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Figure 3. Map of time scales (left panel, days) and probabilities
(right panel, %) for the coastal hits for 1987-1991 for the Gulf
'i: of Finland.
05 described methods gives good resitis this area with a very
----------------- ' small level of uncertainty.
/,——"‘ There are, however, extensivareas where the different
7 0 approaches lead to considerably different locations for the
optimum position of dangerous activities (Figures 4a and 4c).
05 Notice that such areas are not necessarily associated with smaller
probabilities for coastal hits (or with larger values of the particle
age). Instead, they are associated with overall small cross-basin

1= gradients of the relevant fields.

An interesting feature is the relatively large North-South
Figure 2. Map of the values of the parameteharacterising the gradient in all the fields in question near the northern coast of the
probability of hitting the opposite coasts in the Gulf of FinlandGulf of Finland. The numerical method in use allows for credible
and the corresponding equiprobability lines for 1987-199&stimates of gradients in these measures only starting from the
calculated using the direct method (above) and the smoothisgaward border to the nearshore zone with a width of 3 grid points
method (below) for the Gulf of Finland. (about 11 km, marked with brown or dark blue color in Figures 2

and 3; see also Soomezkal, 2010). There are usually relatively

- - o large cross-basin gradients in all measures in question in an about
approaches lead to qualitatively similar probability maps foléa - . . !
coastal hits for the 5-year time interval in question (Figures 2 a ékm wide strip of sea adjadeto this nearshore zone. The

3). In general, these maps follow the geometry of the Gulf levant gradients are up to 0.04 1/km for _the probability and
Finand an reveal e lrget vaives o he paricle age and [ 12754 U parice e Trese maorioes i lroey e
smallest values for the probability of coastal hits in the relative 9 guft. S .
wide part of the gulf. These distributions are SomeWhaouthern (right-hand) part of the panel in Figure 4a are associated

asymmetric in the North-South direction: the largest values é’lth the presence of straits connecting the entrance to the Gulf of

particle age and the smallest values for probabilities occur to t gﬂand 0 th_e Western Estonian Archipelago (not shown in
North from the geometrical centre of the gulf. rigure 1). This property suggests that @he_ sur_face-layer current-
A highly interesting feature of the resulting distributions is tha'l.nduced transport is generally anisotropic in this part of the gulf

; . - - nd largely directed to the south.
some open sea regions contain a clear probability gradient WhﬂeThergfo)r/e in areas located at a distance 28 km from the

some other regions of basically the same size exhibit extensive : - o
areas with very low (and essentially constant) probability orthem coast any shift of the potentla_lly dangf-)rous activities to a
hitting either of the coasts (Figure 4). In the former areas it arger dlstancle .OESh.Ore Wouldfresult |r|1 a Irlna_jor dgcrease In lthe
possible to clearly define the line corresponding to the smalle vapnmenta MISKS In t‘?rms of coastal pollution. onsequgnty,
level of risk to the environment. The resulting estimate e risks are very high in the narrowest part.of the gulf W'th a
insignificantly differ from each other and any of the aboveW'dth below 60-70 km. There seems to exist a characteristic

section of relatively small gradienits all fields to the south of the

a) b)
0.5 15 0.5 / 15

® B

) )
£ gz )
a 0 10 a 0 10
© o ®© (0]
Qo o Q j=2)
s <% <
;- ;-

3

-0.5

3

17

-15 -10 -5 0 5 10 15 TR -5 0 5 10 15
Grid points from the middle of the gulf Grid points from the middle of the gulf

o
o

Figure 4. Examples of cross-sections of the distributions of probabilities for coastal hits (green; siipw@ ps 05 , wherep is the

probability of coastal hit), particle age (red) and for thentjtyacharacterizing the probability of hitting the northern andthern coasts:
for the gulf entrance (a), narrow central pafrthe basin (b), and for the wider eastpart of the gulf (c). Circles inditathe location of
the optimum fairway.
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optimum along the cross-sections in even the narrowest parts of
the gulf; however, the global extreme is consistently located to the
north the centerline of the gulf.

An associated feature is that, in wider parts of the gulf (where
the cross-sectional width is >70 km), there are extensive areas
with quite small North-South gradients of all the measures of
environmental risk at a distance of >25 km from the numerical
representation of the nearshore zone, that is, about 35 km from the
coast (Figure 4a and 4c). The exact location of the optimum for
different measures may be largely different in these areas but even
quite large changes in the choice of the (almost-optimum) fairway
would lead to a very limited increase in the environmental risk
compared to the formal extremum. Such areas can be called areas
of reduced risk. There is quite a large freedom in the choice of the
location of potentially dangerous activities in such areas.

The described technology was also used for a completely
different sea area, the northern Baltic Proper (Figures 5 and 6).
Natural choices of opposite coasts are the western and eastern
coasts. Figure 5 shows that the probability of hitting the opposite
coast also has an asymmetric nature, with generally a much larger
probability of marine pollution hitting the eastern coast. This
conclusion apparently reflects the dominant SW winds in this
basin and an associated prevalence of surface current-induced
transport to the east. The maps of particle age and the probability
for a coastal hit also reveal a certain asymmetry, with the location
of the optimum fairway substantially to the west of the
geometrical centerline of the northern Baltic Proper.

The above analysis shows that different methods may lead to
quite different locations for the optimum fairway. The presence of
such uncertainties in no way means the failure of the entire
approach. Instead, it opens a new way towards quantification of
different sea areas in terms of maritime spatial planning. It
specifically distinguishes the areas where one has to be careful
with decisions from those where considerable freedom in
decision-making exists. In other words, the method of
quantification of environmental risks gives an indication of the
choice of the line of thinking to be used for different sea areas

The width of the sea area where the measures of environmental
risk rapidly decrease obviously is strongly site-specific. In our
exercise we have only estimated the spatial extent based on the
field of current-induced surface transport. These estimates can be
easily corrected in realistic applications based on typical
parameters of wind and wave fields.

The equiprobability line calculated with the second approach
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Figure 5. Map of the parameter ¢ characterizing the probability
of hitting the opposite coasts in the northern Baltic Proper. The
solid line indicates the equiprobability line. Notice the wide
area of very small gradients in the underlying field in the
western part of the sea.
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Figure 6. Maps of particle age (left panel, days) and probabilities
of coastal hit (right panel, percent) for 1987-1991 for the
northern Baltic Proper.

was taken as the starting instance for the trajectories to analyze the
most frequently hit coastal areas for pollution released along this
line. A major proportion of coastal hits in the Gulf of Finland
occur near the northern and north-western Estonian coast and on
the southern coast of Finland, close to Helsinki. Figure 7 indicates
that transport of marine pollution from the equiprobability line is
predominantly to the southern coast as there are more frequently
hit coastal areas. While concentration of the most frequently hit
coastal sections in the narrowest part of the gulf is an expected
feature, it is interesting that a few selected sections on the southern
coast of the wider part of the gulf may be also relatively frequently
hit by pollution released along the optimum fairway.

DISCUSSION AND CONCLUSIONS

The presented results confirm that it is possible to considerably
reduce the probability of coastal pollution released from ships by
means of optimising the fairways. The relatively small difference
in the location of the optimum fairways obtained by different
methods indicates a reasonable level of uncertainty connected with
this type of solution for some sea areas.

A highly interesting result is the presence of substantially
different regions in the underlying spatial distributions of the
probability of coastal hits. This feature probably reflects intrinsic
differences in the dynamics of sea currents and the corresponding
pollution transport between different sea areas. The more or less
constant large gradient of the discussed quantitative measures in
the vicinity of some nearshore regions (the width of which is
largely independent on the total width of the Gulf of Finland) and
the presence of extensive areas with very small gradient suggest
that (i) the current-induced water exchange between the far
offshore and coastal regions in the Gulf of Finland is quite limited
and (ii) the nearshore zone has intense water exchange only with
sea areas located maximally 35 km from the coast.

The optimum fairway is a sailing line following either the
equiprobability line (the probability of propagation of pollution
from which to the opposite coasts is equal, Soomere et al., 2010,

Figure 7. Most frequently hit coastal areas (red dots) in the Gulf
of Finland for 1987-1991.
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or, equivalently, a line following the maximum particle age or the
minimum probability of coastal hit) or crossing an area in which
the probability of a coastal hit is uniformly small or the time it
takes to hit the coast is uniformly large (Andrejev et al., 2010).
The gain from the use of the optimum fairways can be estimated
as the difference between the average probability (or particle age)
for a coastal hit over the entire water body and over the optimum
fairway.

The use of the exact optimum is not always possible in practice;
not only for political reasons, but also because of other major
constraints. For example, in the Gulf of Finland the westwards-
traveling fairway is separated from the eastwards fairway by a
Vessel Traffic Separation system, a subsystem of the local Vessel
Traffic Service (VTS) system. The use of such a solution
substantially decreases the risk of ship collisions, especially in the
central area of the gulf where the long-distance, mostly cargo
services, cross the fairway connecting Tallinn and Helsinki that is
mostly serviced by high-speed passenger ferries and hydrofoils
(Parnell et al., 2008). In such situations there is a need for another
solution in the planning of offshore activities that aims at a local
decrease in the environmental risks.
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