatial and temporal scales, from 
basinwide circulation down to synoptic vortices and submesoscale processes. In 
order to numerically resolve the diversity of processes and scales, partially caused 
by small values of the internal Rossby radius in some regions of the gulf (Nekrasov 
and Lebedeva, 2002; Alenius et al., 2003), extremely high-resolution models, down 
to 0.25 nautical miles are needed (Andrejev et al., 2010). 

From the viewpoint of this thesis, an important aspect is the exchange of water 
masses between the Gulf of Finland and the rest of the Baltic Proper, with no sill in 
between (see Methods IVa and IVb in Section 4.1). Early estimates of the 
exchange were based on sparse field measurements, from which short-term 
variability has been filtered out. The classical Knudsen’s formula predicts annual 
water in- and outflows of 480 and 600 km3/yr, respectively (Leppäranta and 
Myrberg, 2009). Although the excess of water (mainly owing to input of river 
water) to the Gulf of Finland, around 115 km3/yr, was recovered adequately, the 
corresponding mean current speed ~1 cm/s was clearly underestimated. 

Although internal wave activity is only scarcely reflected in recent studies 
(Kurkina et al., 2011; Lilover and Stips, 2011), it is apparently high in this area. 
According to Pavelson (2005), the production of eddies, topographically controlled 
currents and fronts is frequent and therefore diapycnal mixing is intense in the 
entire entrance region. The forming of specific features of the vertical structure of 
water at the entrance to the gulf also stems from the anisotropic wind wave regime 
in the Baltic, with frequent occurrence of very high waves in the north-eastern part 
of the Northern Gotland Basin (Feistel et al., 2008). 

Below (and in Paper E) I extensively use the concept of particle age. Its 
introduction in Andrejev et al. (2010, 2011) was motivated by a similar concept of 
water age that is a helpful tool to study water renewal rates and water quality. 
According to the classical definition, the age of a water parcel is the time elapsed 
since the parcel left the sea surface (Deleersnijder et al., 2001). This definition is 
particularly relevant in the Gulf of Finland, where the water is supplied either 
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through near-surface currents from the Northern Gotland Basin, precipitation or 
river discharge. The oldest water (about 8.3 years) is located at the bottom of the 
gulf (Meier, 2005). Another definition of water age accounts for both horizontal 
and vertical displacements (Bolin and Rodhe, 1973) and characterises the residence 
time of water parcels in a selected area. 

Particular values of water age largely depend on the definition of the ‘outer’ 
basin. For example, Meier (2007) estimated the average age of the Gulf of Finland 
water in terms of water exchange between the North Sea and the entire Baltic Sea 
to be ~20 years. The same value for the Gulf of Finland with respect to water 
exchange with the Northern Gotland Basin is about two years. This indicates 
intense interaction between the gulf and the rest of the Baltic Sea. The water age 
shows a pronounced spatial and temporal variability in the Gulf of Finland 
(Andrejev et al., 2004b), with the smallest values in the inflow regions and at river 
mouths and the highest values in the outflow regions. 

1.2. Numerical modelling of circulation 

Numerical models are widely used in studying geophysical phenomena, including 
hindcasting or forecasting surface currents. Due to the vital role of mesoscale 
variability for transport by surface currents, it is important that the simulated 
current field contains dominant features similar to real current fields in the ocean. 

A common opinion is that an eddy-permitting circulation model (that is, a 
model in which the largest eddies present in reality can be replicated) should have a 
spatial resolution not less than ½ of the internal (baroclinic) Rossby radius 1R  (see, 
e.g., Cushman-Roisin and Beckers, 2011 for the relevant theory). As the typical 
values of 1R  in the Baltic Proper are about 10 km (Fennel et al., 1991), models 
with a grid step of about 5 km (3 nautical miles) can reproduce some of the effects 
driven by such eddies. A model is called eddy-resolving if it is able to resolve 
typical mesoscale motions in the given area, that is, vortices and other features with 
a typical scale somewhat below the internal Rossby radius (Cushman-Roisin and 
Beckers, 2011). It is commonly accepted that models with a spatial resolution of 2 
nautical miles (about 3.5 km) are usually sufficient for eddy-resolving runs in the 
Baltic Proper (Lehmann, 1995) but are barely eddy-permitting in the Gulf of 
Finland (Myrberg et al., 2010). 

Attempts at numerical modelling of the Baltic Sea dynamics started already in 
the 1970s (Leppäranta and Myrberg, 2009). At the time it was not possible to 
properly describe the complete 3D flow field in this basin with realistic bottom 
topography and forcing. It was common to use a flat bottom in the relevant studies 
in the 1970s, while sensible (albeit strongly generalised) bottom topography was 
introduced in the 1980s (Leppäranta and Myrberg, 2009). 

The first realistic simulations of 3D dynamics of the Baltic Sea (that included 
both wind-driven and baroclinic circulation under realistic climatological forcing) 
using an eddy-permitting model resolution and adequate bottom topography were 
performed in the mid-1990s (Lehmann, 1995). Since then, 3D circulation 
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modelling has become an important tool that has substantially improved our 
understanding of the dynamics of the Baltic Sea. The number and variety of present 
models and applications for the Baltic Sea are rapidly increasing (Omstedt et al., 
2004; Feistel et al., 2008; BACC, 2008; Leppäranta and Myrberg, 2009). 

The 3D numerical modelling of today in the Baltic Sea is typically based on the 
horizontal resolution of 1–5 km and a vertical structure described by 20–100 
layers. Even higher resolutions are often needed in local applications (Zhurbas et 
al., 2008a, 2008b; Andrejev et al., 2010; Lu et al., 2012). Properly adjusted 
geostrophic wind data (e.g., the gridded meteorological data by the Swedish 
Meteorological and Hydrological Institute) are often used for relatively low-
resolution simulations, model validation and intercomparisons (Myrberg et al., 
2010) and for the identification of long-term changes (e.g., Myrberg and Andrejev, 
2006; Meier, 2006, 2007; Lehmann et al., 2011). The output of local atmospheric 
models such as different versions of the High Resolution Limited Area Model 
(HIRLAM) (www.hirlam.org) or the DWD model (www.dwd.de), ERA-40 
reanalysis (Uppala et al., 2005) or its downscalings (Höglund et al., 2009; 
Samuelsson et al., 2011) are typically used as meteorological forcing for higher- 
resolution simulations. Several systematic features of air flow in the Gulf of 
Finland are still not captured by even the best atmospheric models (Keevallik and 
Soomere, 2010), hence new high-resolution reanalyses are urgently needed. 

One of the most important inputs in the Baltic Sea modelling is the voluminous 
river discharge. The relevant data in terms of monthly mean values (Bergström and 
Carlsson, 1994) are available, e.g., from the BALTEX Hydrological Data Centre. 
The initial conditions for hydrographic parameters are available, e.g., from the 
Baltic Environment Database, which can be used through the Data Assimilation 
System (Sokolov et al., 1997). Observations from buoys and tide gauges provide 
useful information for model verification and data assimilation (Myrberg et al., 
2010). The availability and accurate description of the open boundary conditions in 
the Danish straits is still a challenge, because only a limited number of data are 
available (Meier and Höglund, 2013). 

Simulations of the mean circulation of the entire Baltic Sea confirm the main 
characteristics of the early findings (desribed above) about the general cyclonic 
circulation (Lehmann and Hinrichsen, 2000; Lehmann et al., 2002) but also 
indicate that the mean circulation is likely variable over longer periods, with 
changes in the character of wind forcing, heat fluxes and ice extent, freshwater 
budget and inflow activity (Meier, 2007). A hindcast for the period of 1958–2001 
showed an increase in the yearly averaged surface velocities (mean over the entire 
sea area) by 0.21 cm/s per decade (Jędrasik et al., 2008). There is evidence that 
over shorter periods (months), the water movements may take alternative paths as 
compared to the regular spreading patterns. 

High-resolution modelling has added many fascinating details to the above-
discussed properties of the dynamics of the Gulf of Finland that were captured in 
the historical studies. The gulf hosts a manifold of mesoscale features such as 
persistent eddies with a typical size exceeding the internal Rossby radius (Andrejev 
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et al., 2004a, 2004b). Eddies are relatively small in the eastern part of the central 
gulf. The cyclonic mean circulation does exist in the Gulf of Finland but the 
patterns and the persistency of the currents deviate to some extent from the 
classical analyses. Voluminous runoff from the Neva River drives strong and 
persistent, mostly west to north-west directed but still strongly meandering currents 
in Neva Bay and the easternmost narrow part of the Gulf of Finland. These are 
important for commercial ship routing (Murawski and Woge Nielsen, 2013). 

Modelling results confirm the observations that the Finnish side is primarily 
dominated by offshore outflow down to a depth of 40–50 m and with a mean speed 
of 8 cm/s (Meier, 1999; Andrejev et al., 2004a). According to Andrejev et al. 
(2004a), a persistent (up to 50%) inflow near the southern coast is visible at all 
depths with typical speeds of 1–4 cm/s, whereas the most intense flow (7–10 cm/s) 
occurs near the surface. A compensating and highly persistent (up to 80%) outflow 
exists in the rest of the gulf in the subsurface layer (2.5–7.5 m). The uppermost 
2.5 m thick layer is characterised mainly by an Ekman-type drift (whereas an 
intense transport with a speed ~8 cm/s goes into the gulf on the Finnish side in this 
layer, Andrejev et al., 2004a). The layer just below it (2.5–7.5 m) may have clearly 
different dynamics. This once more confirms the different dynamics of the surface 
and sub-surface layers and signals that for the reconstruction of trajectories of 
parcels of pollutants and floating objects at the sea surface, very high vertical 
resolution is required for the ocean models. 

The basic pathways of the water cycle in the gulf (Alenius et al., 1998) mirrored 
the infrequent one-way salt water inflow through the Danish straits (e.g., Lass and 
Matthäus, 1996; Elken and Matthäus, 2008) into the deeper layers of the Baltic 
Sea. According to Elken et al. (2003, 2014), a two-way exchange (involving the 
possibility of an almost total export of saline bottom water from the gulf), 
accompanied by drastic variations in the halocline’s position (even almost its 
complete disappearance), may take place at the entrance to the gulf. Differently 
from the classical estuarine dynamics, the strongly anisotropic wind forcing 
(Soomere and Keevallik, 2003) plays an important role in the water exchange and 
formation of the vertical structure of the water masses in the Gulf of Finland. 
Namely, strong south-western winds occasionally push a large amount of fresher 
surface water back into the gulf. The increased hydrostatic pressure may lead to a 
gradual export of the salt wedge in the bottom layer of the gulf (Elken et al., 2003, 
2014) or may cause a weakening of the stratification of water masses at the 
entrance to the gulf and intensification of vertical mixing (Elken et al., 2006) if the 
mean wind speed exceeds 4–5.5 m/s. This knowledge has led to a substantial 
revision of the traditional concept of mostly decoupled lower layer dynamics and 
reveals that both the surface and near-bottom layers respond rather actively to wind 
forcing. The layers are mostly decoupled on local scales, but here the coupling 
occurs on the scale of the entire basin (Myrberg and Soomere, 2013). 

Although baroclinic instability usually leads to disintegration of the flow 
(Cushman-Roisin and Beckers, 2011), a gently sloping bottom at the Finnish coast 
may cause an internal adjustment of the flow to a quasi-stable state (Stipa, 2004). 
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The flow can thus be interpreted as an analogue to large-scale nearly zonal ocean 
currents where the impact of the beta-effect is mimicked by an equivalent impact 
of the sloping bottom (Cushman-Roisin and Beckers, 2011). Such baroclinic 
currents are generally more pronounced than barotropic ones (Soomere, 1995). 

The importance of mesoscale motions in the transport becomes vividly evident 
from numerical simulations of the water exchange between the Gulf of Finland and 
the Northern Gotland Basin. Lehmann and Hinrichsen (2000) obtained the same 
long-term net outflow (~130 km3/yr) as the classical sources. The volumes of short-
time in- and outflow are not only much higher but also strongly depend on the 
spatio-temporal resolution of the processes (Andrejev et al., 2004a). The reason is 
that relatively persistent or quasi-periodic, mesoscale features (local jets, synoptic 
eddies, inertial oscillations) create comparatively short-term transport of water 
across the entrance line. This water is usually not transported far from its original 
location and does not affect the interior of the gulf. If the mesoscale circulation was 
accounted for, the average in- and outflows were 3154 and 3273 km3/yr, 
respectively, for 1987–1992 (Andrejev et al., 2004a). A similar estimate only 
accounting for the quasi-stationary circulation pattern gave 1417 and 1532 km3/yr. 

1.3. Circulation models RCO and OAAS 

A General Circulation Model (GCM) is a mathematical model that describes the 
large-scale fluid dynamics in the atmosphere and ocean. The basis of the 
commonly used models for ocean currents are the so-called primitive equations for 
incompressible and isotropic Newtonian fluid: (i) a continuity equation 
representing the conservation of mass, (ii) the Navier–Stokes equations (or, more 
commonly, certain equations derived from the Navier–Stokes equations) 
representing the conservation of momentum and (iii) thermodynamical equation(s). 
An ocean GCM also includes a budget equation for salinity and an equation of state 
relating water density with temperature, salinity and pressure (Cushman-Roisin and 
Beckers, 2011). 

A large number of numerical ocean models are available (e.g., Haidvogel and 
and Beckmann, 1999; Torsvik, 2013). This variety is largely due to design choices 
in the model construction, e.g., discretisation techniques, horizontal and vertical 
grid configurations, turbulence schemes and subgrid-scale parameterisation, 
parameterisation of boundary layer processes and boundary conditions. The 
optimal design usually depends on the intended use of the model, for instance 
whether it is designed for global-scale or regional-scale simulations, or used in a 
short-term forecast system, long-term climate study or intermediate-duration 
(multi-)seasonal study. 

As discussed in Section 1.2, numerical replication of circulation patterns in the 
Baltic Sea, and especially in its sub-basins such as the Gulf of Finland, is a major 
challenge. Even the very best existing circulation models only partially reproduce 
the actual motions in these water bodies (Myrberg et al., 2010), whereas even 
reproduction of certain common statistical properties of transport is not always 



33 

perfect (Kjellsson and Döös, 2012; Kjellsson et al., 2013). The models, the output 
of which is used in this study, are expected to reproduce, at least, the core statistical 
features of currents, from which long-term statistical properties of Lagrangian 
transport can be extracted. For the purposes of this work it is critical that the 
patterns of surface motions should be reproduced as accurately as possible. 

The material presented in Sections 1.1 and 1.2 shows that the Baltic Sea is 
relatively shallow, usually very strongly stratified (Leppäranta and Myrberg, 2009) 
and subject to the impact of extremely variable (both in space and time) wind 
patterns (Soomere, 2003). Typically, the stratification has a multi-layered structure 
(Alenius et al., 2003), whereas motions in the lower layer (below the main 
thermocline) are often almost disconnected from the motions in the upper layer 
(Leppäranta and Myrberg, 2009). This peculiarity is particularly strong in the Gulf 
of Finland (Alenius et al., 1998; Myrberg and Soomere, 2013). In relatively 
shallow areas the Ekman spiral evidently ‘feels’ the bottom (Leppäranta and 
Myrberg, 2009). It is thus likely that the horizontal velocity components are highly 
variable between different vertical layers and certain features of the surface 
circulation (such as an anticyclonic gyre in the eastern part of the gulf, Soomere et 
al., 2011) may not match the depth-integrated cyclonic circulation. Thus, for an 
adequate replication of the statistics of surface velocity fields in the Gulf of Finland 
the circulation model has to have very good resolution in both horizontal and 
vertical directions. A specific additional requirement is imposed by the relatively 
large sea-ice coverage during the winter season (SMHI and FIMR, 1982). 

Several contemporary circulation models of the Baltic Sea match these 
requirements and are able to resolve the dynamics of at least the largest mesoscale 
features such as synoptic vortices: Rossby Centre Ocean (RCO) model (Meier, 
1999; Meier et al., 2003) developed in the Swedish Hydrological and 
Meteorological Institute (SMHI), Nucleus of European Modelling (NEMO; Madec, 
2008), High Resolution Oceanographic Model of the Baltic Sea (HIROMB; 
Funkquist and Kleine, 2007), the Kiel Baltic Sea Ice Ocean Model (BSIOM; 
Lehmann et al., 2002) or the family of DMI/BSHcmod circulation models (Kleine, 
1994; Dick et al., 2001), originally developed in the Bundesamt für Seeschifffahrt 
and Hydrographie (Germany) and further improved in the Danish Meteorological 
Institute. They have been designed for different purposes. For example, the RCO 
model has been designed for long-term climate studies and has a moderate spatial 
resolution and the HIROMB model has been developed for operational forecast. 

Most of the studies described in this thesis rely on the 3D velocity fields 
simulated for 1982–2001 using the RCO model and kindly provided by the SMHI 
in the framework of the BONUS BalticWay cooperation. This data set was one of 
the few that, technically, could have been used for the described studies due to: (i) 
a well-tested model, (ii) long, homogeneous timeseries of hindcast data and (iii) a 
sensible resolution in space and time. Calculations similar to those presented in this 
thesis have been performed for the south-western Baltic Sea using the 
DMI/BSHcmod model (Lu et al., 2012), for the entire Baltic Sea with the Kiel 
Baltic Sea Ice Ocean Model (Lehmann et al., 2014), for the Gulf of Finland using a 
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higher-resolution model OAAS (Andrejev et al., 2010, 2011) and by coupling 
current and wind drift for the Gulf of Finland by Murawski and Woge Nielsen 
(2013) who employed a further development of the DMI/BSHcmod. 

The RCO model has been designed for simulations of long time intervals 
necessary for investigation of ocean climate. The underlying equations and details 
of the implementation are described in many papers (e.g., Meier, 1999; Meier et 
al., 2003; Meier, 2007; Meier and Höglund, 2013) and also shortly provided in 
Paper A and Paper B. The model equations are solved using a regular rectangular 
grid in the horizontal direction and z-coordinates in the vertical direction. The 
horizontal resolution (2 nautical miles) is considered acceptable with regard to 
mesoscale dynamics in the open part of the Baltic Sea (Meier et al., 2003; Meier, 
2007) but is only eddy-permitting in the Gulf of Finland. The model uses up to 41 
vertical levels (depending on the local water depth), the thickness of which varies 
between 3 m close to the surface and 12 m at 250 m depth. Winter conditions are 
resolved using a Hibler-type sea ice model (Hibler, 1979).  

The motions in the sea depend on different forcing factors (e.g., direct wind 
impact, wave generation, mass and heat exchange) and on what happens at certain 
points or along specific sections of the water mass (e.g., river mouths, borders with 
adjacent sea domains). The RCO model accounts for inflow of fresh water from the 
major rivers along the Baltic Sea coasts and water exchange through the Danish 
straits. The model uses wind speed and direction at the standard height of 10 m 
above sea level, air temperature and specific humidity at a height of 2 m, 
precipitation, total cloudiness and sea level pressure. The relevant forcing fields 
were derived as a specific regionalisation of the ERA-40 re-analysis (for 1957–
2002, Uppala et al., 2005) over Europe. The input for the RCO model was 
constructed using a regional atmospheric model with a horizontal resolution of 
25 km (Samuelsson et al., 2011). As the atmospheric model tends to underestimate 
wind speed extremes, the wind was adjusted using simulated gustiness (Höglund et 
al., 2009). A comprehensive comparison of the performance of the RCO model in 
the Gulf of Finland against several other state-of-the-art circulation models is 
provided by Myrberg et al. (2010).  

Although the RCO model has shown very good performance in the Baltic Sea 
conditions, it still has several shortcomings similarly to other models of this 
generation, especially if applied to the Gulf of Finland (Myrberg et al., 2010). 
From the viewpoint of my work, the statistics of the spreading of modelled 
trajectories and the typical Lagrangian transport speed to some extent deviate from 
the values evaluated using subsurface drifters (Kjellsson and Döös, 2012). This 
feature, however, insignificantly impacts the basic results of this study (Paper G). 

Due to inexact parameterisations of subgrid-scale processes, insufficient 
horizontal and vertical grid resolution, biases of atmospheric and hydrological 
forcing fields, too coarse topographic data, etc., virtually all the Baltic Sea models 
suffer from uncertainties. For instance, the RCO model produces a too shallow 
halocline (Meier, 2007) and artificial mixing during salt water inflows (Meier et 
al., 2003), too strong vertical stratification in the Gulf of Finland (Meier, 2007) and 
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numerical noise affecting the sea surface temperature (Löptien and Meier, 2011). 
The shortcomings of the RCO model are characteristic of all contemporary 
circulation models of the Baltic Sea that at times fail to reproduce even the simplest 
variables such as the sea level (Lagemaa et al., 2011). 

The typical values of the internal Rossby radius in the Gulf of Finland are 2–
4 km (Alenius et al., 2003). Therefore, models with a spatial resolution of 
2 nautical miles are barely eddy-permitting for the Gulf of Finland (cf. Myrberg et 
al., 2010). Although an accurate representation of all mesoscale eddies cannot be 
expected, the model is evidently able to replicate at least the larger eddies and their 
contribution to current-driven transport, and allows some insight into the realistic 
dynamics of the sea and into certain statistical properties of Lagrangian transport. 
As the RCO model was designed to study past and future climate variability of the 
Baltic Sea on a centennial time scale, a horizontal resolution higher than 2 nautical 
miles was not feasible (Meier et al., 2003). For this reason the work presented in 
this thesis is focused on the evaluation of certain statistical properties of current-
driven transport. Many of these properties have been shown to be almost invariant 
with respect to the particular choice of the model resolution (Andrejev et al., 2011) 
and associated problems with the accuracy of replication of the details of motions 
(Paper G). 

Papers C and D rely on the output of the OAAS model developed by 
O. Andrejev and A. Sokolov (Andrejev and Sokolov, 1989, 1990; Sokolov et al., 
1997; Andrejev et al., 2004a, 2004b; Andrejev et al., 2010). This model has been 
designed to replicate dynamics of sea areas with complicated geometry and strong 
stratification such as the Gulf of Finland. Its basic features are similar to those of 
the RCO model: it is a primitive-equation, free-surface, 3D baroclinic z-coordinate 
circulation model in Cartesian coordinates. Some of the model features (such as the 
equation of state) have been tuned for the Baltic Sea conditions (Millero and 
Kremling, 1976). As the winters during the period covered in simulations (1987–
1991) were rather mild and the Gulf of Finland was mostly free of ice, a simple 
parameterisation was used for ice phenomena. For water temperatures below the 
freezing point, the wind stress was decreased by a factor of 10 in order to mimic 
the presence of ice. At 0 °C, the vertical heat flux was stopped as long as cooling 
conditions prevailed. The loss of heat during ice melting was approximated by 
reducing the upward heat flux in the early spring by a factor of four until the water 
temperature reached +1 °C. 

The data sets used in Paper C and Paper D were generated during simulations of 
the currents in the Gulf of Finland to the east of 23º27 E with a spatial resolution 
of 1 nautical mile. The vertical resolution was 1 m in the entire water column 
except for the surface layer that had a thickness of 2 m. The model has been used in 
a variety of applications such as studies of upwelling in the entire Baltic Sea 
(Myrberg and Andrejev, 2003) and various dynamical and hydrophysical features 
of the Gulf of Finland (Andrejev et al., 2004a, 2004b; Gästgifvars et al., 2006; 
Myrberg et al., 2010). 
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The OAAS model was forced with the same meteorological data as the above-
described implementation of the RCO model (Andrejev et al., 2010, 2011). River 
discharge was approximated using monthly mean values for 1970–1990 
(Bergström and Carlsson, 1994). The salinity of river water was set to zero and its 
temperature equal to the ambient sea water temperature at the river mouth. The 
initial fields (water temperature and salinity) and the boundary information (the 3D 
structure of the salinity and temperature and sea level information) at the entrance 
to the gulf were interpolated from the output of the RCO model at 6-h resolution. 
To smooth the potential impact of the difference in the resolution between the 
models, the lateral diffusivity coefficient was increased in the OAAS model 
towards the boundary following a sine function in a sponge layer of a width of 16 
nautical miles. 

1.4. Lagrangian particle tracking 

In fluid dynamics the flow field is usually specified either through the Lagrangian 
frame of reference, where the observer follows the motion of individual fluid 
parcels, or through the Eulerian frame of reference, where the flow is determined 
by the velocity at fixed points. Both of these approaches are useful when tracking 
the motion of substances immersed in the fluid. Although they can be expected to 
produce similar results, there are some important differences. For example, the 
Eulerian tracer approach (Höglund and Meier, 2012; Meier and Höglund, 2013) 
determines concentrations from an advection and diffusion equation, similar to the 
budget equations used for salinity and temperature. Hence, the Eulerian approach is 
not suitable for tracing pathways of single pollution parcels, which makes it 
difficult to connect the presence of a substance at a particular location with a 
specific upstream source. 

The analysis in Papers A, B and E–G is based on the Lagrangian approach, 
namely, on statistical analysis of large sets of Lagrangian trajectories of test 
parcels. These trajectories are constructed on the basis of 3D velocity fields 
simulated by the RCO circulation model. Their analysis allows the identification 
and visualisation of several properties of currents that cannot be extracted directly 
from the current fields (Soomere and Quak, 2013). 

The trajectories can be evaluated (or the Eulerian tracer equation can be 
integrated) either ‘on-line’ (simultaneously with the integration of the GCM) or 
‘off-line’ (after the GCM has been run for some time and the velocity fields have 
been stored). The ‘on-line’ method can make use of velocity data at each internal 
integration time step of the GCM, hence the trajectories can be evaluated with a 
much higher temporal resolution than possible for ‘off-line’ calculations. However, 
the ‘off-line’ method is more efficient if there is a need to re-run experiments with 
different sets of parcels, e.g., when simulating the effect of different particle 
properties, or when the time, place and amount of parcels to be selected are not 
prescribed at the time of running the GCM. The Eulerian tracer equation generally 
needs to be integrated ‘on-line’ with the GCM (Höglund and Meier, 2012; Meier 
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and Höglund, 2013), while the Lagrangian trajectories can be both ‘on-line’ and 
‘off-line’. 

Both methods have been used in studies of pollution propagation in the Baltic 
Sea. The ‘on-line’ approach has been used for Eulerian tracers (Höglund and 
Meier, 2012) and in high-resolution simulations of Andrejev et al. (2010, 2011). 
The ‘off-line’ approach has been applied in Lu et al. (2012) and Lehmann et al. 
(2014). Murawski and Woge Nielsen (2013) employed a combined method of 
calculating oil spill propagation under joint impact of waves and surface currents. 

The research in Papers A, B, E, F and G is based on the ‘off-line’ approach to 
calculations of Lagrangian trajectories. The current-driven paths of single passive 
water parcels (representing, e.g., persistent passive neutrally buoyant pollution 
particles, or similar agents of other adverse impacts on the sea surface or in the 
surface layer) are analysed with the use of a Lagrangian trajectory model, 
TRACMASS (Döös, 1995; de Vries and Döös, 2001). This model uses pre-
computed Eulerian velocity fields at discrete grid points to evaluate an approximate 
path of water parcels (equivalently, of an adverse impact with neutral buoyancy). 
The Lagrangian trajectories of selected water parcels (passive particles or tracers) 
are calculated by solving the trajectory path through each grid cell. The procedure 
relies on an analytical solution of a differential equation that depends on the 
velocities on the walls of the grid box obtained using a linear interpolation of the 
velocity field in space (and also in time in the time-dependent version). 

In the idealised case the velocities provided by a GCM can be interpreted as an 
exact representation of the dynamics. The resulting trajectories are then exact and 
invertible solutions to the relevant trajectory equations. After the integration of 
trajectory equations has been performed forward in time, it is possible to do a 
reverse tracking and to arrive at the starting position. This enables tracing origins 
of water or air masses to some extent (Döös et al., 2013). 

The TRACMASS model was originally developed by Döös (1995) and Blanke 
and Raynaud (1997) for stationary velocity fields and generalised by de Vries and 
Döös (2001) for time-dependent fields. The code has been further developed and 
used in many studies of the global ocean (Döös and Coward, 1997; Drijfhout et al., 
2003; Döös et al., 2008), of the Mediterranean Sea and the Baltic Sea (Döös et al., 
2004; Jönsson et al., 2004; Engqvist et al., 2006; Soomere et al., 2011), as well as 
in the research of large-scale atmospheric circulation (Kjellsson and Döös, 2012). 
A detailed overview of the code is presented in Döös et al. (2013). 

As I am specifically interested in surface transport patterns, the test parcels in 
Papers A, B, E, F and G are locked in the uppermost layer as in Andrejev et al. 
(2010) and only advected by horizontal velocity. In the RCO model velocities in 
this layer represent the currents at depths of 0–3 m. As discussed in the 
Introduction, the resulting trajectories are not representative for truly passive, 
neutrally buoyant parcels. They represent current-driven motion of objects or 
substances that are slightly lighter than the surrounding water (e.g., oil in otherwise 
calm conditions, or lost containers) or are locked in the uppermost layer for some 
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other reason. In essence, doing so, is a particular case of so-called binned random 
walk approach (Thygesen and Ådlandsvik, 2007). 

The so-called non-spreading version of the TRACMASS code assumes that the 
GCM velocities fully represent the motions in the ocean (Döös et al., 2013). This 
assumption ignores the effects of subgrid-scale turbulence on the motion of fluid 
parcels. In such cases the initially close trajectories have an overly tendency to 
remain close over time, while in the real atmospheric and marine conditions the 
aggregated impact of small-scale features of the motion generally tends to spread 
closely packed particles (e.g., Ollitrault et al., 2005). It is well known that the 
spreading of trajectories in studies based on this version of TRACMASS has been 
usually much smaller than the spreading of real drifters (Jönsson et al., 2004; 
Engqvist et al., 2006; Döös and Engqvist, 2007; Döös et al., 2008; Kjellsson and 
Döös, 2012). The inclusion of the impact of small-scale features in the so-called 
spreading version of TRACMASS means that parcel tracking backwards in time 
generally does not lead back to the starting position of the parcel, and reverse 
tracking of water or air masses is generally not possible. The possible impact of 
subgrid turbulence on the results of calculations is also analysed in Paper G by 
means of the inclusion of a diffusion scheme in the TRACMASS model and 
repeating the calculations for 1982–2001. 
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2. Analysis of the structure of surface currents 

For a casual observer the motion of surface water in the sea may appear random 
and chaotic, but careful observation over extended time intervals usually reveals a 
multitude of coherent structures. Such structures are particularly important for the 
efforts towards making shipping environmentally friendlier. It was noted already in 
the mid-1990s that in addition to ship types and cargoes, the geography of shipping 
routes was a major component of the risk and environmental impact associated 
with shipping (Lo and McCord, 1995; Judson, 1997; see also Soomere, 2013 for an 
overview). In international literature only few studies are available on the fairway 
choice based on environmental arguments (Eide et al., 2007; Schwehr and 
McGillivary, 2007). The most widely discussed issue concerns whales hit by ships 
in the North Atlantic and in the Mediterranean Sea (Ward-Geiger et al., 2005; 
Panigada et al., 2006). An important part of the solution was the identification of a 
systematic pattern of open sea areas often visited by whales. As a result it was 
decided to relocate the fairway entering Boston Harbour to the area of minimum 
probability of the presence of whales (Stokstad, 2009). This shift increased the 
sailing time by about 15 min. 

These structures and patterns vary in size, time scale and persistency, ranging 
from the large-scale basinwide gyres that are only revealed by averaging over long 
time series of observations (Section 1.1) down to short-lived mesoscale and sub-
mesoscale jets and vortices. For shorter time scales (a few days), the surface 
currents represent a combination of a complex field of eddies interspaced by 
meanders, fronts and filaments, as typical of short-lived mesoscale motions. Eddies 
are characterised by a roughly circular feature of swirling fluid motion and are 
among the most easily recognisable coherent structures in a surface flow field. 
They play an important part in transport of heat, mass, momentum, biological and 
chemical agents, etc., from areas of eddy formation to areas of their decomposition 
(Munk et al., 1997; Chelton et al., 2011). Satellite altimeter data sets and drifting 
buoys have revealed that the eddy kinetic energy often exceeds the long-term mean 
kinetic energy even in regions with high current velocities (Ishikawa et al., 1997). 
In some sea areas eddy structures occur regularly due to specific recurrent flow 
patterns, such as the case of Mediterranean Water eddy (so-called meddy) 
formation near the Strait of Gibraltar by outflow of the Mediterranean water into 
the Atlantic Ocean (Bower et al., 1995). Similar phenomena are often registered in 
the Baltic Sea, ranging from the intra-halocline eddies in the Gotland Deep 
(Zhurbas et al., 2012) to relatively small-scale synoptic eddies in the Gulf of 
Finland (Pavelson, 2005). When eddies form regularly, they have a profound 
influence on the structure of semi-persistent current patterns. For example, their 
presence may substantially modify the water exchange between the Gulf of Finland 
and the Northern Gotland Sea (Section 1.2). 

Eddy detection from field measurements has been actively studied for the last 
40 years (Sadarjoen and Post, 2000; Isern-Fontanet et al., 2003; Chaigneau et al., 
2008; Nencioli et al., 2010; Souza et al., 2011). This research has greatly benefited 
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from technological advances in satellite technology and remote sensing imagery. 
While it is fairly easy to pick out strong eddy structures using satellite images, it is 
difficult to define precise boundaries that separate the eddy from the surrounding 
fluid motion and to track eddies over time due to their transient and highly volatile 
nature. It is even more difficult to construct reliable algorithms for automatic 
detection of eddies and to quantify the number and characteristic dimensions of 
eddies without human interference. However, with an increasing data stream from 
satellites and numerical models, it is highly desirable to further improve the 
methods for automatic eddy detection. 

The state-of-the-art methods for eddy detection tend to proceed according to 
one of the two general principles. One class of methods is based on the detection of 
variations in some physical quantities, such as pressure or vorticity. Relatively 
strong gradients are required to be reasonably sure that the anomaly represents a 
persistent structure, so these methods tend to detect the strong, dominant vortex 
field. Another class of methods relies on the geometric properties of streamlines 
where the curvature of the streamline is indicative of vortex structures. Additional 
conditions are often required to avoid multiple detections of the same eddy. 

This chapter describes several efforts towards improving automatic methods for 
the analysis of instantaneous flow fields. A method based on physical quantities, 
such as strain and vorticity fields, is discussed in Paper C. A hybrid detection 
method based on a combination of this physical method with a geometrical method 
that is based on the analysis of the curvature of single streamlines is implemented 
in Paper D. 

2.1. Favourable patterns reducing environmental risks 

A commonly accepted notion of risk aR  in natural sciences, engineering and 

industry (IRM, 2002) is expressed as the product of the probability aP  (of failure 

or accident) and the properly quantified severity aC  (cost or consequence) of this 
disaster: 

aaa CPR  . (2.1) 
The majority of the research in marine traffic risk has focused on the probability 

aP  (Fowler and Sørgård, 2000; Soares and Teixeira, 2001; Goerlandt and Kujala, 

2011, to name a few). Although the probability aP  of ship accidents may be made 
smaller by improving ship design, using better navigation maps and devices, etc., 
major offshore accidents continue to happen with some frequency. As enormous 
loads may occur during severe storms or accompany an ice attack (Kujala and 
Arughadhoss, 2012), it is economically unfeasible to design all the ships to fully 
resist such forces on all occasions. Moreover, contemporary ships or offshore 
structures are such complicated systems that even minor errors in their design (e.g., 
Collins et al., 1997), defects in their production, highly unlikely sequences of 
events in their operation (Anonymous, 2013) or human error or misbehaviour may 
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result in a significant failure. For the listed reasons, the use of the notion of risk in 
Eq. (2.1) is gradually increasing in the analysis of the potential impact of ship 
traffic (Montewka et al., 2011). 

The methods used for the estimates of the damage and for the quantification of 
the risk aR  vary largely (Montewka et al., 2013). I only address the environmental 

damage to the nearshore and use the (piecewise) constant cost function aC  of the 
potential consequences. The analysis is mostly performed from the viewpoint of 
minimising environmental damage caused directly or indirectly by ship traffic. A 
specific feature of many accidents at sea is their large impact range (Soomere, 
2013). Transportation of dangerous goods by rail or road is usually organised by 
avoiding sensitive (e.g., urban) areas and/or driving at specific time intervals (Kara 
and Verter, 2004). This approach is not directly applicable to the shipping and 
offshore industry. A major marine accident is often associated with a release of oil 
that may hit an area at hundreds of kilometres from the accident site. This feature 
severely complicates the process of minimising the impact of a potential disaster by 
preventively optimising the possible accident site. The problem is relatively simple 
for stationary objects like oil platforms, but in the case of fairways, the challenge is 
to provide a non-stationary (ideally, real-time) smart choice of a sailing line that 
minimises environmental risks. 

A key requirement for the reduction of risk for ship traffic through decreasing 
the cost of consequences aC  is the existence of certain favourable patterns of the 
distribution of the relevant damage. In principle, any favourable pattern (cf. 
Stokstad, 2009), including patterns of currents or current-induced transport, may be 
used for this purpose. For example, jet currents can be used to reduce fuel 
consumption (Lo et al., 1991) or sea areas with lower waves can be used to 
decrease the risk of wave damage (Kite-Powell, 2011). 

The most impressive patterns in the World Ocean are persistent currents such as 
the Gulf Stream, Kuroshio Current or Agulhas Current. Their potential for the 
reduction of coastal pollution is similar to the impact of wind and waves: the least 
harmful source is the one that is located maximally upstream from the vulnerable 
domain. Recent findings have opened a way for further progress in the practical use 
of current patterns: several semi-persistent patterns of currents, with a typical 
lifetime from weeks to a few months, have been recently identified for different 
areas of the Baltic Sea (Lehmann et al., 2002; Meier, 2007). The material presented 
in Chapter 1 reveals that the Gulf of Finland, where the currents were believed to 
be mostly chaotic and highly variable both seasonally and annually (Alenius et al., 
1998; Soomere et al., 2008), also possesses persistent patterns at certain depths 
(Andrejev et al., 2004a). 

A study of transport properties of numerically simulated surface currents in the 
Gulf of Finland using Lagrangian trajectories of test parcels similarly to the method 
described in Chapter 1 led to the identification of semi-persistent patterns 
(Soomere et al., 2011). The presence of strong meridional transport with a lifetime 
of a few weeks (Figure 3) in specific regions was particularly interesting. These 
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patterns, usually hidden or masked by the complexity of the instantaneous fields of 
currents, may essentially modify the transport of potential adverse effects. 

 

 
Figure 3. Average meridional transport (cm/s) for March to April in 1987 (left) and for 
September to October in 1988 (right) by Soomere et al. (2011). 

2.2. Patterns in strain and vorticity fields 

The material presented in Section 2.1 suggests that certain (normally concealed) 
patterns of current-induced transport constitute a frequent feature of the study area. 
This raises the question about simple methods for at least qualitatively recognising 
their presence based on widely used and easily computable parameters of the flow 
field. Paper C makes an attempt to determine certain concealed features of current 
fields and the associated transport using the Okubo–Weiss (OW) parameter. Its 
variations characterise the spatial patterns of strain and relative vorticity. As these 
quantities are likely to deviate from their background values in the regions of semi-
persistent patterns, this parameter has a clear potential for the quantification of 
certain flow patterns and for the identification of certain semi-persistent structures 
without relying on the technique of Lagrangian trajectories. The purpose of 
Paper C is to determine to what extent the transport structures revealed in earlier 
results (e.g., Soomere et al., 2011) are reflected in the structure of fields of strain 
and relative vorticity. 

The properties of surface currents are analysed in Paper C by considering how 
the velocity gradients at each model grid cell contribute to volume deformation 
(strain) and rotation (relative vorticity). The method is based on the work by Okubo 
(1970), who analysed the dispersion at the ocean surface by looking at the shape of 
the trajectories of pairs of parcels, and by Weiss (1991) on the enstrophy dynamics 
in 2D flows. In both approaches, the topology of particle trajectories and the basic 
features of the time evolution of vorticity gradients are defined by the sign of the 
OW parameter (Okubo, 1970) 

222  sn ssW . (2.2) 
Here ns  and ss  are the normal and shear components of strain, respectively, and 
  is the relative vorticity: 
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The sign of the parameter W  shows whether a flow region is strain-dominated 
( 0W ) or vorticity-dominated ( 0W ). Large strain values occur at the boundary 
between water masses moving with different speeds, whereas high values of 
vorticity indicate substantial rotation and thus the presence of eddies. 

The calculations of the OW parameter from the horizontal components of flow 
velocities  vu,  were performed for the Gulf of Finland based on simulations by 
O. Andrejev and A. Sokolov in the BONUS+ Baltic Way cooperation using the 
numerical model OAAS (Andrejev and Sokolov, 1989, 1990; Andrejev et al., 
2010) with a horizontal resolution of about 1 nautical mile and a vertical resolution 
(thickness of layers) of 1 m. The model principles, setup and forcing are described 
in Section 1.3. The resolution of 1 nautical mile is sufficient to resolve most of the 
mesoscale effects in this water body where the baroclinic Rossby radius is mostly 
2–4 km (Alenius et al., 2003). 

 

 
Figure 4. The Okubo–Weiss parameter averaged over the entire computational domain for 
each 3-h period. Results are presented for the year 1987. Red circles indicate time instants 
corresponding to panels shown in Figure 5. 

The temporal course of the average OW parameter for the entire computational 
domain at 3-h time intervals (Figure 4) indicates that the currents are, on average, 
strain-dominated. Within short extreme events the typical values of this parameter 
(about 0.1) can increase by a factor of 10. Such events of large W occur more 
frequently at the end of the year, that is, during the typical windy autumn–winter 
season. Interestingly, the extreme values of W do not correspond to extreme wind 
speeds. Moreover, there is effectively no correlation between the OW parameter 
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and wind speed or direction (Paper C). This is surprising as the common opinion is 
that the dynamics of the Gulf of Finland is wind-dominated (Elken et al., 2003, 
2014; Soomere and Myrberg, 2013) and once more indicates the complexity of the 
dynamics of this water body. 

The maps of the OW parameter for single time instants (Figure 5) reveal 
extensive spatio-temporal variations in the structure of surface currents. Several 
maxima and minima of W are clearly linked to topographic features, coastal 
regions and/or islands in the eastern part of the Gulf of Finland. The runoff from 
the Neva River functions as a permanent source of strain in the eastern part of the 
gulf. 

 
Figure 5. Spatial distribution of the Okubo–Weiss parameter in the Gulf of Finland during 
the windy (top and bottom pairs of panels) and calm (middle pair of panels) seasons. The 
panels on the left correspond to time instants with large peaks in average W (Figure 4), 
while the panels on the right correspond to time instants with relatively low average W. Red 
colour indicates strain-dominated and blue colour vorticity-dominated areas. 

Whereas zones of high vorticity are, as expected, prominent near the coast, the 
areas hosting considerable strain are at times prominent also in the offshore 
domains of the Gulf of Finland. Such areas are most pronounced in the western 
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part of the gulf where they are mostly oriented in the north–south direction and 
indicate the possibility of rapid transport of water masses across the gulf similarly 
to the areas of rapid meridional transport (Figure 3). These areas evidently start to 
develop in the nearshore (similarly to strong upwellings) and may persist in the 
same region for several days. Unlike upwelling filaments (that usually contain 
colder water penetrating far offshore), such filaments of strain more likely 
represent offshore directed Ekman currents preceding the upwelling events. 
Alternatively, the pattern of areas with large strain between Tallinn and Helsinki 
may indicate the border between water masses moving at different velocity. 
Remarkably, such patterns persist for more than a week even in the calm season 
(Paper C). 

Thus, patches of strong strain and relative vorticity regularly occur at two types 
of locations: (i) along the coast, probably due to topographic effects and coastal 
current fluctuations and (ii) in specific offshore areas near the mouth of the Neva 
River and in the north-western narrow part of the Gulf of Finland. Although 
evolving over time and at times extending into filaments that span from coast to 
coast, they stay permanently connected with the regions of their origin. This feature 
may indicate the presence of a semi-persistent (or often occurring) front between 
water masses with different properties, with a possible origin, for instance, from a 
strong upwelling or the presence of different gyres in the eastern and western parts 
of the Gulf of Finland. The net result is the region of highly volatile currents 
between Tallinn and Helsinki. 

2.3. Methods for automatic detection of eddy structures 

The OW parameter has been widely used to detect eddies in the ocean (Isern-
Fontanet et al., 2004). Their cores and the locations of strong meanders of jet 
currents correspond to large negative values of W. Almost rectilinear shear flows 
may result in large positive values of W on a few occasions, for example, in the 
domains with strong shear such as the seaward border of the coastal currents, 
around separated jet flows through an otherwise relatively quiet sea area (e.g., 
penetration of upwelling filaments in the offshore direction) or contact areas of jets 
flowing in opposite directions. High positive values of W occur in contact areas of 
large-scale gyres and at relatively narrow entrances to basins such as the Gulf of 
Finland where the border area between the inflow along one coast and outflow at 
the other coast may develop large horizontal shear (Section 2.1, Myrberg and 
Soomere, 2013). Finally, high positive values of W are also characteristic of areas 
of intense divergence or convergence, independently of the sign of the 
phenomenon. Such areas are found in the World Ocean as the major convergence 
zones (Martinez et al., 2009). At smaller scales they may become evident as 
regions hosting strong local up- or downwelling. 

A potential weakness of the OW method is that it relies on locally evaluated 
quantities. The method is thus less able to detect large-scale, weak vortices 
(Sadarjoen and Post, 2000). For the automatic detection of such eddies, the 
winding angle (WA), geometrical detection method is often more suitable. 
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According to the WA method, the vortex exists when instantaneous streamlines 
mapped onto a plane normal to the vortex core exhibit a roughly circular or spiral 
pattern (Robinson, 1991). The WA method characterises an eddy structure by a 
point that defines its centre and by a closed streamline corresponding to the eddy 
edge. The inner points bordered by this contour line belong to the eddy and 
determine its surface area. 

Let us consider a 2D streamline beginning at point 1P  (Figure 6) and consisting 
of several segments with a length corresponding to the grid step. The winding 
angle of the streamline corresponds to the cumulative sum of the angles between 
all pairs of consecutive segments 
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associated with an eddy if 2WA . 

 

 
Figure 6. The winding angle (WA) method for a segmented streamline. 

2.4. Coherent structures in the Gulf of Finland 

Being slightly more successful in finding eddies than the OW method, the WA 
method reduces the total number of detected eddies (Chaigneau et al., 2008; Souza 
et al., 2011). However, the OW method is computationally efficient and easy to 
use, so it is attractive when a large number of velocity fields are analysed. In order 
to apply positive sides of both methods, I make an attempt to investigate velocity 
fields with a hybrid winding angle (HWA) method, where the OW method is first 
used to detect potential eddies and the WA method is used locally within these 
regions to test and improve the OW result. This approach substantially reduces the 
number of streamlines required for the WA analysis and makes the detection 
procedure more efficient. 
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The HWA method was applied to two domains, the patterns of currents in 
which were calculated using two different circulation models. The first domain was 
the Gulf of Finland. The 3D field of currents in this basin was the same as in 
Section 2.2. 

The second domain (not shown here, see Paper D for details) was an 
archipelago coastal area Vatlestraumen south-west of Bergen, Norway. For this 
region the horizontal components of surface flow velocities  vu,  were obtained 
using the Bergen Ocean Model. This model was run on a rectangular regular grid 
with a step of 20 m in both directions (435 × 525 grid cells in the domain) and it 
used terrain-following vertical coordinates with 32 layers. The integration time step 
was 1.5 s. The simulations covered four days (16–20 January 2004). The first 24 h 
were used to spin up the model and simulation results were recorded from 
17 January. The model used a non-hydrostatic formulation, and Smagorinsky and 
2.5 Mellor–Yamada turbulence schemes for the horizontal and vertical momentum 
equations, respectively. The water level at the northern and southern boundaries of 
the domain was derived from astronomical tides with six components. The water 
level at the boundary of a narrow channel leading to an internal bay was set to a 
constant value (Paper D). 

A total of 220 high-vorticity regions, potentially indicating the location of the 
cores of single mesoscale eddies, were identified in the Gulf of Finland by the OW 
method (Paper D). A streamline analysis was performed in the same domain, by 
choosing the points in the identified high-vorticity regions as starting points for the 
streamlines. The curvature of resulting streamlines was quite small (that is, the 
streamlines were almost straight). As a result, the HWA method was not able to 
detect any eddies within the areas that were highlighted as vorticity-dominated 
ones by the OW method in the Gulf of Finland. 

Unlike the OAAS model and the Gulf of Finland, both the OW and HWA 
methods showed good results for the Vatlestraumen area. The OW method 
successfully identified regions of potential eddies and the HWA method 
highlighted single eddies in these regions. The number of potential eddy regions 
according to the OW method during a 12-hour-long simulation was in the range of 
83–305. Using the HWA method, 16–132 single eddies were identified in these 
regions (Paper D). Although the subsequent eddy detection by the HWA method 
substantially reduced the number of eddies, there is a reasonable match between 
the HWA and the OW results and the number of individual patches for the 
Vatlestraumen case study (Paper D). 

The output of the HWA method requires additional analysis since more than 
one streamline may identify the same eddy structure. To avoid duplication, the 
streamlines that identify the same eddy must be clustered together. Quite likely the 
OW parameter already provides sufficient clustering information, indicating that 
the streamlines which started within each region identify the same eddy structure, 
but this hypothesis needs further testing. 

The presented comparison is intriguing because it is not clear why almost no 
distinctly identifiable eddies occur in the output of the eddy-resolving OAAS 
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model with a resolution of 1 nautical mile. A possible reason is that even this 
resolution is not sufficient for replication of long-living eddies in this area. 
Alternatively, the flow structure highlighted by the HWA method (Figure 7) 
suggests that the circular structure of eddies may be often distorted or masked by 
certain filaments formed in the surface layer. 

 

 
Figure 7. Detection of flow structures in the Gulf of Finland for 1 nautical mile surface 
velocity data on 17 December 1987 at 18:00. Panels show results for (a) the Okubo–Weiss 
and (b) the hybrid winding angle method. 

This feature is not present in the simulations for Vatlestraumen that contained a 
reasonable amount of eddies, although localised in specific regions, indicating that 
the model region is sufficiently resolved and the model parameters are adequate for 
the reproduction of small scale flow features. 

The results confirm that the use of integrated measures of the internal structure 
of current fields such as the OW parameter may reveal certain otherwise hidden 
features of the motion of water masses. Although the OW parameter reflects, in 
essence, local properties of the surface-layer flow, its spatial distributions provide 
certain additional information about the transport of water masses that cannot be 
identified directly from the Eulerian or Lagrangian velocities. The analysis of the 
OW parameter alone only allows identification of patterns of transport similarly to 
Soomere et al. (2011). Its direction has to be specified from Eulerian velocities. 

The presented results are consistent with the outcome of studies performed 
using Lagrangian trajectories (Soomere et al., 2011). Note that the two sets of 
results are not entirely independent. They both rely on the output velocity fields 
from 3D hydrodynamic models driven by the same wind data. The analysis here 
used the output from the 1 nautical mile OAAS model, whereas Soomere et al. 
(2011) used velocity data with a resolution of 2 nautical miles of the RCO model. 
They both highlight a pattern of pathways of surface waters perpendicular to the 
gulf between Tallinn and Helsinki and in the north-western Gulf of Finland. 
Another (less pronounced) pattern seems to exist in the eastern part of the gulf, 
near the mouth of the Neva River (where a similar pattern has been found in 
simulations of the flow compressibility, Kalda et al., 2014). More generally, the 
results suggest that the cross-gulf transport and hence the risk of coastal pollution 
in this area is very variable and apparently can be reduced by a smart choice of the 
fairway. 
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3. Modelling the equiprobability line 

The existence of quasi-persistent patterns of currents in the Baltic Sea (Lehmann et 
al., 2002; Andrejev et al., 2004a, 2004b; Osiński and Piechura, 2010) and 
associated pathways of the current-driven transport (Soomere et al., 2011), 
discussed in the previous chapter, is a precondition for a sensible use of marine 
dynamics for the reduction of environmental risks stemming from shipping and 
offshore and coastal engineering activities (Soomere, 2013). A generic example of 
vulnerable areas is the nearshore that usually has the largest ecological value. For 
this reason I perform the following analysis focusing on the probability that 
adverse impacts passively driven by surface currents hit the coast or the nearshore 
area. Such occasions are called coastal (or neashore) hits.  

A key question for elongated sea areas is how to minimise the joint probability 
of hitting either of the surrounding coastal sections. A first-order solution is the 
equiprobability line (introduced in Paper A), from which the probability of 
propagation of pollution to either of the coasts is equal. For some regions there 
may also appear an area of reduced risk, from which the propagation of pollution to 
any of the coasts is unlikely. The safest fairway would thus follow either the 
equiprobability line or the areas of reduced risk. This problem is addressed in Paper 
A in the context of the Gulf of Finland, using a large pool of Lagrangian 
trajectories of test parcels constructed based on the output of the RCO model. 

The sensible use of this technology, however, requires not only adequate 
estimates of the persistency and variability of the quasi-persistent patterns and 
visualisation of their impact, but also of the confidence and uncertainty related to 
their practical use. These questions are addressed in Chapter 4. 

The credibility of the results obviously depends on the choice of the governing 
parameters for the trajectory calculations such as the initial location of test parcels, 
the duration of single trajectory simulations, the number of trajectories involved for 
each calculation session, etc. For this reason, this chapter first presents a short 
description of the modelling environment, spatial and temporal scales necessary to 
be covered in such simulations in order to reach representative results in the 
context of the Gulf of Finland, requirements for the basic parameters of the 
calculations such as the width of the coastal zone and the duration of trajectory 
calculations, the range of time scales for which semi-persistent patterns may be 
important in this basin and the sensitivity of the results to the choice of the time lag 
between subsequent trajectory simulations based on Paper B. 

3.1. Model parameters 

An adequate representation of statistical features of Langrangian transport using 
trajectories of single water (or pollution) parcels requires the use of a sufficient 
number of uncorrelated trajectories. The number of simultaneously calculated 
independent trajectories is implicitly limited by the number of grid cells that cover 
the study domain. Especially in non-spreading simulations (Section 1.4) 
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trajectories for parcels selected at different locations of a single cell and then 
reconstructed from modelled velocity data tend to be highly correlated during a 
long time. The reason is that the trajectory model has no information about what 
direction and how rapidly the real drifters would move under the impact of subgrid 
processes. A formal solution would be to mimic the spreading of trajectories in the 
real ocean, e.g., by inserting a random disturbance to each trajectory (e.g., 
Andrejev et al., 2010, 2011; Kjellsson and Döös, 2012). Doing so may adjust 
certain statistical features of ensembles of trajectories but evidently would not 
improve the match of simulated trajectories with pathways of real drifters. In other 
words, improving the estimated transport speed or dispersion is counterbalanced by 
a loss of transport direction and possibly other properties (Kjellsson and Döös, 
2012; Kjelsson et al., 2013). The relevant questions are discussed in Paper G and 
Chapter 4. 

The best way to increase the number of independent trajectories is to increase 
the spatial resolution of the ocean model. This is not always possible because of 
computational restrictions. The dependence of the properties of surface-current-
driven transport of parcels from offshore areas to the nearshore on the resolution of 
the circulation model was analysed by Andrejev et al. (2011) using a resolution of 
2, 1 and 0.5 nautical miles and otherwise identical setup and forcing. The spatial 
distributions of hits to the nearshore were found not to be particularly sensitive 
with respect to the resolution of the circulation model. 

An important requirement for properly quantifying Lagrangian statistics is the 
length of the time interval covered by simulations and the homogeneity in time of 
the wind information. The cumulative values of the probability of coastal hit and 
the particle age (see Chapter 4) vary substantially within the first seasons of 
calculations. They reach an almost constant level after about 3–4 years in the Gulf 
of Finland (Andrejev et al., 2011). Therefore, it is necessary to cover, at least, 
5 years in order to reach an acceptable estimate of the ‘climatological’ values of 
these measures in this basin. 

A feasible way of raising the number of independent trajectories is to increase 
the time interval covered by the circulation modelling that provides the basis for 
the cumulative values indicated in the previous paragraph. However, the pattern of 
hits may change on longer time scales if there is a shift in the wind climate. 
Moreover, in several occasions long-term ‘climatologically valid’ distributions are 
almost meaningless. For example, for the south-western Baltic Sea two radically 
different regimes of the current-driven propagation of adverse impacts were 
identified: one for the typical inflow and another for outflow conditions (Lu et al., 
2012). The fields of currents in this part of the Baltic Sea exhibit not only extensive 
seasonal variation but also a completely different structure during the inflow and 
outflow events (Lu et al., 2012). In such areas it is thus important to verify the 
results against a much longer history of currents over a few decades in specific 
regions. An attempt at this direction is made in Paper G for the Gulf of Finland. 

Another sensible way of increasing the number of independent trajectories is 
therefore to repeat the calculations with a certain time lag. As the surface drift 
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speed in the Gulf of Finland is typically 10–20 cm/s (Kõuts et al., 2010; Soomere 
et al., 2011) and the currents are normally strongly circularly polarised (Lilover et 
al., 2011), a parcel usually moves only a few kilometres a day from its original 
location. Therefore, only these trajectories that start at least a couple of days after 
the previous one (in the case of the 2-mile RCO model) can be treated as 
independent ones. The use of this approach means that in order to minimise the 
uncertainty and to obtain reliable results, the simulations must be performed and 
optionally averaged over many small time intervals. The key time scales are the lag 
between subsequent simulations and the duration of the trajectories in time. In the 
context of statistics of simulated pollution transport, the basic requirement is that a 
significant number of pollution parcels reach the vulnerable area.  

Formally, the overall procedure is as follows (Paper A). First, the initial 
locations of a certain number of water parcels (interpreted as carrying an adverse 
impact) are specified. The time interval of interest [ Dttt 00 , ] with duration of Dt  

(usually ≥1 year) is divided into time windows of fixed length Wt . The paths 

(trajectories) of the parcels (interpreted as current-driven propagation of the 
adverse impact) are simulated over successive time intervals Wt , which may be 

overlapping. The lag between these windows is St  (Figure 8). The resulting 
trajectories for each time window are saved for further analysis. 

 

 
Figure 8. Splitting the simulation period into time windows. 

The trajectories of water parcels depend on their initial locations, starting instant 
and the length of the time window. The choice of the time inteval [ Dttt 00 , ] may 

also substantially affect the results as demonstrated in Paper A on the example of 
monthly and seasonal variations in the properties of certain sets of trajectories. The 
choice of the time lag and the initial locations of the particles apparently have less 
impact on the results but may still affect the reliability of the conclusions. 
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3.2. Quantifying the nearshore and time scale for coastal hit 

A central feature in calculations involving the immediate nearshore (e.g., of 
potential beaching of oil pollution) is how the vulnerable area is defined (e.g., 
Broström et al., 2011). This is less important when the vulnerable region extends to 
offshore where the presence of the coast does not directly modify the flow 
(Delpeche-Ellmann and Soomere, 2013a, 2013b). It becomes, however, decisive 
when the vulnerable area is the coast itself. The circulation models usually apply a 
no-flux condition at the bottom and land boundaries (Cushman-Roisin and 
Beckers, 2011; Meier and Höglund, 2013; Torsvik, 2013), hence the normal 
velocity component at these boundaries vanishes and must be strictly zero at all 
grid points adjacent to the model coastline. 

This approximation often suppresses the numerically computed landward 
velocity (consequently, also the onshore motion of selected parcels) already at 
some distance from the model coastline. Therefore, the longshore drift may or may 
not be realistically represented in the model, but this sort of reduction of the 
landward advection of parcels is clearly a model artefact. The trajectories simulated 
by the non-spreading version of TRACMASS (which fully follows the 
precomputed velocity fields) are definitely influenced by this effect close to the 
coast and the probability of hitting a nearshore area may be underestimated. A 
viable option to account for this effect is to associate the vulnerable nearshore or 
coastal areas with grid cells located at a larger distance from the coastline. 

The definition of the coastal zone is tightly related to the problem of an 
adequate choice of Wt  (Paper A). As the potential side effects, connected with 

boundary effects in the nearshore, are evidently most pronounced for the parcels 
released relatively far offshore, the relevant simulations (Paper B) are performed 
for parcels initially placed in the middle of the Gulf of Finland. The trajectories 
were started from the centres of 93 cells along a straight line roughly representing 
the centreline of the gulf (Figure 9). The simulations were started at midnight each 
calendar day in 1987. This year as well as the five-year period 1987–1991 were 
quite typical in terms of wave intensity (Broman et al., 2006; Soomere et al., 2007) 
and thus also in terms of wind-driven energy supply to water masses. There were 
no exceptional storms in this year and the annual mean wind speed at Utö (Broman 
et al., 2006) and at Kalbådagrund (Figure 9) were just a few per cent lower than the 
five-year average for 1987–1991. Numerical experiments with the use of 20Wt  
days (Paper A) suggest that in many cases the trajectories first enter the nearshore 
area after about 10 days of propagation. The time window used for calculations of 
statistics of coastal hits should account for such situations. 

Three versions of the nearshore area were specified as zones with widths of 1, 2 
and 3 grid cells from the coast, called alert zones 1–3. I tracked whether the parcels 
entered any of these zones or were carried out of the Gulf of Finland. The border 
between the gulf and the Baltic Proper was set slightly to the west of Hiiumaa 
(Figure 9). A hit to each of the three alert zones (or its drift out of the gulf) was 
counted when a parcel for the first time entered the relevant zone (or left the gulf). 
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The presence of each parcel in each alert zone (or leaving the gulf) is accounted for 
only once. This method of counting implicitly means that the parcels that have 
drifted out of the gulf have never entered any of the alert zones (Paper B). 

 

 
Figure 9. Starting points of trajectories (grey circles located approximately along the 
centreline of the Gulf of Finland) in simulations of coastal hits. Dark grid points indicate 
the nearshore area of alert zone 3. The entrance line to the gulf (bold line) is set along 
59° N and 21°48 E. 

The monthly average number of hits to the alert zones and the share of parcels 
that left the gulf considerably varied for different seasons (Figure 10). The average 
probability of entering alert zones 1 and 2 during spring and summer months was 
very low, about 2% and 4%, respectively, while during windy months it grew up to 
20% and 30%, respectively. The annual average probability of entering these zones 
is about 5% and 11%, respectively. 
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Figure 10. Monthly mean percentage of coastal hits (filled parts of bars) and the parcels 
leaving the gulf (white parts of bars) in 1987 for 15Wt  days. The left, middle and right 

bars show the results for alert zones 1, 2 and 3, respectively. 
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The small probability of entering zones 1 and 2 suggests that the statistics of 
hits to the nearshore may have quite large uncertainty, especially during spring. A 
similar seasonal variability becomes evident for alert zone 3. The annual 
probability of entering this zone was 18% whereas during the windy months almost 
half of the selected parcels entered this zone. The probability for a parcel to either 
enter alert zone 3 or to leave the gulf was about 30% on annual average and 
exhibited extensive short-term variability (Figure 11).  
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Figure 11. Percentage of hits to the nearshore for 15Wt  days for different starting 

instants of trajectory calculations in 1987. The dashed line shows the total percentage of 
parcels that have either hit the coast or drifted out of the gulf. 

Probabilities of coastal hits are close to 100% during the windiest periods. Such 
a great number of hits suggests that the values calculated with the use of alert zone 
3 as a specification of the nearshore region, give a realistic representation of 
transport to the coast for the RCO velocity data. Note that the parcels in this 
experiment were selected at a maximally large distance from the coasts. For 
randomly distributed parcels the relevant probabilities are likely much higher. 

The typical time over which the parcels reached the nearshore (defined alert 
zone 3) was evaluated in a similar manner. Test parcels were selected in the middle 
of the gulf (Figure 9). The simulations were started, as in the previous sections, at 
midnight each calendar day in 1987 but were performed for 3–13 days. The 
probability of coastal hits displayed a substantial seasonal variability for all choices 
of Wt , whereas it was quite large for some relatively calm months (Figure 12; 

further details are provided in Paper B). The total number of coastal hits grew 
rapidly within the first 10 days. The increase rate considerably decreased after that 
but did not stabilise within even two weeks. This feature is not unexpected and 
basically reflects the complexity of the dynamics of the Gulf of Finland. 

During the calmest months (spring and summer), always more parcels were 
leaving the gulf than hitting the coast. In the windiest months parcels tended to hit 
the coast rather than leave the gulf. Typically 8–10 parcels left the Gulf of Finland 
within 15 days (Paper B) and thus their behaviour only insignificantly affected the 
results depicted in Figure 12. This number, however, suggests that the surface 
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water exchange between the Baltic Proper and the Gulf of Finland may be much 
more intense than the overall water exchange in the entire water column (Andrejev 
et al., 2004b). 
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Figure 12. Monthly mean percentage of parcels hitting the coast (black) and leaving the 
gulf (white) for different lengths of the time window for alert zone 3 in 1987. For each 

month, columns from left to right show the percentage for Wt  3, 5, 7, 10, 13 and 15 

days. 

3.3. Time scales for transport patterns 

Semi-persistent current patterns have a high potential for the systematic transport 
of both water masses and adverse impacts such as nutrients, toxic substances or oil 
pollution between specific sea areas. Their smart use is a feasible way towards the 
reduction of anthropogenic impact on vulnerable areas by concentrating human 
activities in the regions, from which the transport of pollution to such areas is 
unlikely (Soomere and Quak, 2007). 

The net transport is defined in Soomere et al. (2011) as the distance between the 
start and end positions of a trajectory, and calculated using a scheme described in 
Section 3.1 and an appropriate averaging procedure. The resulting areas of high net 
transport speed for a single time window largely coincide with areas of large 
instantaneous current speeds. Such areas are generally different for different time 
window lengths as the local jets and mesoscale eddies emerge, relocate and decay 
over time and may have different lifetimes. 

An adequate choice of Wt  is thus decisive for the identification of pathways of 
transport of water masses. In order to reasonably account for the potential impact 
of mesoscale eddies, the relevant time window should not be much shorter than the 
typical eddy turnover time. Although the values of the internal Rossby radii are 
relatively well known (Alenius et al., 2003), there exist very little data about the 
properties of single mesoscale eddies in the Gulf of Finland (Myrberg and 
Soomere, 2013). Numerical simulations and a few observations available (Soomere 
et al., 2008) suggest that the typical diameter of their cores is 10–20 km. The 
maximum current speed may reach 35 cm/s but normally remains between 10 and 
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20 cm/s. The typical turnover time is about 4–5 days. If one aims at averaging out 
their impact on the net transport, the relevant time window should cover several 
turns of typical eddies, that is, at least 15–20 days (Paper B). 

A sensible upper limit for Wt  in search for semi-persistent transport patterns is 
such that the net transport speed becomes close to the long-term average current 
speed (Soomere et al., 2011). For even longer Wt , such patterns will probably be 
averaged out of the spatial distributions of the net transport speed. The difference 
in question is estimated for 1987–1991 with the use of variable Wt  and a constant 

time lag of 1St  day between the windows. One parcel was selected in each of the 
3131 grid cells in the Gulf of Finland. The range of time windows, suitable for 
identification of semi-persistent current patterns and at the same time capable of 
reasonably averaging out the potential impact of single mesoscale eddies on such 
patterns, is 5–15 days in the Gulf of Finland (Paper B). 

The estimates of annual root mean square deviations of the net transport speed 
suggest that for calculations of trajectories and reduced risk areas relatively large 
values of the time lag may be used without losing the reliability of the results 
(Paper B). This conjecture comes into importance in optimisation of long-term 
calculations based on high-resolution simulations (Andrejev et al., 2010). 

3.4. Counting hits to the opposite coasts 

The problem of the optimisation of fairways in the open ocean in terms of 
minimising the probability of coastal pollution (quantified here as the probability 
of coastal hits driven by surface currents) or maximising the time until a coastal hit 
occurs can be reduced to the question of how far offshore should the fairway be 
shifted. The situation is radically different in smaller sea areas. One of the key 
issues in narrow bays and elongated sea areas is how to minimise the probability of 
pollutant parcels hitting the nearshore on either side of the fairway. The first step 
towards resolving this problem is to identify a line from which the probability of 
propagation of parcels to the opposite coasts is equal. 

The concept of the equiprobability line is introduced in Paper A. In the relevant 
calculations the probability of pollutant parcels hitting either of the coasts is 
interpreted as the measure of the costs of consequences. The entire coastline is 
divided into two (or more) sections. The probability of propagation of selected 
parcels from each model grid point to each coastline section is evaluated 
simultaneously. The equiprobability line connects the points, from which the 
probability of propagation of parcels to different coastal sections is equal. This 
option mimics the situation in which the cost function in the risk definition 
(Section 2.1) is not constant and can be introduced in a straightforward manner for 
the sea areas like the Gulf of Finland, which are divided between two countries. In 
Paper A, the southern coast of the Gulf of Finland represents the coastline of 
Estonia, whereas the coasts of Russia and Finland are merged to represent the 
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northern coast. Another set of simulations assumed the separation point at the 
mouth of the Neva River (Paper E). 

A measure of risk was calculated using two methods (a direct method and a 
smoothing method, afterwards referred to as Method I and Method II). Both are 
based on tracking trajectories using the RCO model output and the non-spreading 
TRACMASS code. They differ only in how the trajectories are grouped in the 
evaluation of the probability of parcels hitting a nearshore region. The difference in 
the resulting estimates of the location of the equiprobability line can be interpreted 
as a rough measure of the uncertainty of its location. The deviation of this line from 
the centreline of the gulf characterises the asymmetry of current-driven transport in 
the surface layer of this basin. 

Method I is based on pointwise analysis of what happens with the 10-day-long 
trajectories (equivalently, time windows of equal length 10Wt  days) for each of 

3131N  wet grid cells in the gulf. The trajectories are calculated with the time 
lag of 10St  days for 1987–1991. Four parcels are selected in each grid cell 
(symmetrically with respect to its centre) at the beginning of each time window. 
The instantaneous position  )(),( tytx ijij  and the minimum distance )(tij  of the 

trajectory from the coast (used to estimate whether the trajectory has entered the 
nearshore) were calculated for the entire time window and for each of the released 
tracers. Here Ni 1  is the grid cell number and 41  j  is the number of a 
parcel in the ith cell. For each cell, a counter reflecting a hit of either of the 
coastlines was initially set to 0 and switched to –1, when at least three out of the 
four parcels reached the northern coastline and +1, when this happened to the 
southern coast within the time window. The map reflecting the relevant average 
quantity (reflecting the probability of parcels hitting the northern or southern 
nearshore) 1ˆ1:ˆ  pp  for each cell (Figure 13) was calculated using all the 
counter values reflecting single time windows in 1987–1991. 

In order to suppress the possible impact of underestimation of the spreading of 
initially closely located trajectories and to estimate the uncertainty of the location 
of the equiprobablity line, the risk was recalculated using an implicit local 
smoothing process (Method II). The wet grid points were divided into clusters of 
3 × 3 grid cells. Now it was tracked whether the majority of nine trajectories from 
each cluster (one from each cell) ended up at one of the coasts or stayed in the open 
sea area, depending on which the counter of coastal hits for the central cell was set 
to either 0 or ±1. 

The relevant calculations in Paper A and Paper E differ in two aspects. Firstly, 
the length of the time window Wt  is increased in Paper E from 10 to 20 days. 
Secondly, the separation point of the coast into the northern and southern parts is in 
Neva Bay in Paper E, whilst in Paper A it was set to the border between Estonia 
and Russia in Narva Bay at 28°2′ E, 59°27.5′ N. 

The resulting distributions depend on a number of parameters used in the 
calculations. I performed several sensitivity experiments by varying the length of 



58 

the time window Wt  and the time lag St  between the time windows. The results 
were almost insensitive with respect to the variation in the time lag from one day 
up to ten days, provided the entire time interval of interest Dt  was long enough 
compared to this lag. This feature is not unexpected because the averaging 
procedure over a pool of time windows suppresses the role of each single 
distribution. Also, the results showed almost no dependence on the length of the 
time window, provided it was long enough to cover about 50% of the first hits of 
the parcels to the nearshore (Paper A).  

 

 
Figure 13. Probabilities of parcels to hit the nearshore of the northern or the southern 
coast for the years 1987–1991 calculated with the use of Method I (left panel) and Method 
II (right panel). The red colour indicates high probability of transport to the southern coast 
and the blue colour – to the northern coast. The green colour marks the location of the 
equiprobability line (black line) and the areas from which transport to either of the coasts is 
unlikely (Paper E). 

The resulting maps of probabilities of parcels hitting the opposite coasts (Figure 
13) are qualitatively similar for both discussed methods and reveal the presence of 
two basically different areas of the gulf. In the western part there is a narrow area 
in which the average values 0ˆ p . Parcels that start their drift from this area have 
no preference of hitting any of the coasts. This region evidently can be interpreted 
as the location of the equiprobability line.  

In the central and eastern parts of the gulf there is a wide area in which 1.0ˆ p  

(Paper E). As propagation of parcels from this area to either of the coasts is 
generally unlikely (Section 4.2), it obviously is an area of reduced risk, located 
approximately between the Tallinn–Helsinki line and the longitudes of Narva Bay. 
If such areas are relatively wide, it is natural that they host no well-defined 
equiprobability line. Instead, they entirely serve as almost safe regions in terms of 
coastal pollution by adverse hits released from ships and further carried by surface 
currents. The locations of these areas reveal substantial seasonal variability. To the 
north of Narva Bay there usually is a high probability of propagation to the 
southern coast. The equiprobability line is generally located to the north of the 
centreline of the gulf. A characteristic area occurs to the north of Hiiumaa, 
stretching almost to the Finnish archipelago from where the transport of adverse 
impacts to the Estonian nearshore is relatively likely. 
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The equiprobability line (equivalently, the formal optimum fairway) for 
Methods I and II is located at the zero-crossing points of the relevant values p̂ . 
These points are well defined in the narrow parts of the gulf that have a large 
north–south gradient of p̂  (see Figure 15 in Chapter 4). A reasonable estimate for 

the equiprobability line can be obtained from the zero-crossing of the values of p̂  
smoothed for each longitude in the north–south direction over five subsequent grid 
cells, using a linear approximation between the smoothed values of p̂  at two grid 
points surrounding the zero-crossing (Paper E). This procedure led to a single 
clearly defined zero-crossing of p̂  for each longitude. The curves consisting of 
zero-crossing points were comparatively smooth, and no additional smoothing in 
the east–west direction was necessary. The equiprobability line is located in almost 
the same position for both methods. The two lines practically coincide between 
Hiiumaa and the Finnish mainland, differ by 1–2 grid points (3–6 km) in the 
western and eastern parts of the Gulf of Finland and reach 3–4 grid points (up to 
14 km) in the widest part of the gulf to the north of Narva (Paper E). 

3.5. Sensitivity studies 

The sensitivity study performed in Paper B using the RCO model data for the Gulf 
of Finland, together with the material presented in Section 3.4, suggests that the 
basic outcome of the calculations is fairly insensitive with respect to specific model 
parameters. 

An important question not directly addressed in this thesis is whether the coarse 
ocean model resolution used in the previous calculation may generate some 
artefacts. For the Gulf of Finland conditions the horizontal resolution of 2 nautical 
miles is quite coarse in terms of the internal Rossby radius (Section 1.2) and does 
not reproduce many local bathymetric features. Analysis in Soomere et al. (2011) 
and Andrejev et al. (2011), however, suggests that the basic parameters of the mean 
and mesoscale circulation (such as typical flow speeds and the energy balance 
between mean flow and synoptic eddies) are mostly adequately reproduced and can 
be used for estimates of the net transport. The temporal resolution of saved velocity 
data (6 h) evidently distorts to some extent the impact of inertial oscillations, but 
apparently is fair enough to properly account for single eddies. 

Sensitivity of the results to the spatial resolution of the underlying ocean model 
was thoroughly studied by Andrejev et al. (2011). The problem was addressed 
based on coupled GCM–Lagrangian trajectory simulations of 10-day-long 
trajectories calculated for the period of 1 May 1987–31 December 1991 for the 
Gulf of Finland using the OAAS model (see Section 1.3 for details). Spatial maps 
for the probability of coastal hits (the probability of parcels selected in the open sea 
to reach the coast) and for the particle age (the time it takes for these parcels to 
reach the coast, see Section 4.1 for more details) were evaluated similarly to the 
distributions calculated in Paper A and Paper E, using three different horizontal 
resolutions of 2, 1 and 0.5 nautical miles but identical vertical resolution, initial, 
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boundary and forcing conditions, and trajectory calculation scheme (Andrejev et 
al., 2011). 

This range of resolutions characterises a transition from a poor representation of 
mesoscale effects by an eddy-permitting model to the one expected to adequately 
resolve at least the statistical features of the field of mesoscale eddies in the Gulf of 
Finland (Andrejev et al., 2011). As the dynamics of water masses in the Gulf of 
Finland is extremely complicated, even the model with 0.5 nautical mile resolution 
does not perfectly resolve all the small-scale features of water motion (Andrejev et 
al., 2010). 

The resulting maps of the distributions of the probabilities of coastal hits and 
particle age as well as their basic parameters (such as the average values and 
standard deviations) were fairly similar for different spatial resolutions. The fields 
for 1 and 0.5 nautical mile resolutions were particularly close, suggesting that the 
major features of such fields are fairly universal, provided the circulation model is 
able to replicate the largest mesoscale features. 

There were, however, differences in the location of the optimum solutions for 
the fairways similar to the deviations described in Section 3.4. The differences 
between the optimised fairways at the 1 and 0.5 nautical mile resolutions were 
moderate, but the fairway for the 2 nautical mile model reflected a different pattern 
of underlying dynamics. A large part of the differences, however, were associated 
with the presence of numerous smaller islands in the higher-resolution models, 
which were ignored in the 2 nautical mile model. It was not possible to judge 
whether the differences were driven by the accuracy of simulations of 
hydrodynamics and/or whether the accuracy of the representation of the Finnish 
archipelago played a major role (Andrejev et al., 2011). 

As the potential benefit from the use of the optimum fairway only very little 
dependens on the spatial resolution of the ocean model (Andrejev et al., 2011), it is 
likely that the 2-mile model used in this study adequately replicates the overall 
appearance of the key distributions and that it gives a satisfactory depiction of the 
optimum solution for areas far from archipelagos and isolated islands (that are 
ignored in the ocean model). 
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4. Preventive methods for coastal protection 

The concept of the equiprobability line, developed in Chapter 3, is only suitable for 
basins with relatively simple geometry. In terms of fairway design it is a local 
solution that does not usually provide the minimum risk for the entire water body 
(Soomere, 2013). This chapter starts from a discussion of possibilities of finding a 
relevant global optimum, either in terms of the probability of vulnerable areas 
being hit by the pollution released at different sites or in terms of the time it takes 
for the pollution released at a particular site to reach a vulnerable area (Andrejev et 
al., 2011; Soomere et al., 2011; Paper E). If a map of such probabilities (or the map 
of the particle age) has been constructed, the optimum fairway should roughly 
follow the minima for the probabilities or the maxima for the particle age. It is also 
straightforward to quantify the ‘cost’ of deviations from the optimum sailing line in 
these terms and to estimate the geometry of ‘corridors’ of relatively safe operation 
(Paper E). 

In realistic sea areas the probability of different coastal areas being hit by 
adverse impacts released along the existing fairways and further transported by 
surface currents may be highly variable. Such variations and possible links between 
potential release sites of adverse impacts and particular coastal sections are 
quantified in Paper F for the major fairway in the Gulf of Finland. Paper G 
demonstrates that these links are almost insensitive with respect to the inclusion of 
subgrid-scale processes in the Langrangian trajectory model. 

4.1. Probability and particle age 

The idea to place the fairway along the equiprobability line (so that the average 
probability of the propagation of adverse impacts from this line to the opposite 
coasts is equal, Chapter 3) is only directly applicable to elongated basins with 
relatively simple geometry. An implicit condition for its implementation is that the 
underlying distribution of costs has a clearly defined ‘zero-crossing’ point for each 
cross-section of the basin. The use of this concept has obvious problems in multiple 
connected domains, equivalently, in sea areas hosting islands.  

A global optimum for a potentially dangerous activity or for a fairway could be 
searched in terms of the probability of vulnerable areas being hit by the pollution 
released at different sites (Andrejev et al., 2011; Soomere et al., 2011; Paper E). An 
even richer measure in content is the time it takes for the pollution released at a 
particular site to reach a vulnerable area. This measure naturally characterises the 
cost of consequences: the longer time the (oil) pollution remains in the open sea, 
the larger fraction of it may be removed (or will be weathered) before it hits a 
vulnerable spot. The resulting time is conceptually similar to commonly used water 
age (Deleersnijder et al., 2001) and is called particle age (Andrejev et al., 2011; 
Paper E) or residence time of oil at sea (Murawski and Woge Nielsen, 2013). 

If a map of such quantities has been constructed, the optimum location of a 
potentially dangerous activity is where the probability has a minimum or the 
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particle age has a maximum. The optimum fairway should roughly follow the 
minima for the probabilities or the maxima for the particle age. It is also possible to 
construct one measure from these two quantities and to develop the relevant 
fairway design (Murawski and Woge Nielsen, 2013). 

The method based on probabilities of coastal hit (called Method III below) uses 
the calculation scheme described in Section 3.1 but assumes that the entire 
coastline is equally valuable (Andrejev et al., 2011; Paper E). Similarly to the 
analysis in Chapter 3, the nearshore is interpreted as a belt along the coast, three 
ocean model grid cells wide, and one parcel is selected in the centre of each sea 
grid cell (3131 cells altogether in the area shown in Figure 14). The counter for 
each selected parcel and simulation is initially set to 0 as in the calculations of the 
equiprobability line and is switched to 1 if the parcel reaches any section of the 
coast within the given time window. Alternatively, the age of each parcel is set as 
the time elapsed from the start of calculations until the parcel reaches the coast 
somewhere (Andrejev et al., 2011). I used two versions of the age method for 
parcels that left the gulf. In Method IVa the age counter is stopped when the parcel 
leaves the gulf for the first time and its possible reentering is ignored. If the parcel 
remains offshore until the end of the time window, this counter is set to Wt . 

Alternatively, this counter is set to Wt  for all parcels leaving the gulf (Method IVb, 
Paper E). The average values of the counters for all parcels are determined, as 
above, based on averaging over a large number of subsequent time windows 
(Figure 14). 

 

 
Figure 14. Probabilities of parcels hitting the coast (%, left panel) and particle age (days, 
right panel) for the years 1987–1991 calculated with the time window of 20 days (Paper E). 
Although a few islands with a size up to 10 km are located in the eastern Gulf of Finland, 
their nearshore is ignored in the calculations and only hits to the mainland coasts are 
accounted for. 

As the RCO model grid covers the whole of the Baltic Sea, the dynamics of the 
entire sea is fully accounted for. However, as no parcels were selected outside the 
Gulf of Finland, the probability of hitting the coast by parcels selected in the open 
Baltic Sea is ignored. The field of particle age obviously depends on the treatment 
of parcels that leave the gulf in Methods IVa and IVb. For example, Method IVb 
evidently overestimates particle age for these regions of the gulf that encounter 
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intense water exchange with the Baltic Proper. Interestingly, Figure 15 suggests 
that Methods IVa and IVb may lead to quite different locations for the optimum 
fairway not only at the entrance to the Gulf of Finland but also in the entire gulf. 
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Figure 15. Examples of cross-sections of probabilities for coastal hits (green), particle 
age (Method IVa, red; Method IVb, magenta) and for the quantity characterising the 
probability of a hit to the opposite coasts (Method I, black; Method II, cyan; both shown as 

2/)1ˆ( p , where 1ˆ p  and 1ˆ p  mean a high probability of a hit to the southern and 

the northern coasts, respectively): for the gulf entrance (a), western narrow part (b), middle 
of the gulf (c) and for the wider eastern part of the gulf (d). Circles indicate the location of 
the optimum fairway. The location of the cross-section is shown in Figure 16. 

The values of all the quantities obviously depend to some extent on the length 
of the time window. It is likely that modifications to the probability and the 
quantity p̂  caused by an increase in Wt  are minor and basically lead to a decrease 
in the uncertainty in their estimates (Paper B). The average age may substantially 
increase with the increase in Wt . For this reason, the largest values of particle age 

considerably exceed those calculated by Andrejev et al. (2011) using 10Wt  days. 

4.2. Optimum fairways and safe corridors 

The final step of the procedure of risk optimisation consists in specifying the 
location of the optimum fairway based on the maps of any other convenient 
measure of the environmental or economic risk (Soomere and Quak, 2013). In this 
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thesis the quantity p̂ , probabilities of coastal hits and particle age are used for this 
purpose. For regions with complicated geometry and transport patterns, the shape 
of the relevant distributions and the process of calculation of the optimum fairway 
may be quite complicated (Andrejev et al., 2011; Murawski and Woge Nielsen, 
2013). The described methods (in which the islands are ignored) lead to 
distributions of the above-mentioned quantities that generally have one local 
extremum (alternatively, one zero-crossing point of the quantity p̂ ) for all cross-
sections of the Gulf of Finland along latitudes (except possibly for the entrance and 
the easternmost part of the gulf) (Figure 14 and Figure 15). In other words, the 
resulting maps provide an elongated ‘trough’ of low values for probabilities or a 
similar ‘crest’ of particle age. This property makes it possible to use a simple 
algorithm for finding the optimum fairway that follows this trough or crest. 

The latitude for the optimum fairway was found from the analysis of the cross-
section of the relevant field along each longitude of the grid cells (Figure 15). The 
impact of small-scale noise in the underlying fields (especially in the eastern part 
where the north–south slope in these fields was small) was suppressed by means of 
smoothing the cross-section over five neighbouring grid points. The centre of the 
grid cell, corresponding to the minimum or maximum value of the smoothed cross-
section, was associated with the location of the optimum fairway. Finally, 
smoothing these locations over five neighbouring values in the east–west direction 
led to reasonable locations for the optimum fairway in all cases (Paper E). 

The optimum fairways are located somewhat asymmetrically, mostly to the 
north of the centreline of the gulf. Their average bias from the centreline of the gulf 
is 2–4 km. Only for Method IVb it is almost 8 km. This distribution is consistent 
with the slight prevalence of surface transport to the south (Soomere et al., 2011) 
and apparently reflects the anisotropy of the Ekman transport in the surface layer. 
As the predominant strong winds blow from the south-west or west, the Ekman 
transport is mainly to the south-east and the parcels selected in the northern part of 
the gulf stay offshore for a relatively long time. 

The optimum fairways designed based on different criteria may considerably 
(up to 50 km at the entrance to the gulf) deviate from each other (Figure 15 and 
Figure 16). In general, they are all located in an immediate vicinity of the 
centreline of the gulf between latitudes 23°40′ E and 26°20′ E where they deviate 
from each other maximally by 10 km. This feature likely expresses the narrowness 
of this part of the Gulf of Finland, the smallest cross-section of which contains only 
15 grid cells. As the nearshore already involves three cells at each coast, less than 
ten grid cells represent the offshore dynamics of trajectories and relatively steep 
gradients of the underlying fields in this section are natural. Much smaller north–
south gradients of the underlying fields and larger deviations of the optimum 
fairways from each other occur in wider parts of this water body (Figure 15 and 
Figure 16). Several relatively extensive meanders in these lines are located at the 
gulf entrance and in the vicinity of the island of Gogland. 
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Figure 16. The location of the optimum fairways based on Methods I–IV calculated for 
the years 1987–1991 with the time window of 20 days. The centreline (the axis of the gulf, 
zero line in the lower panel) is determined based on sea points of the 2 nautical mile grid of 
the RCO model and thus does not necessarily exactly follow the geographical centreline of 
the gulf. 

The systematic deviation of the optimum fairways to the north around 27°20′ E 
and a smaller deviation to the south around 25°30′ E may be associated with a slow 
anticyclonic gyre (Soomere et al., 2011). Their large deviation to the south around 
28° E is evidently caused by the merging of the runoff of the Neva River with the 
general cyclonic circulation pattern in the Gulf of Finland (Andrejev et al., 2004a). 

The differences between the optimum fairways obtained using different 
methods (Figure 16) to some extent manifest the uncertainty of this approach 
(Paper A; Paper E). The maximum deviations between these lines (including the 
equiprobability line based on Method I) are fairly small, normally below 4 km even 
in the relatively wide eastern part of the gulf (Figure 15 and Figure 16), and mostly 
below the resolution of the circulation model. The differences are greatest at the 
gulf entrance where some of the lines in question deviate up to 40 km from each 
other (Paper E). 

Large systematic deviations of optimum fairways corresponding to Methods 
IVa and IVb indicate that parcels on the water surface in the northern part of the 
Gulf of Finland have a good chance of leaving the gulf. Somewhat surprisingly, the 
difference in the resulting optimum fairways is evident in the entire gulf. This 
feature may be associated with the overall cyclonic circulation pattern in this water 
body, which over longer time scales favours the transport of water masses towards 
the Baltic Proper along the northern coast of the gulf. This example also vividly 
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demonstrates how sensitive an optimum fairway may be with respect to small 
variations in the method. 

The equiprobability lines estimated using Methods I and II are located relatively 
close to each other: their bias is only 1.6 km and the root mean square difference is 
6.3 km (Paper E). This is expected because they are calculated using a similar 
concept and with only a slightly different set of trajectories. Note that the great 
differences between equiprobability lines derived in Papers A and E in the region 
to the north of Narva Bay are caused by the different choice of the separation point 
of the northern and southern coasts (where the resulting optimum fairways should 
head to). All equiprobability lines in Papers A and E show a characteristic 
deviation to the south in the vicinity of the Tallinn–Helsinki line. 

The resulting optimum fairways have quite different meanings in terms of the 
potential gain. The equiprobability line only shares equally the potential damage 
between the opposite coasts. The gain from the use of the line estimated from the 
distribution of the probability of coastal hits can be roughly evaluated in terms of 
the decrease in the overall probability of such a hit. A convenient measure is the 
ratio of this probability calculated over the points of the optimum fairway, to the 
total average probability for the area in question. For the described modelling 
environment, the average probability for a coastal hit within 20 days is 0.62, 
whereas the similar average value along the optimum fairway is 0.347. Therefore, 
the gain may, theoretically, reach 44% in terms of probabilities. In reality, the gain 
will obviously be smaller because coastal areas with large values of this probability 
are normally not used for ship traffic (Andrejev et al., 2011). 

Similarly, the gain (up to 42.5%) in terms of the average particle age 
(propagation time of the adverse impacts to vulnerable regions) can be roughly 
evaluated by means of comparison of the relevant total average over the entire sea 
area (8.7 days) with the similar average over the optimum fairway (12.4 days). As 
both values are calculated using 20-day-long time windows, they are considerably 
larger than the analogous values in Andrejev et al. (2011) where 10Wt  days is 
used. The potential increase in the propagation time (equivalently, the time 
available for combating the adverse impact) is still considerable, about 3.7 days. 
Note that these estimates do not account for the potential lengthening of the 
fairway (Murawski and Woge Nielsen, 2013). 

A convenient measure of the sensitivity of the resulting optimum fairway with 
respect to possible inaccuracies of calculations is the width of the ‘corridor’ in 
which the probability for a coastal hit (or the particle age) is allowed to vary to 
some extent compared to the theoretical extremum. This measure not only provides 
information about the flexibility of shipping in terms of keeping the environmental 
risks as low as possible but may highlight sea regions with different nature of 
current-induced transport. As an example, Paper E provides the relevant corridors 
of the average width of 15 km. This width corresponds to the increase in the 
probability of coastal hits by up to 0.029 and to a decrease in the particle age by up 
to 0.54 days compared to the exact extremum. Similar corridors of the same width 
of 15 km for the equiprobability lines are defined as the sea area between the lines 
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corresponding to certain variation in the balance between the probabilities of 
pollution transport to the opposite coasts. The procedure for the specification of the 
border lines of these corridors is identical to the one used for the evaluation of the 
optimum fairways described above (see Paper E for details). 

The resulting corridors are quite wide at the entrance to the Gulf of Finland, 
very narrow in the Tallinn–Helsinki region, widen substantially in the vicinity of 
Gogland and become very narrow again in the area to the north of Luga Bay. Their 
minimum and maximum widths are 7.4/9.6 and 29.1/42 km, respectively, for 
Methods III and IVa. The relevant corridor, estimated using Method I and 
corresponding to the changes in the threshold value by ±11.2% of the maximum 
values (±1), has a minimum width of only 2.1 km (that is, only 20–25% of that for 
the corridors corresponding to Methods III and IV) in the central part of the bay 
where the fields of p̂  have a steep north–south slope. This slope is moderate in the 
eastern and western parts of the gulf where the resulting corridor is up to 48.6 km 
wide (but narrows to 26.2 km near Gogland at the entrance to Neva Bay). The 
resulting corridor, evaluated using Method II, corresponds to a change in the 
threshold value ±9.5% of the maximum. It is considerably narrower (down to 
1.2 km) in the vicinity of the Tallinn–Helsinki line but reaches a width of over 
28 km near Gogland and 37.6 km at the entrance to the Gulf of Finland. Both the 
corridors largely follow the centreline in the narrowest part of the gulf, but deviate 
considerably to the north of it in the vicinity of Gogland. The optimum fairways 
and corridors almost coincide near Hanko but in the entrance area of the Gulf of 
Finland, the lines and corridors for Methods I and II deviate markedly. 

4.3. Frequently hit coastal sections 

As suggested in Paper B, the estimates of coastal hits, calculated with the use of 
alert zone 3 as specification of the nearshore region, give a realistic representation 
of transport to the coast for the RCO model velocity data. This definition of 
nearshore (width of about 11 km, 331 grid points, Figure 17) was also employed in 
studies of possible connections between the sources and sinks of pollution (Paper 
F). The starting points of the trajectories were chosen roughly, following the 
typical location of the sailing line of cargo ships from the Baltic Proper to Saint 
Petersburg. In order to mimic the natural spreading of shipping lines, parcels were 
selected in a belt covering three model grid cells in the north–south direction. In 
each simulation one parcel was selected at the centre of each of the 309 grid cells 
(Figure 17). The simulations cover the time interval 1987–1996 and were 
performed using the scheme presented in Figure 8 with 20Wt  days and 1St  
day, similarly to simulations in Paper A, Paper B and Paper E. The total number of 
time windows used during each 5-year interval was 185 and resulted in 57 165 
single trajectories. 

Although the annual mean probability of coastal hits showed certain variability 
(from 25.9% in 1987 to 42% in 1995), the 5-year average values (32.9% for 1987–
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1991 and 34.2% for 1992–1996) insignificantly differ from the average of 33.5% 
for the entire decade. The short-term variability of Lagrangian transport in the 
surface layer of the Gulf of Finland is so extensive that no adequate conclusion can 
be made based on one particular simulation (Papers A and B). This conjecture is 
also true on monthly scales (Paper F). Simulation results for single months 
(January 1987–1991) show extensive interannual variability of the monthly mean 
patterns of transport. For example, in January of 1988 a section of the northern 
(Finnish) nearshore, to the east of Helsinki, was the most affected one but in all 
other years the southern (Estonian) nearshore received the majority of hits. Results 
for different months of the year of 1990 demonstrate that the system has also a 
strong seasonal variability in both the percentage of hits and the particular area of 
hits. 

 

 
Figure 17. Initial location of selected parcels and the border of the nearshore in the Gulf 
of Finland. The double arrow indicates the separation point of the ‘southern’ and ‘northern’ 
parts of the nearshore in Figure 21. 

Some features were still present in all months. The north-eastern nearshore of 
the gulf, from the entrance to the Neva Bay to Vyborg, had a large probability of 
being hit in January of all years. The most frequently hit areas during different 
months largely coincided with those that were hit in January. The typical number 
of hits per nearshore point was 1.5–2 for January of different years. The most 
frequently hit sections normally received 9–11 hits (Paper F), that is, about five 
times as many as the average. Also, the alongshore variation in the frequency of 
coastal hits was on the same level for different months. 

More distinct patterns became evident on seasonal scales. The number of hits 
was highest, as expected based on Paper B, during the windy season and slightly 
less during windy to calm and calm to windy seasons (Paper F). During the calm 
season a few frequently hit areas occurred also between Tallinn and Narva and near 
Kotka. The northern nearshore of the Gulf of Finland was frequently hit only 
during the windy and the autumn (calm to windy) transitional seasons. The most 
frequent nearshore hits occurred between Hanko and Helsinki and in a short section 
to the south of Vyborg (which received many hits throughout the year, although 
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their number was somewhat smaller in July). The most affected section of the 
southern nearshore was in the vicinity of Tallinn (Paper F). 

The averaged results for single years in 1987–1991 reveal a clear configuration 
(Figure 18). Hits to the nearshore are most frequent in the eastern part of the gulf, 
to the south of Vyborg. Simulations in Andrejev et al. (2004a) suggest that a 
powerful and persistent flow, possibly partially driven by the discharge from the 
Neva River, exists in the sub-surface layer (depths 2.5–7.5 m) from the entrance to 
the Neva Bay until the longitude of Vyborg. This intense flow may entrain the 
uppermost layer (Gästgifvars et al., 2006), redirect the surface-current-induced 
transport to the west and in this way implicitly protect that coast from being 
polluted by sources along the fairway (Paper F). 

 

 
Figure 18. Annual average map of the most frequent hits to the nearshore in 1989 and 
1992, and the 5-year average map of nearshore hits. Grey sections – areas with no hits, blue 
– sections that received <7 hits/yr (20% of the maximum, about twice as large as the 
average), green – 7–17.5 hits/yr (20–50% of the maximum), red – areas where the hit count 
is >17.5 (>50% of the maximum). 

The model revealed frequent hits to the area between Hanko and Helsinki 
occurred in 1988 and 1990 (not shown in Figure 18) while only hits of medium 
frequency to this area occurred in other years. Another area frequently receiving a 
high number of hits was located near the southern coast of the gulf, to the west of 
Tallinn, around 24º00′ E. The domain to the east of Helsinki until about 28º30′ E is 
relatively safe with respect to the pollution stemming from the model fairway. It 
received a low number of coastal hits during most of the years. An extensive 
nearshore area between Tallinn and Narva (with a few short exceptions) also 
received a low number of hits in all years. 

The most affected nearshore is a short section to the south of Vyborg. Hits to 
the southern coast of the gulf are relatively frequent in a short section to the north 
of Luga Bay, at selected points near the northernmost tip of Estonia and along 
almost the entire north-western coast of Estonia to the west of Tallinn. The 
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northern nearshore of the gulf has generally a lower probability of hits except for 
short sections between Helsinki and Hanko. 

The extensive variability in the spatial pattern of frequently hit nearshore 
domains and in the number of hits on monthly and seasonal level is natural because 
of high variability in the patterns of currents of the Gulf of Finland (Alenius et al., 
1998; Leppäranta and Myrberg, 2009). Still, it raises the question about 
uncertainties of the resulting estimates, especially in the spatial distribution of the 
most frequently hit areas. A partial answer is given in Paper F based on the analysis 
of this variability over longer time intervals. 

The 5-year pointwise average values of nearshore hits exhibited a pattern very 
similar to the annual average distributions (Paper F). It reflected a medium 
frequency of hits in the area between Hanko and Helsinki and also in the area to the 
west of Tallinn, near the southern coast of the gulf, extending to Hiiumaa. Hits 
were most frequent in the north-western part of Estonia near 24º00′ E and in the 
easternmost part of the gulf, to the south of Vyborg. The northern coast from 
Helsinki to 28º30′ E and the southern coast, between Tallinn and Narva, were 
relatively safe according to the model in use. 

The average number of coastal hits per year varies considerably, from 2.9 in 
1987 to 4.7 in 1995 (standard deviation 597.0 , Paper F). This variability 
rapidly decreases with the increase in the averaging period. The 5-year averages of 
this quantity (3.68 in 1987–1991, 3.83 in 1992–1996) differ by less than 2% from 
the 10-year mean 3.76 in 1987–1996 (Paper F). The alongshore variability of this 
number remained substantial in the long-term average. A likely reason is that it is 
to some extent determined by geographical conditions and possibly by long-term 
features of surface transport. While 18 sections had no hits at all during the entire 
10-year simulation, the most frequently hit domains received up to 50 hits a year. 
The standard deviation for alongshore variations in the number of hits was from 4.9 
in 1987 to 6.5 in 1989 (Paper F). The values of σ calculated against the 10-year 
average count of pointwise hits were at the same level but varied very little, from 
4.75 in 1989 to 4.89 in 1987. This stability of σ can be interpreted as an indicator 
of the presence of a long-living structure in the distribution of hits. 

The frequently hit areas in Figure 18 are very similar for the periods of 1987–
1991, 1992–1996 and for the entire 10-year interval of 1987–1996. The average hit 
counts for single points are practically the same for the two 5-year intervals 
(Paper F). On average, the count in 1987–1991 exceeds the one in 1992–1996 by 
0.15 (which is about 4% of the relevant mean value). The standard deviation of the 
pointwise difference between the values for the two 5-year intervals is 1.51. 
Therefore, the pattern of areas that receive the largest number of current-driven hits 
from the fairway region is highly persistent. 

Another possibility of estimating the uncertainty of the performed calculations 
is to consider only a part of the trajectories. The pattern of frequently hit areas, 
calculated using every second parcel, was exactly the same as the above pattern, 
obtained using the entire set of trajectories (Paper F). 
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4.4. Frequent sources of nearshore pollution 

The circulation of the Gulf of Finland is represented by a rich family of usually 
concealed semi-persistent current-driven surface transport patterns (Soomere et al., 
2011). Although these patterns are highly variable in space and time, they may 
have a systematic impact on current-driven transport from the fairway region to the 
coast. Their presence, together with the persistent pattern of coastal hits, suggests 
that certain single locations of the existing fairway may be predominant starting 
points of coastal pollution. Below I speak about dangerous parts of the fairway or, 
alternatively, about perilousness, having in mind this ability of these sites to serve 
as a starting point of current-driven hits to the nearshore (Paper F). The fairway 
points are characterised in terms of the frequency with which the parcels selected at 
each point reached the nearshore. Particular attention is paid to the points, parcels 
from where drift to the nearshore relatively more frequently (>30% of the 
maximum count on the annual scale) than on average. 

Similarly to the distributions of the most frequently hit nearshore areas (Figure 
18), the ability of different parts of the fairway to serve as a source of adverse 
impacts on the coast substantially varies over different months, seasons and years 
(Paper F). The probability for the selected parcels to reach the nearshore is the 
highest during the windy months. For example, according to the model, in January 
1989 about 84% of the selected parcels reached the nearshore. Highly dangerous 
points to the west of Tallinn exist mostly during the windy season and a few other 
months (e.g., April, July and September). 

The results averaged for single years reveal a lower but still considerable 
temporal variability in the perilousness of the fairway. The probability for the 
selected parcels to reach the nearshore varies considerably for different years. For 
example, in 1988–1989 this probability frequently exceeded 60% for a part of the 
fairway to the west of Tallinn but was much lower in the other years. Importantly, 
it reveals a persistent pattern along the fairway (Paper F). The relatively dangerous 
sections near the bayhead of the Gulf of Finland and to the south of Vyborg are 
evident in all years and seasons, and during most of the months. The section of the 
fairway between longitudes 25º E and 27º30′ E provides the least danger. 

The time the parcels selected at different points of the fairway take to reach the 
nearshore (particle age) shows a similar pattern. It also exhibits extensive short-
term variability that is almost levelled off on the annual scale. The fairway section 
in the widest part of the gulf between Tallinn and Narva reveals the largest particle 
age. Its high values (>15 days on average) were registered in a section of the 
fairway from the entrance to the gulf almost until the mainland of Estonia in most 
of the years (Paper F). Generally, sections of the fairway that are the most remote 
from the coast provide a low level of danger of coastal pollution also in terms of 
particle age. A section, possibly with a higher level of danger (age 10–15 days) to 
the nearshore in the narrowest part of the gulf, between Tallinn and Hanko, extends 
almost to Hiiumaa in some years (Paper F). Another section of the fairway, posing 
a greater threat to the nearshore, is located in the easternmost part of the gulf, to the 
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south of Vyborg. A small part of this section is characterised by quite fast (<10 
days in annual average) transport of the selected parcels to the coast. 

The fairway can be divided into four parts. Relatively dangerous areas are 
located to the south of Vyborg in the eastern part of the gulf and slightly to the 
west of Tallinn. It takes, on average, 10–15 days (<10 days in a smaller section in 
the eastern part of the gulf) for the current-driven parcels to drift from these regions 
to the nearshore. The less dangerous parts are the sections from Narva to Tallinn 
and to the west of the mainland of Estonia, from where the drift time is 15–20 days 
(Paper F). In particular, any contaminant in the uppermost layer of the sea as well 
as oil spill in a short section of the fairway near the bayhead of the Gulf of Finland 
has a high chance to rapidly drift to the nearshore. This threat is enhanced by the 
predominance of south-western winds in this area. 

An intriguing question is whether certain nearshore areas are systematically hit 
by adverse impacts released in specific parts of the fairway. As such connections 
are less important for areas that are infrequently hit, I only consider sections of the 
nearshore, for which the annual count of hits exceeded 60% of the maximum count 
for at least one of the ten years of 1987–1996. The maximum count for single years 
varied more or less synchronously with the average rate for the selected parcels to 
reach the nearshore, from 32 in 1994 to 49 in 1989. Such a relative criterion levels 
off the interannual variations in the total number of hits (Paper F). Most of these 
sections (total 43, Figure 19) had a largely varying number of hits in different 
years. As a rule, these hits stem from quite different fairway points. Therefore, the 
simulations did not reveal any persistent patterns of interconnections between 
potential sources of pollution and end stations of their drift. Such patterns may, 
though, exist for certain seasons and/or weather patterns. 

 

 
Figure 19. Upper left panel: most frequently hit nearshore areas (red: >60% of the 
annual maximum number of hits at least in three model years out of 1987–1991 or 1992–
1996); other panels: interconnections between the above most frequently hit areas and the 
origin of the parcels. The link between the nearshore areas and the origin is shown by the 
same colour. 
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The nearshore areas highlighted in Figure 19 are naturally endangered by 
adverse impacts released along the major fairway and further transported by 
surface currents. Although these areas serve as probable end stations of the drift of 
various floating objects, the absence of a clear pattern of interconnections with 
certain sections of the fairway suggests that it is generally impossible to establish, 
at least using the model at our disposal, from where these objects originate. 

The simulations still revealed that nine sections of the coastline frequently 
received a massive number of hits by parcels selected in relatively small parts of 
the fairway (Figure 19). These sections were identified by considering such 
nearshore domains that received at least 60% of the annual maximum number of 
hits in any three years out of five consecutive years (1987–1991 or 1992–1996). 
Five such sections were evident in both these 5-year intervals (Paper F). 

4.5. Impact of horizontal eddy diffusivity on Lagrangian statistics 

Given the very small internal Rossby radius in the Gulf of Finland (Section 1.2), 
the RCO model with a spatial resolution of 2 nautical miles only resolves a part of 
the mesoscale dynamics in this gulf. The dependence of the properties of surface-
current-driven transport of passive parcels to the nearshore on the resolution of the 
circulation model of the Gulf of Finland was analysed by Andrejev et al. (2011) 
using an ocean model with a resolution of 2, 1 and 0.5 nautical miles and with 
otherwise identical setup and forcing data. Some features of current-driven 
transport (e.g., the exact location of the optimum fairway) were found to be quite 
sensitive with respect to the model resolution. However, some other properties of 
this transport (e.g., the basic features of the distributions of probabilities of 
nearshore hits and the time it takes for the parcels to reach the coast) became stable 
after about three years of integration (Section 3.5). As the pattern of nearshore hits 
by parcels selected along the fairway is largely governed by the aforementioned 
properties, it is likely that the spatial pattern of hits to the nearshore is not 
particularly sensitive with respect to the resolution of the circulation model either. 

As discussed in Section 1.4, the non-spreading version of the TRACMASS 
model, used to quantify current-driven transport in Papers A, B and E–G does not 
replicate the natural level of the spreading of selected parcels. Namely, the 
simulated patches of parcels disperse much slower than real drifters (Jönsson et al., 
2004; Engqvist et al., 2006; Döös and Engqvist, 2007; Döös et al., 2008; Kjellsson 
and Döös, 2012; Kjellsson et al., 2013). This feature is expected since the parcels 
are transported by velocity fields that do not contain information about subgrid-
scale motions in a real marine environment. The described property may lead to 
unphysical clustering of trajectories of initially closely located passive parcels and, 
consequently, may play a role in the formation of a pattern of hits to the nearshore 
highly variable in space  (Figure 18). 

In order to test this possibility, Paper G focuses on the effect that the inclusion 
of subgrid-scale motions may have on the transport patterns estimated from purely 
advective Lagrangian trajectories. It is natural to assume that the inclusion of such 
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motions, for example, in terms of horizontal eddy-diffusivity, will considerably 
impact single Lagrangian trajectories. It is, however, unclear whether or how 
strongly the resulting statistical properties are affected. 

The analysis is performed by including various representations of the effect of 
eddy-diffusivity (equivalently, various kinds of artificial spreading) on the parcel 
trajectories in the Gulf of Finland. Parcels were selected in four areas (called 
patches below) consisting of 5×5 grid cells. A cluster of four parcels (400 in total) 
was selected within each grid cell (Figure 20). The trajectories were simulated over 
four days, starting from 17 April 1987. This time slice covers a period with 
unusually strong variability in the surface current field and is thus favourable for 
the identification of the impact of numerical spreading. 

 

 
Figure 20. Four patches of selected parcels (a) and the maximum parcel separation for 
each four-parcel cluster seeded within a grid cell for the three different methods: (b) no 
eddy-diffusivity (pure advection); (c) eddy-diffusivity with a constant diffusion coefficient; 
(d) eddy-diffusivity with a time- and space-variable diffusion coefficient. The grid cell 
colour corresponds to a distance (km) as shown by the colour bar. 

Particle diffusion is modelled in Paper G as a random walk process, where a 
random displacement is added to the trajectory position at each time step t  in the 
simulation. The scheme was introduced in TRACMASS by Levine (2005). The 
results are based on three different datasets of trajectories: (i) non-diffusive 
simulation (pure advection), (ii) using a constant horizontal diffusion coefficient of 
5 m2/s and (iii) using a variable horizontal diffusion coefficient calculated by the 
Smagorinsky model. In most of the model area the Smagorinsky diffusion 
coefficient is close to 5 m2/s (Paper G). 

The maximum separation distance within each cluster of four parcels selected 
within single grid cells clearly depends on whether eddy-diffusivity was included 
in the model (Figure 20). The separation reached 1–4 km for simulations without 
diffusion and increased considerably, by a factor of two (to 1–10 km) when 
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diffusion was included. Differently from the non-spreading (purely advective) case, 
the separation between initially closely packed parcels is highly variable even 
between neighbouring grid cells when eddy-diffusivity is included. The largest 
variations occurred for the constant eddy-diffusivity case. The mean separation 
distance within each of the four patches is the largest in the westernmost patch in 
Figure 20, regardless of the particular model of spreading. This feature reflects the 
presence of locally strong surface currents. The variance in the separation distance 
is about 0.6–1.2 km without eddy-diffusivity and increases even more, to about 
1.9–2.4 km with constant eddy-diffusivity (Paper G). The Smagorinsky model, 
which resulted in smaller separation distances than the constant eddy-diffusivity, 
may have equally large variability in regions with strong velocity field 
deformation, but comes closer to the non-diffusive results in less dynamic areas. 
The maximum particle separation distance varies considerably due to velocity field 
deformations, but the strong responses are confined to localised patches. 

Lagrangian trajectories of parcels selected along the fairway (Figure 17) were 
calculated for the period 1982–2001 with six simulations per month, giving a total 
of 1440 runs. The following analysis is based on annually averaged percentages of 
coastal hits. Interannual variability of the monthly mean patterns of transport has 
been discussed in Paper F. 

In spite of substantial changes to the statistics of the spreading of initially 
closely located parcels (see above), the differences in the total number of nearshore 
hits for 1982–2001 calculated with all three methods were less than 2%. The 
distribution of coastal hits along the northern and southern coasts of the Gulf of 
Finland averaged over 20 years (Section 4.3) almost did not change when eddy-
diffusivity was included (Paper G). 

Interestingly, the regions where the results of purely advective simulations 
depart from those obtained using the eddy-diffusivity model are not primarily at the 
extremes. In other words, the rate of hits to the regions that are extremely exposed 
to or completely sheltered from coastal hits remained unchanged and small 
variations only occurred in regions that received a moderate number of coastal hits. 
A possible interpretation of this result is that eddy-diffusivity contributes to 
pushing particles into less dominant parts of the coastal currents, but the counts of 
hits at the sections corresponding to peaks in Figure 21 are not reduced since the 
total number of coastal hits increases (Paper G). 

The number of coastal hits during the 20-year period 1982–2001 ranged from a 
minimum of 21% (4700 trajectories) in 1985 to a maximum of 42% (9400 
trajectories) in 1995. The mean value of coastal hits for the entire 20-year period 
was 31.9%. The five-year average values do not seem to indicate any long-term 
trend (Paper G). The effect of eddy-diffusivity is thus expressed by very slight 
increase in the number of coastal hits by about 1–2% in single years and reduction 
of the average time it takes for parcels to reach the coast, by less than 0.5 days 
(Paper G). 
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Figure 21. The most frequently hit nearshore areas averaged for the period 1982–2001 
for the northern (upper panel) and southern (lower panel) coast of the Gulf of Finland (see 
Figure 17). The x-axis is the distance along the coast (in nautical miles), from the west of 
the gulf, near Hanko in the north and Hiiumaa in the south, to the eastern end of the gulf. 

The inclusion of the impact of subgrid-scale processes, as expected, had 
considerable impact on the spreading of Lagrangian trajectories (and consequently 
on single trajectories) and on several properties of the statistics of transport. Clear 
modifications exist for the spreading rate and the increase in the average distance 
of the parcels from their origins. Interestingly, several other statistical properties of 
the transport were almost insensitive with respect to the presence or absence of 
subgrid-scale processes. Most importantly, the main features of the transport of the 
parcels to the nearshore areas and the time it took for the parcels to reach the 
nearshore remained essentially unchanged. Also, the spatial pattern of frequently 
hit coastal areas remained practically the same. 

This stability suggests that the distributions of the probability of coastal hits and 
the time the parcel (or pollution) takes to reach the coast are generally insensitive 
with respect to the subgrid-scale processes and are basically defined by large-scale 
and mesoscale advection, the main features of which can be replicated using ocean 
models of moderate resolution. Moreover, this result suggests that the pattern of 
coastal areas that are frequently hit by adverse impacts (pollution, litter) from the 
offshore is also largely invariant with respect to the details of the Lagrangian 
transport models and the methods of parameterisation of subgrid-scale processes. 
An implicit consequence is that the estimates for the basinwide distribution of the 
probabilities of coastal hits by surface-driven pollution and the time it takes for the 
pollution to reach the coast (Andrejev et al., 2011; Paper E) apparently are also 
largely invariant with respect to the way of accounting for the impact of subgrid 
processes. 
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Conclusions 

Summary of the results 

The presence of organised systems or patterns of surface currents is an important 
precondition for the use of intrinsic features of currents for environmental 
management of potentially dangerous offshore activities. In this thesis the detection 
of such patterns was addressed by applying two techniques. The overall structure 
of surface velocity fields was analysed using the Okubo–Weiss parameter. 
Variations in this parameter characterise the spatial patterns of strain and relative 
vorticity, which are likely to deviate from their background values in the regions 
that host organised patterns of currents. 

The surface flow in the Gulf of Finland (simulated using the OAAS model by 
O. Andrejev and A. Sokolov with a horizontal resolution of 1 nautical mile) is 
generally strain-dominated. Within short events the values of the Okubo–Weiss 
parameter can increase by a factor of 10. Such events tend to happen during the 
windy autumn–winter season but do not correspond to extreme wind speeds. 
Regions of high vorticity are prominent near the coast, while pronounced levels of 
strain at times occur in the offshore domains. In the western part of the gulf such 
levels are mostly oriented in the north–south direction and indicate the possibility 
of rapid transport of water masses across the gulf. The presence of eddies in high-
vorticity areas was further investigated using a geometrical (streamline winding 
angle) method. This method showed good results for the Vatlestraumen area 
(Norway) that was modelled in very high resolution, but was not able to detect 
single eddies in vorticity-dominated areas of the Gulf of Finland. 

The problem of minimising environmental risks of ship traffic was considered 
by optimising the sailing line so that parcels of pollution released along the fairway 
and further carried by surface currents would have a minimum chance of reaching 
the nearshore (to exert a coastal hit). The relevant technique is based on subsequent 
application of long-term numerical simulations of Eulerian velocity fields, 
calculation of Lagrangian trajectories, statistical analysis of their properties and 
specification of the optimum sailing line derived from this analysis. The study was 
performed for the Gulf of Finland using velocity fields from the Rossby Centre 
Ocean (RCO) model with a resolution of 2 nautical miles. 

The described technique contains several parameters that have to be adjusted for 
each purpose, a particular sea area and circulation model. Reliable statistics of 
coastal hits can only be constructed when a significant number of parcels (carrying 
an adverse impact) reach the properly defined nearshore within a reasonable time 
window (trajectory length). The optimum width of the nearshore area when using 
the RCO model data and trajectories that are purely advected by simulated velocity 
fields is about three grid cells. The appropriate time windows in calculations of the 
propagation of pollution parcels to the coast are 10–20 days. The dependence of the 
results on the time lag is fairly small when the time lag between the windows is up 
to 10 days. 
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The concept of the equiprobability line as a first approximation of the optimum 
sailing line in elongated sea areas can be introduced in a straightforward manner 
for basins like the Gulf of Finland, which are divided between two countries. The 
probability that current-driven pollution parcels hit the coasts on either side of the 
basin is interpreted as the measure of the costs of consequences of accidents. The 
equiprobability line connects the points, from which the probability of propagation 
of the parcels to the two opposing coasts is equal. This line (calculated using large 
pools of Lagrangian trajectories reconstructed from the RCO velocity data and the 
TRACMASS code) mostly follows the centreline of the Gulf of Finland in its 
narrower part. In the wider part of the gulf it passes through an area of reduced 
risk, the propagation of pollution from which to either of the coasts is unlikely. 
Different methods used for the calculation of this line lead to small variations in its 
location. 

The equiprobability line offers a local optimum for a fairway. A global 
optimum is searched in terms of the probability of the nearshore areas being hit by 
the pollution parcels released at different sites and of the time it takes for a hit to 
occur. The maps of these quantities are also constructed using the RCO data and 
the TRACMASS code. An approximation for the optimum fairway is constructed 
as a line that roughly follows the areas where the probability has a minimum or the 
time in question has a maximum. The resulting line only partially matches the 
geometrical centreline of the gulf and in some occasions meanders substantially. 

The location of an optimum fairway is sensitive with respect to numerical noise 
and/or changes in the parameters in use, especially in areas where the overall risk 
level (e.g., probability of a coastal hit) is low. An attempt was made to characterise 
the applicability of the entire approach by comparison of the optimum fairways 
obtained using different quantifications of environmental risk. The extensive 
variation in the width of the ‘corridors’ corresponding to small deviations from the 
optimum solution signifies that the Gulf of Finland may contain areas with quite 
different internal dynamics and resulting current-driven surface transport. These 
areas can be separated based on the magnitude of cross-gulf gradients of the above-
discussed quantities that characterise the ‘ability’ of a particular sea area to serve as 
a source of coastal pollution. While in the narrow central part of the Gulf of 
Finland these gradients are large and all versions of optimum fairways almost 
overlap, even large shifts in the fairway location in areas with small gradients 
would insignificantly affect environmental risks. 

The probabilities of a hit to different sections of the nearshore and the potential 
of parcels released in different parts of the major fairway to reach the nearshore are 
both highly variable within short time intervals but exhibit a clearly repeating 
pattern over longer time intervals. Short sections to the south of Vyborg and to the 
north of Luga Bay, selected points near the northernmost tip of Estonia and the 
north-western coast of Estonia have a high chance for a coastal hit. The northern 
nearshore of the gulf has generally a lower probability of hits. The sections of the 
fairway, from which current-driven propagation of parcels to the coast is likely, are 
located in the eastern gulf area (to the south of Vyborg) and in the narrow part of 
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the gulf, slightly to the west of Tallinn. Still, the simulations did not reveal any 
long-term pattern of current-driven interconnections between specific parts of the 
fairway and single nearshore sections. 

The sensitivity of the described patterns with respect to the impact of subgrid-
scale processes was analysed by means of several versions of representation of this 
impact in the Lagrangian trajectory model. The inclusion of the impact of subgrid-
scale processes considerably modified single Lagrangian trajectories, their 
spreading properties and several key properties of the statistics of transport (such as 
the spreading rate and the increase in the average distance of the parcels from their 
origins) compared to the purely advective transport. Several other statistical 
properties of the transport were almost insensitive with respect to the presence or 
absence of subgrid-scale processes. Most importantly, the statistics of the transport 
of the parcels to the coastal areas, the time it took until the parcels reached the 
nearshore and the spatial pattern of frequently hit coastal sections remains 
practically the same. This feature suggests that also the basinwide distributions of 
the probabilities of coastal hits by surface-driven pollution and the time it takes for 
the pollution to reach the coast may be invariant with respect to the way of 
accounting for the impact of subgrid processes. 

Main conclusions proposed to defend 

1. Patches of strain and relative vorticity were identified for the Gulf of Finland 
using the Okubo–Weiss parameter. These patches indicate the possible 
presence of semi-persistent (or frequent) motions along the coast, near the 
mouth of the Neva River and in the north-western part of the gulf. 

2. A hybrid method for detection of mesoscale eddies, combining physical 
(Okubo–Weiss parameter) and geometrical (streamline winding angle) flow 
characteristics, showed good results for the Vatlestraumen area (Norway) but 
detected only a very small number of eddies in vorticity-dominated areas of the 
Gulf of Finland. 

3. A model for the analysis of Lagrangian transport of persistent pollution parcels 
by surface currents was developed based on statistical analysis of Lagrangian 
trajectories of such parcels using the TRACMASS model and precomputed 
velocity fields. 

4. Optimum values for the key parameters of this model (specification of the 
nearshore area, the length of the time window (trajectories), the time lag 
between time windows, the time interval to be covered, initial locations of 
selected parcels) were evaluated for several applications in the Gulf of Finland. 

5. A method was developed for specifying the equiprobability line (from which 
the probability of current-driven propagation of pollution to the opposite coasts 
is equal) in the Gulf of Finland using velocity fields calculated by the Rossby 
Centre Ocean (RCO) model for 1982–2001. 

6. Spatial distributions of probabilities of current-driven propagation of passively 
advected parcels to the nearshore and of the time it takes until the parcels reach 
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the nearshore were calculated for the Gulf of Finland based on 10-day and 20-
day long trajectories. 

7. Optimum fairways minimising the probability of coastal hits or maximising the 
time until a coastal hit occurs are mostly located to the north of the gulf axis 
(by 2–8 km on average). They meander substantially in some sections of the 
gulf. The typical root mean square deviation between the optimum fairways, 
specified from different criteria, is 6–16 km. 

8. Nearshore areas to the south of Vyborg, to the north of Luga Bay, at the 
northernmost tip of Estonia and along the north-western coast of Estonia are 
most frequently hit by parcels selected along the major fairway. The northern 
nearshore of the gulf has a lower probability of such hits. The most probable 
sources of hits are in the eastern part of the gulf, to the south of Vyborg and in 
the narrow part of the gulf, slightly to the west of Tallinn. 

9. The inclusion of artificial spreading of modelled Lagrangian trajectories 
substantially changes the appearance of single trajectories and spreading of 
initially closely located parcels but almost does not impact the pattern and 
frequency of hits to the nearshore. 

Recommendations for further work 

The particular implementation of the method proposed in the thesis only considers 
the role of surface currents in the process of specification of the optimum fairway 
or other potentially dangerous activities. For realistic applications, it would be 
desirable in the future to consider also wave- and wind-induced transport. A 
combined measure for assessing environmental risk derived from the probability of 
coastal hits and the time it takes for the pollution to reach the coast should be 
developed, similarly to the relevant attempt by Murawski and Woge Nielsen 
(2013). It is also desirable to apply the method to more realistic distributions of the 
value or vulnerability of different coastal and offshore regions similarly to 
Delpeche-Ellmann and Soomere (2013a, 2013b). 

The spatial and temporal resolution of the ocean model and recorded current 
fields (2 nautical miles and 6 h, respectively) ignore a large part of mesoscale 
activity in the Gulf of Finland and distort the impact of inertial oscillations on the 
pollution drift. Although parallel studies (Andrejev et al., 2011) have demonstrated 
that the key features of the distributions of various measures of environmental risk 
are relatively stable with respect to the resolution of ocean model, an increase in 
the temporal resolution to 3 h and in the horizontal resolution to about 1 km 
(possibly down to 0.5 km) is highly desirable in future experiments (and feasible 
given the gradual improvement of computer facilities). Doing so is particularly 
important for properly resolving the presence of smaller islands in the eastern and 
northern parts of the gulf. Moreover, the Gulf of Finland covers only a small part 
of the environmentally sensitive Baltic Sea. 

The technique of statistical analysis of Lagrangian trajectories evidently has a 
large potential for achieving progress in many other problems associated with the 



81 

advection of single parcels and items. It is obviously useful for tracking the 
pathways of (micro)plastic that is mostly advected by surface currents, and for 
establishing the areas of their high concentrations. The technique used for the 
evaluation of the most dangerous parts of the fairways can be directly used to find 
the potential sources of such a material and can in this way serve as a basis for the 
relevant decision-making process. 

The results presented in the thesis are not conclusive for the Gulf of Finland 
with respect to the automatic detection of eddy structures. The near absence of 
long-living circular eddies in the instantaneous velocity fields even in areas with 
high vorticity does not imply that the semi-persistent current fields do not exist. A 
possible reason for the failure is that the resolution of the ocean model, albeit very 
high compared to the majority of contemporary models, was not sufficient for 
replication of long-living eddies in this gulf. Alternatively, the circular structure of 
eddies may be often distorted or masked by certain filaments formed in the surface 
layer of the Gulf of Finland. However, the occurrence of such structures at the 
same locations over time could be a strong indicator of the presence of a semi-
persistent current field. This is a potential subject for further analysis, but will 
require either a higher-resolution model than available today, or analysis of data 
from other sources, such as satellite altimetry. 

The properties of different quantities calculated in the thesis (probabilities of 
current-driven transport to opposite coasts, probabilities of coastal hits, residence 
time of released pollution or items at sea) have been only explored here from the 
viewpoint of specification of a simple model of an optimum fairway. The two-
dimensional fields of these quantities have obviously a much larger potential for 
the use in different applications. A straightforward application is the quantification 
of the ‘benefit’ from a shift of certain parts of the fairway (Delpeche-Ellmann and 
Soomere, 2013a, 2013b). 

While the analysis in the thesis mostly relies on the location of the maxima, 
minima or zero-crossings of these quantities, it is likely that several other 
properties of their two-dimensional distributions have a great value. For example, 
the magnitude of cross-gulf gradients of these quantities implicitly characterises 
not only the uncertainty of the solutions but also the potential consequences of the 
introduction of a non-optimum solution. While in the narrow central part of the 
Gulf of Finland these gradients are large and all versions of optimum fairways 
almost overlap, even large shifts in the fairway in areas with small gradients would 
insignificantly affect environmental risks. More generally, the magnitudes of the 
gradients in question indicate the similarities and differences in terms of transport 
by surface currents in different sea areas. These quantities, therefore, may be used 
in maritime spatial planning for identifying the sea regions with seemingly similar 
geometry but with radically different internal properties. 
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Abstract 

This thesis deals with several ways of detection of coherent and semi-persistent 
patterns in the surface layer of seas and oceans and explores the possibilities for 
their use for environmental management of potentially dangerous offshore 
activities. First, a short overview of the study area (Gulf of Finland in the Baltic 
Sea), the Rossby Centre Ocean model (RCO) and OAAS (by O. Andrejev and 
A. Sokolov) circulation model, used for replication of the surface velocities, and 
the TRACMASS code, used for evaluation of Lagrangian trajectories of selected 
passively advected parcels, is presented. 

A discussion of the potential of coherent and semi-persistent currents for 
mitigation of hazards associated with offshore pollution is followed by an insight 
into possibilities of automatic detection of such patterns in strain and vorticity 
fields using the Okubo–Weiss parameter and subsequent application of the 
geometrical (streamline winding angle) criterion. The resulting hybrid method 
works well for the high-resolution Eulerian velocity fields in the Vatlestraumen 
area (Norway) but detects only a small number of eddies in the Gulf of Finland. 

The main body of the thesis addresses the possibilities of using statistical 
analysis of Lagrangian trajectories of persistent parcels of pollution, passively 
advected by surface currents, to calculate the spatial distributions of probabilities 
and times for such parcels to reach the coastal area (to exert a coastal hit), and of 
the subsequent use of these distributions for environmental management of ship 
traffic and specification of environmentally optimised fairways. The analysis is 
mostly based on trajectories evaluated by the non-spreading version of the 
TRACMASS code from velocity fields calculated by the RCO circulation model 
for 1982–2001. The sensitivity studies, designed for estimating the key parameters 
in the model, revealed that the optimum width of the nearshore area in this set-up is 
about three ocean model grid cells, the appropriate length of trajectories is 10–20 
days and the total time interval to be covered is at least a few years. 

A method is developed for establishing the location of the equiprobability line, 
from where the probability of current-driven propagation of pollution to the 
opposite coasts is equal. Spatial distributions of probabilities and of the time it 
takes for pollution parcels to reach the nearshore are calculated based on 10–20-
day-long trajectories. The optimum fairways minimising the probability and 
maximising the time for coastal hits are mostly located to the north of the 
centreline of the gulf. The root mean square deviation between the optimum 
fairways specified from different criteria is 6–16 km. The most frequently hit 
nearshore areas are short fragments between Hanko and Helsinki and to the south-
east of Vyborg, and longer segments from Tallinn to Hiiumaa. A short section of 
the fairway to the south of Vyborg and a segment to the west of Tallinn are the 
most probable starting points of parcels. The inclusion of the artificial spreading of 
the modelled Lagrangian trajectories substantially changes the appearance of single 
trajectories and the spreading of initially closely located parcels but almost does 
not impact the pattern and frequency of hits to the nearshore.  
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Resümee 

Doktoritöös käsitletakse erinevaid meetodeid koherentsete ja poolpüsivate 
hoovuste mustrite tuvastamiseks merede ja ookeanide pinnakihis ning uuritakse 
võimalusi nende rakendamiseks avamerel toimuvate potentsiaalselt ohtlike 
tegevuste keskkonnajuhtimises. Esitatakse lühiülevaade uurimispiirkonnast (Soome 
laht Läänemeres), tsirkulatsioonimudelitest RCO ja OAAS (millega on arvutatud 
pinnahoovuste kiiruste andmestikud) ning TRACMASS tarkvarast, millega leitakse 
lisandite edasikandumise Lagrange'i trajektoorid. Kirjanduse alusel käsitletakse 
võimalusi rakendada koherentsete ja poolpüsivate hoovuste potentsiaali avamerelt 
pärit reostuse mõju leevendamiseks. Vaadeldakse kiirusvälja keeriselisuse jm. 
mustrite automaatse tuvastamise meetodeid, kasutades järjestikku Okubo-Weiss'i 
parameetrit ja voolujoonte pöördenurkade summal baseeruvat geomeetrilist 
kriteeriumit. Taoline hübriidmeetod toimib edukalt kõrge lahutusvõimega Euleri 
kiirusväljade puhul Vatlestraumeni (Norra) piirkonnas, kuid tuvastab ainult 
üksikuid keeriseid Soome lahes. 

Töö põhiosas uuritakse võimalusi kasutada pinnahoovuste poolt edasi kantavate 
püsivate reostusosakeste trajektooride statistilist analüüsi laevaliikluse 
keskkonnajuhtimiseks ning keskkonna jaoks optimaalsete laevateede 
konstrueerimiseks. Rakenduste aluseks on selliste osakeste randa jõudmise 
tõenäosuse ja aja ruumilised jaotused. Analüüs põhineb peamiselt RCO 
tsirkulatsioonimudeli väljundi (kiiruste andmestik aastate 1982–2001 jaoks) põhjal 
TRACMASS tarkvara hajumist ignoreeriva versiooni abil arvutatud trajektooridel. 
On leitud, et sellise mudeli rakendamisel peab rannavööndi optimaalne laius olema 
kolm tsirkulatsioonimudeli võrgupunkti, trajektooride pikkus 10–20 päeva ning 
simulatsiooni kogupikkus vähemalt mõned aastad.  

On esitatud võrdtõenäosusjoone kontseptsioon ja meetod selle leidmiseks. Joon 
kirjeldab punkte, millesse sattunud lisandid triivivad vastastikku paiknevatele 
rannikuosadele võrdse tõenäosusega. Kõnesolev joon on arvutatud mitmete 
erinevate Soome lahe põhja- ja lõunaranniku eralduspunktide jaoks. 

Teine komplekt optimaalseid laevateid kulgeb piki reostusosakeste randa 
triivimise tõenäosuse ja aja ruumiliste jaotuste ekstreemumeid. Need jaotused on 
arvutatud 10–20 päeva pikkuste trajektooride alusel. Erinevate meetoditega 
arvutatud optimaalsed laevateed paiknevad lähestikku Soome lahe kitsamas osas, 
kuid erinevad mõnevõrra lahe laiemates osades. Optimaalsete laevateede 
ruutkeskmine erinevus on 6–16 km. 

Kõige sagedamini tabab laevateelt pärinev reostus lühikesi rannaosi Hanko ja 
Helsingi vahel, Viiburist lõunas, Soome lahe kirderannikul ning Tallinna ja 
Hiiumaa vahelisel alal. Kõige suurem tõenäosus randa jõudmiseks on osakestel, 
mis on sattunud merre lühikesel laevatee lõigul Viiburist lõunas ja pikemal lõigul 
Tallinnast läänes. Tehisliku hajumise lisamine mudelisse mõjutab oluliselt üksikuid 
trajektoore ja algselt lähestikku paiknevate osakeste hargnemist, kuid ei oma 
peaaegu mingit mõju rannikutabamuste sagedusele ja mustrile. 
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Paper G 

Viikmäe B., Torsvik T. and Soomere T. 2013. Impact of 
horizontal eddy-diffusivity on Lagrangian statistics for 
coastal pollution from a major marine fairway. Ocean 
Dynamics, 63(5), 589–597. 
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