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Chapter 1

Introduction

Wadden Sea

About seventy percent of the Earth's surface is covered with ocean water. Therefore it is remarkable that the coastal section between the Dutch Den Helder and the Danish Esbjerg - the Wadden Sea - is one of a few, of its kind1, in the world. The Wadden Sea of the North Sea extends along a total length of five hundred kilometres; with a width usually greater than ten kilometres and a total area of about ten thousand square kilometres, it is the world’s biggest habitat of its kind and one of the few areas of unspoilt countryside in Europe. This body of water includes the salt marshes along the coastline as well as the islands and dunes of the North Sea and is far from being lifeless; many varied and extensive symbioses can be found in the Wadden Sea.

 The entire habitat of this sea can be divided into three partial habitats: the mud flats2, the saltmarshes3 and the sand beaches (dunes).

The life in the soil of the mud flats takes place on different levels. Observers can discover, for example, the blue mussel on the surface of the mud flats. Some of the typical animals of the second floor, which reaches about ten centimetres into the soil, are mud flat snails, silt amphipods, cockles, baltic tellins and ragworms. Even deeper in the soil, lugworms can be found.

All these life forms are the prey to crabs, young fish (the plaice, the sole) and birds (the barnacle goose, the knot). 

Other well-known animals of the mud flats are the common seal, the shore crab and the oystercatcher.

In the salt marshes there is more sedimentation than erosion, this being a reason why plants start to settle here. Some of the characteristic plants of this area are: the springer, the silt-grass, the pucinellia, the shore-lilac, the shore-aster, the shore-mugwort, the cochlearia, the shore-plantain, salt-spergularia and the sea-arrow grass.

The area of sand beaches extends from the line of low water to the foot of the dunes or the dike. Several hundred species of tiny animals, not bigger than a grain of sand, are living here 4.

As the Wadden Sea is an exceptional habitat with a great importance as a vital stopping-place in the migration of birds, as a cleansing site for the coastal water and as a nursery for North Sea fish, the governments of the three coastal countries (The Netherlands, Germany and Denmark) started national initiatives to protect the Wadden Sea two decades ago. This resulted in the establishment of the Wildlife and Nature Reserve in Denmark, the Wadden Sea Memorandum and Nature Reserve in the Netherlands and three National Parks in Germany. 

Like many other habitats, the Wadden Sea is consistently threatened by many environmental problems. Of course, pollution is the one of the biggest. 

Oil pollution is one of the most harmful to the ecology of our planet. The production and consumption of oil products is increasing all over the world and the menace of pollution will exist as long as society depends on petroleum and its products.

Unfortunately, oil pollution is the major threat in the Wadden Sea as well, and this is due to the proximity of important shipping routes and ports, especially in the German part of the region (see Figure 1.1). Moreover, there are plans to built offshore wind-energy parks in the German Bight, not far from the shipping routes, which were mentioned earlier.
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Figure 1.1: Areas (in red) in the German Bight being under consideration for the erection of offshore wind parks. Main shipping routes are also shown. (Copied from “Zwischen Weser und Ems”, Ausgabe 2002, Heft 36, Wasser- und Schifffahrtsdirektion Nordwest)

A major concern is that the presence of the wind turbines might increase the risk of oil pollution of the German Wadden Sea coast. One reason for this concern is the fact that the strategy of the German authorities for oil spill response is based on mechanical measures to recover a maximum amount of spilled oil of about 20.000 tons. The amount spilled after the collision of a crude carrier with one of the planned offshore wind-energy parks could exceed this amount. Another reason is that the presence of wind turbines might restrain the application of mechanical counter measures.

In the present study, we concentrate on the analysis of consequences of an oil spill accident that takes place in area D from Figure 1.1. We will assume that an accident has happened at a certain location (in this area) and a given amount of oil has been released. The analysis in this study is based on information provided by GKSS.

“GKSS is one of the fifteen national research facilities that belong to the HGF (Hermann von Helmholtz Society of German Research Centres). Around 700 people are employed at the Research Centre in Geesthacht and its external site at the Institute of Chemistry in Teltow, near Berlin.”5
Outline of the thesis

The goal of this thesis is to design a numerical approach for the environmental impact assessment of an oil spill, which includes response measures. The criterion for the response effectiveness is the amount of oil recovered. 

The German part of the Wadden Sea cost is divided into 25 ecologically sensitive areas, as presented in figure1.2.
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Figure1.2: Zones of interest
The 25 zones cover the whole German coast and are defined such that they approximate the location of the 20m and 10m lines of water depth. The big boxes 1 and 25 are “boundary boxes” for the Netherlands and Denmark, for which the ecological sensitivities are not known. In figure 1.2, the blue point represents a potential location of an oil spill accident, and the green and red points are the locations of two ports.

The objective of this study is to compare the amount of oil that ends up in each of these areas, both when no response measure is applied, and when a response strategy is implemented. The same kind of comparison will be performed for two different response strategies.

Chapter 2 describes the elements that characterise an oil spill. First, the sources of oil pollution, the reasons of its occurrence, and the way in which oil is released in the marine environment are presented. Further different types of oil and their behaviour in water are discussed. The last part of this chapter reviews the technologies used to fight against oil pollution at sea.

Chapter 3 deals with planning the response to a hypothetical oil spill, first in a general framework and then in the particular case of this study. This chapter describes first the assumptions made in the present case, the specialised cleaning equipment available, and the data provided by GKSS. This data set contains hourly information about the wind and waves, and a set of simulations performed for a standardised oil spill accident (in one location, at a large number of different moments in time). The models that we developed to realize the goals of this research are presented next. In the end of this chapter a prediction model for the final position of the oil slick is presented.

The output of the different models and the comparison of their results are presented and discussed in Chapter 4. 

Finally, general conclusions of this study are drawn, and recommendations for further research are given, in Chapter 5.

Appendix A contains a list of symbols and notations, Appendix B presents some complementary results, Appendix C lists the Matlab code used to obtain the results in Chapter 4, and Appendix D contains the study “The influence of the weather conditions on the trajectories of oil particles spilled in the Wadden Sea” (A.M.Hanea).

Chapter 2

Characteristics of oil spills

Given a certain oil spill accident, one would like to quantify its expected consequences. These will depend on various impact factors, such as: the source of contamination, the kind of release, the type of oil that has been spilled, the choice of the strategic concept (type of response), the availability of specialised equipment, the weather conditions during the travel time of the oil slick and at the moment when the response activities take place. Some of these factors will be further discussed.

2.1 Sources of water contamination with oil

There are several ways in which huge quantities of oil can end up in the water.

An archival version of the script of  "Ocean Planet," a 1995 Smithsonian Institution Travelling Exhibition, whose content reflects the state of knowledge at the time of the exhibition, divides the sources of oil pollution in the following:

· “Big Spills” 6- only about five percent of oil pollution in oceans is due to major tanker accidents, but one big spill can disrupt sea and shore life for miles;

· “Routine Maintenance” – bilge7 cleaning and other ship operations release millions of gallons of oil into navigable waters;

· “Down the Drain” - oil in runoff from land and municipal and industrial wastes ends up in the ocean;
· “Up in Smoke”  - air pollution, mainly from cars and industry, places hundreds of tons of hydrocarbons into the ocean each year. Particles settle, and rain washes hydrocarbons from the air into the oceans;
· “Offshore Drilling” – offshore oil production can cause ocean oil pollution, from spills and operational discharges;
· “Natural Seeps” – some ocean oil “pollution” is natural. Seepage from the ocean bottom and eroding sedimentary rocks releases oil.
Figure 2.1.1 shows how many millions of gallons of oil each source puts into the oceans worldwide each year8:
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Figure 2.1.1: Sources of oil pollution
The global situation reflected here, may differ at the regional level. This depends on natural conditions, industrial development, navigation, oil and gas production, and many other activities.

In the North Sea, offshore production input reached up to 28% of the total input of oil pollution in 1987 (see GESAMP, 1993) instead of a 2% on the world scale shown in Figure 2.2.1.

2.2 Types of release

Most of the incidents are a combination of actions and circumstances, all of which contribute in varying degrees to the final outcome. They usually happen due to unfavourable weather conditions, like storms or hurricanes, acts of violence, like war and vandalism, or dumping and human mistakes. 

As we have already seen, the main "causes" of an oil spill can be divided in two large categories: “operations” and “accidents”. 

 A large number of spills result from routine operations such as loading, discharging and bunkering which normally occur in ports or at oil terminals; the majority of these operational spills are small, most of them involving quantities of less than seven tonnes.

The largest spills, in which the quantities involved are sometimes exceeding ten thousand tonnes, are caused by accidents.

One can distinguish between several types of accidents, such as: groundings, collisions, hull failures or fires and explosions.

Grounding

There are two types of grounding: 

· powered grounding: the contact with the shore or bottom by a vessel underway and under power due to an error in navigational or a steering failure;

· drift grounding: the contact with the shore or bottom by a drifting vessel that has been disabled due loss of propulsion or steering failure; 

Generally, a powered grounding is more damaging than a drift grounding. In both cases the grounding can be hard, i.e. grounding on rocks or soft, i.e. grounding on soft ocean beds.

Allision 
The striking of a fixed object while a vessel is docking or undocking. Because of its low probability to occurrence and even lower probability of an allision being the cause of an oil spill, this type is not very often considered in the specialised studies. 

Vessel collision 

The colliding or striking of two vessels due to human error or mechanical failure.

Collision with ice 

The collision of an underway vessel with floating ice.

Fire / explosion 

Occurrences of a fire or explosion serious enough in itself to cause a fuel or cargo spill.

Structural failure 

A structural failure due to hull fracture or corrosion that is serious enough to cause an oil spill.

In some of these cases, for example hard grounding or collision, the possibility of an accident can be predicted with enough time in advance for the closest response vessels to be positioned at a strategic place, before the accident actually happens. The same cannot be said about the case of an explosion or a fire. Nevertheless, technical guidance and specialised response equipment are available as fast as possible, depending on the location where the oil spill took place; some vessels being  “on duty” twenty four hours a day.

In most of the accidents, the release of oil will not be instantaneous (like the one corresponding to a blow-out) but rather gradual and chronic, therefore the volume of the oil that is spilled will increase in time with a certain rate.
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Figure2.2.1: Exploratory well blew out on June 3,1997 in the Bay of Campeche

 of Cuidad del Carmen, Mexico.

2.3 Types of oil

Most of the people think of oil as being a single substance, but there actually are many different kinds of oil, which differ from each other in their viscosity (oil's resistance to flow), volatility (how quickly the oil evaporates into the air) and toxicity.

Due to these differences, these types of oil affect the environment in dissimilar ways, when spilled.  They also differ in how hard they are to clean up. Spill responders distinguish four basic types of oil:

1. Very Light Oils (jet fuels and gasoline)

This type can be characterised by high volatility (should evaporate within one or two days) and high concentrations of toxic (soluble) compounds. It can produce severe impacts to water column and inter-tidal resources and no cleanup is possible.

2. Light Oils (diesel, no. 2 fuel oil, light crude)
Their volatility, as well as their concentration of toxic compounds, is moderate. These can "oil" inter-tidal resources with long-term contamination potential, but cleanup can be very effective.

3. Medium Oils (most crude oils)
About one-third of these will evaporate within 24 hours. Oil contamination of inter-tidal areas can be heavy and long-term; oil impacts to waterfowl and fur-bearing mammals can be severe and the cleanup is most effective if is conducted quickly.

4. Heavy Oils (heavy crude oils, no. 6 fuel oil, bunker C)
These are heavy oils with little or no evaporation or dissolution. They can produce heavy contamination of inter-tidal areas, long-term contamination of sediments and severe impacts to waterfowl and fur-bearing mammals. Shoreline cleanup is difficult under all conditions.

2.4 Oil spill weathering processes
Released into marine environments, oil and petroleum products are subjected to a variety of weathering processes such as: evaporation, spreading and drift, dissolution and advection, dispersion of whole oil droplets into the water column, water in oil emulsification, microbial degradation, sinking and sedimentation [1].  

Evaporation occurs when the lighter substances within the oil mixture become vapours and leave the surface of the water. It is considered the most important weathering process, due to the fact that it has the greatest effect on the amount of oil remaining on water after a spill.

The light and very light oils tend to evaporate into the air, and if the spill is all light, the oil will disappear by itself within one to two days, whereas only a small percentage of heavy oil evaporates. The rate of evaporation is very high just after the spill and then it slows down significantly. The evaporation of the most kinds of oil follows a logarithmic curve in time.

Emulsification is the process by which one liquid is dispersed into another one in forms of droplets. The oil/water mixture is sometimes called “mousse”, or “chocolate mousse”. For the emulsion to reach a stable form, a period of evaporation is needed first. Emulsions of all types contain 70% water, hence when the emulsion is fully formed, the volume of the oil spill triples. Moreover the viscosity of the oil increases considerably. These two factors make any cleaning operation extremely hard or even impossible. Emulsification is more likely to occur under strong winds and waves. An emulsified mixture of water in oil indicates a spill that has been on the water for some time. 

Natural dispersion is the phenomenon of breaking up of an oil slick into small droplets that are mixed into the water column by breaking waves and other sea surface turbulence. It is dependent on the oil properties and highly dependent on the amount of sea energy.

Oxidation is a process that occurs when water and oxygen combine with the oil to produce water-soluble compounds. This affects the oil slick around its edges. When the oil slick is thick, it may partially oxidise, resulting in tar balls, which can collect in the sediments or wash up on shorelines long after a spill.

Sinking is possible only if the oil is denser than the surface water. When one type of oil reaches this density it can sink to a denser layer of water rather than to the bottom. Sinking of any form is a very rare process.

Spreading is an essential oil movement; this process happens rapidly even without wind and currents. The oil slick reaches its maximum area within one day. 

At strong winds (more than 20 km/h) on the open sea, the oil slick is mainly moved by the wind.

For a wind speed below 10 km/h and a slick, which is near land, oil on sea moves with the surface current. An oil slick is elongated in the direction of the wind and currents, and its shape is changing with the spreading.

Very thin layers of oil floating on the water surface, called oil-sheens, precede heavier or thicker oil concentrations. Sheen is the most commonly observed form of oil during the later stages of a spill. Depending on thickness, sheens range in colour from dull brown for the thickest sheens to rainbows, greys, silvers, and near-transparency in the case of the thinnest sheens. On high winds the sheen may separate from the thicker slick and move in a different direction.

Due to the force of gravity, the oil tends to concentrate between the crests of waves. Oil can be alternately concentrated and spread out by the circulation currents to form ribbons or windrows9 of oil rather than a continuous slick. 

2.5 Countermeasures

The selected mix of measures of response will depend on many factors such as: natural resources impact, the size, the location, the type of oil spilled and weather conditions. When oil is spilled close to land, or when currents and wind will bring it inshore, an active response is necessary, but is also important to recognise that there are instances when a choice of no active response other than monitoring and evaluation might be the most appropriate response. This could be a spill in mid ocean or of a very light, volatile oil. 

After an accident has happened, one would like to have an overall view of the affected area, getting a clear idea of the size and location of the oil slick and, if possible, predict the direction it will move. This is usually done using monitoring programs, which involve aircraft or ships. This constant monitoring of the plume is also useful in the choice of the countermeasures. 

A mindful selection and proper use of the equipment best suited to the type of oil and the environmental conditions will be the key for an effective oil spill response. An optimal planning meets the demand both in terms of response time and capacity.

In various situations, oil spill responders can choose different criteria in searching the oil, such as: search for fresh oil, for old oil, for thick oil or for the closest oil that is thicker than some specified thickness. There are a variety of advanced response mechanisms to fight against pollution at sea, among which: containment and recovery, chemical methods, biological techniques and in-situ burning. 

Mechanical Response

When feasible and effective, mechanical recovery is the primary line of defence against oil spills, since spilled oil is removed from the environment to be recycled or disposed of at appropriate facilities.

This method involves physical barriers and mechanical devices to redirect and remove oil from the surface of the water, namely booms and skimmers. Booms are used for various reasons: for containing and concentrating oil so that it is thick enough to be skimmed (by skimmers), for keeping it out of sensitive areas or for diverting it into collection areas.
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Figure2.5.1: Booms used to contain oil in the calm ocean waters
The oil collected by the skimmers is stored in a containment tank with a definite capacity, which limits the operating time. Because of this, within around twenty-four hours from an accident, tankers with unlimited capacity are available. 

Operating a multi-ship towed boom system is not an easy thing to do; therefore specialised ships have been built. These incorporate sweeping arms (two steel, independently floating arms, by which oil is sucked in the tank 10) and skimming devices. Some of these vessels are unable to work in shallow shoreline areas. 

Unfortunately, this approach has some fundamental problems. The most important is the fact that it is in direct opposition to the natural tendency of the oil to spread and disperse under the influence of wind, waves and currents. In rough weather conditions, a large spill of low viscosity oil can be scattered over a wide area within just a few hours. This is the main reason why only a small percentage of oil has historically been recovered.

Chemical Response

Chemical treatment of oil can be used either in conjunction with mechanical methods, or in their place. This last alternative is most effective in areas where untreated oil may reach the shorelines and sensitive habits where mechanical cleanup becomes difficult and environmentally damaging. The substances commonly used are dispersing agents (dispersants).

Dispersants are chemicals containing compounds that act to break liquid substances, such as oil, into small droplets. In an oil spill, these droplets disperse into the water column where they are subjected to natural processes that help to break them down further. This helps to clear the oil from the water surface, making it less likely to reach the shoreline.

Dispersants can be applied by airplane or helicopter, but also by boat. In vessel spraying only small amounts of dispersant can be applied and moreover, when slicks form narrow windrows, it is inevitable that some dispersing agents will be sprayed onto un-oiled sea. Spraying from aircraft has the advantages that response is much more rapid, the visibility is better and the operation can be conducted at greater distances from shore than with vessels.

Dispersing agents are most effective when applied immediately following a spill, before the lightest components in the oil have evaporated. 

They can also be used on shorelines and, in this situation; their best use will be during the final stages of clean up. 

Dispersed oil particles and dispersants are toxic to marine organisms and other wildlife, but because concentrations of dispersed oil are diluted fast in the water, organisms are likely to be exposed only for short time periods.

However, before these chemical agents can be used, an approval must be                      obtained from the authorities that are dealing with the pollution and oil spill response at sea.

Biological Response

Biological agents are nutrients, enzymes or micro organisms that increase the rate at which natural biodegradation occur. Biodegradation of oil is a natural process that slowly (in weeks, month or even years) removes oil from the environment, hence it will not provide rapid removal of spilled oil, which is necessary in most of the accidents in order to minimise the potential damage.

Bioremediation technologies can help biodegradation processes work faster. These refer to the act of treating environments polluted with organic or inorganic substances and are often used after all mechanical oil recovery methods have been used.  

However, this method may be more appropriate on the coastlines, rather than at open sea, as it requires a long period of time and substantial information about oil characteristics. 

In-situ Burning

In-situ burning of oil involves the ignition and controlled combustion of oil. Many factors influence the decision to use this method on coastal waters. Elements affecting the use of it include water temperature, wind direction and speed, wave amplitude, slick thickness, oil type and the amount of emulsification that has occurred.

Lighter, volatile oils may be susceptible to ignition immediately after being spilled. These characteristics will favour this response method.

In situations where major spills in remote areas are involved, burning may be the only way of eliminating large amounts of oil quickly; it also can be used in combination with mechanical recovery and chemical dispersants.

Although it can be effective in some cases, in-situ burning is rarely used on marine spills because of the widespread concern over atmospheric emissions and uncertainty about its impacts on human and environmental health. 

Scare Tactics

One way to protect birds and animals is by keeping them away from oil spill areas. For such a purpose, devices like floating dummies and helium-filled balloons are often used, particularly to keep birds away 11.

Chapter 3

Analysis

Oil spill contingency plans use oil spill trajectory modelling to determine areas vulnerable to pollution. The oil spilled into the sea is transported by a combination of winds, currents and waves; it experiences a weathering and interacts with the coastal area. A geographical and environmental database, a meteorological database and an oil spill simulation model are needed in order to implement most of these effects into the oil spill analysis.

3.1 Modelling oil spill impacts

A numerical model can be a suitable tool for an environmental impact assessment of oil spills. The development of such a model starts with the process of gathering all available information, like historic data, oil properties, local meteorology and environmental sensitivities. These serve as data inputs, which are further interpreted and developed into appropriate strategies.

The goal of a spill response is to minimise the damage to ecological and socio-economic resources and to reduce the time for recovery of affected resources by achieving an acceptable standard of cleanliness.

Criteria for the response effectiveness can be either physical, evaluating the amount of oil recovered, or biological, evaluating the number of biological sensitive areas affected.

The goals of integrated model systems may be varied and complex. 

One would first like to know what the risk of having an accident is. Once an accident has happened, another matter of concern may be the risk of oil spill contact with sensitive offshore and onshore resources. How this risk changes, as a function of location and size of the spill, is another question that one may ask.

Unfortunately, the occurrence of oil spills is essentially a matter of probability. There is no certainty in the location or the amount of oil that would be involved in a spill that would occur. A probabilistic event like the occurrence of an oil spill or the oil slick contact to a sensitive area cannot be predicted with certainty. Only an estimate of its likelihood can be quantified.

Once a quantitative measure of risk was defined (for the risk of oil spill contact to certain sensitive offshore and onshore areas), another goal of such an analysis can be the comparison of the values for risk resulting from alternative response options (including “no cleaning”).

Another output that one would like to have from such a model, would be a manner to anticipate and respond to any crisis, as good as possible. 

For example, what should the responders do when they know that an oil spill would soon happen; what will be the optimal place and time to send the specialised equipment. Or, what will be the best response in the case of two, consecutive oil spill accidents, not far from each other in time and location, when the response equipment needs to be shared.

The results of a model simulation are highly dependent on the accuracy of the input data, thus a model system applied with errorless data inputs can objectively estimate the impact of spills on the environment.

3.2 Framework of the analysis

Further, we will assume that an accident has happened at a certain location, in the area of interest (next to the potential location of the offshore wind park presented in figure 1.1). Therefore calculating the risk of having an oil spill will not be one of our concerns.

 3.2.1 Description of the data

The data set used to provide a surrogate for nature consists of a forty years “hindcast” of wind and waves with a high resolution in time and space. The information is collected hourly and the spatial grid consists in cells of one square kilometre each. This data set was produced in a joint project of GKSS and BAW (Bundesanstalt für Wasserbau)12.

The meteorological database used in this study will be restricted to a period of ten years, namely 1990 to 1999, and information from one single spatial grid point (close to the location of the accident) will be considered. The values of the wind and wave’s characteristic parameters are assumed to be similar in the vicinity of the selected grid point, and constant on one-hour intervals.

As we already said, the German part of the Wadden Sea coast is divided in 25 zones (see Figure 1.2). These zones will be considered of equal sensitivities and no other environmental dataset will be used. 

GKSS used the existing data to produce a “climatology of expected damages” based on the assumption that, at a given location some standardized accident happens repeatedly, within short periods of time (e.g. every day). No response measures to combat the oil spill are considered.

The horizontal dispersion of spilled oil is simulated as function of time using a Monte Carlo code that predicts the trajectories of given number of individual points of mass (particles) as function of hydrodynamic and atmospheric forcing. GKSS data do not describe any weathering effects (only spreading).

The result of each simulation (oil spill event) consists in 30 particle’s trajectories, each being integrated 20 days (integration for any of the particle is stopped before this time, if the particle hits the coast). Moreover, each simulation evaluates the number of particles that reach or cross each of the 25 zones of interest. Results are stored every hour.

The standard accident consists in 20000 tonnes of crude oil, spilled at the location: 54.00 degrees latitude and 6.84 degrees longitude. The density of oil is 0.8
[image: image23.wmf]3

dm

kg

.

The information about wind and waves is collected from the following grid points: 54.00 degrees latitude, 6.84 degrees longitude (for wind), and 54.15 degrees latitude, 7.45 degrees longitude, (for waves).
Mechanical cleaning is the countermeasure used in this case. The information about the mechanical equipment available is provided by GKSS and it is considered as input data for our model.

The specialised equipment consists in five vessels, which will be present at the location of the plume at the moment of the accident, three (to five) extra vessels from a port, available after a short period of time, and a tanker with unlimited storage capacity.

 The first five vessels are working in a formation, which will allow us to consider them as one single device, with total storage capacity of 7500 cubic meters, and a span of 30 meters. The operational speed is 2 knots and travelling speed is 15 knots.

Within approximately five hours from the moment of the accident, the vessels from the port are present at the location of the plume. This location is known, due to a constant monitoring of the oil slick. The coordinates of the port are 53.87 degrees latitude, and 8.70 longitude (the red point from Figure 1.2). 

Each of the additional vessels will add 10 meters to the existing span and 500 cubic meters to the storage capacity; they have the same operational and travelling speed as the pre-positioned vessels.

After 24 hours from the moment of the oil spill event, a tanker with unlimited storage capacity becomes available. If the vessels exceed their joint storage capacity before this moment, they have to travel back and forth to an unloading base. The coordinates of this base are: 53.90 degrees latitude, and 8.50 degrees longitude (the green point from Figure 1.2).

After unloading, they will return at the oil slick and continue the cleaning operation without worrying about the limitation of the storage capacity, since the tanker is already present or it will arrive in a short interval of time.

3.2.2 Assumptions

There are a number of assumptions that have to be made, in order to establish the limitations of this model.
First of all, one should know the source of water contamination with oil. In this case, the cause of the oil spill accident is a hard grounding or a collision, which will enable us to have pre-positioned response equipment present at the moment of the accident (the first formation of five vessels).

The release of oil is considered instantaneous, despite the lack of realism of such a scenario. The amount of oil spilled, will be thought as being uniformly distributed over its area (the oil slick has the same depth everywhere).

The weathering processes taken into consideration in our model are evaporation and natural dispersion. Some information about the emulsification of oil is also presented and discussed, but the implementation of this process will be included in a revised version of our model.

In a later stage of this study, the case of a second oil spill from the same location, but after a certain period of time, will be examined. This can also be thought as an approximation for a continuous release of oil.

Mechanical cleaning, which is the only countermeasure used, is possible only for wind speeds less than or equal to 15 m/s and only in places where the water depth is greater than 10 metres. The vessels will aim to the centre of gravity of the plume, and the way to conduct the cleaning operation will not be part of the model.

The cleaning operation consists in removing the oil from the marine environment; therefore the quantity still left in the water is constantly updated by subtracting the removed amount. The number of particles, which resemble the oil slick, is constant throughout the entire simulation; hence “cleaning” is the process of reducing the mass of each particle, rather than reducing the area covered by oil.

In this way, the area of the oil slick can be computed directly from the dataset of trajectories. Knowing the positions of the particles (for every event) at each hour, we are able to calculate the convex hull of this set of points, and further, its area. The convex hull is determined using a predefined function from Matlab.

The convex hull of a point set is the smallest convex region containing the points.  Any other convex container for this set of points must contain the convex hull as a subset.

This means that the convex hull is the bounding container that is the closest and least area approximation for the object it contains.  It is easy to show that the convex hull is a polygon in 2D.

There are three criteria for ceasing the cleaning operation: 

· if the entire amount of pollutant is recovered (if this happens before 480 hours);

· if the period of 480 hours is exceeded;

· if 27 particles are already in areas with water depth less than 10 metres (see page 29, paragraph 6).
In the next section of this chapter, the development of the mathematical model is presented.
3.3 Cleanup model

Once the process of gathering all available information (namely: a geographical and environmental database, a meteorological database, oil properties, oil spill accident’s circumstances) is accomplished, the design of a numerical approach for the environmental impact assessment of an oil spill can start. 

To establish oil drift statistics, the model is run many times, randomising the start date and time and, in this way, varying key parameters, such as weather conditions. This helps to create a clear picture of the most probable impacts from expected spills.

3.3.1 Features overview

The idea of our model is to include response measures, compute the damage caused by the oil spill after the process of cleaning, and compare it with the damage from the case when no response strategy is used. This comparison will give a measure of the effectiveness of the cleaning operation.

The damage is the quantity of pollutant that reaches or crosses each of the 25 areas of interest. A particle crossing any of the areas is counted, even if it leaves it, later on. 

The results of multiple model runs are evaluated to develop a number of statistics, such as: the probability of exposure (probability that a threshold quantity13 of oil will be exceeded in each zone, at any time following the spill); time to first exceedance of a threshold quantity in each zone; worst case maximum quantity in a given zone; mean expected maximum quantity at any time after the spill, in each zone.

The notations used for this measures are further listed.

· 
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 = tonnes of oil that are present or already crossed area i at j hours after the spill accident.

· 
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 = probability that the threshold quantity of oil is exceeded in area i , at j hours after the spill accident;

· 
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 =  time to first exceedance of the threshold quantity in area i;

· 
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= maximum peak exposure for all the model runs, calculated as follows: for each individual run, the maximum amount over all time after the spill is saved, for each location. Then the runs are evaluated to determine the highest amount possible at each location; 
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 is a vector of 25 components.

· 
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 = mean peak exposure for all model runs, calculated as follows: for each run, the maximum amount over all time after the spill is saved, for each location. Then the runs are evaluated to determine the mean amount for all runs, at each location; 
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3.3.2 Particle concept

In a case of a continuous release of oil, a fixed number of particles (increments of the total spill) should be discharged at each time step, throughout one specified spill duration. 

For the situation that we have chosen, an instantaneous release, the oil spill is represented by 30 particles occurring at once, resembling the entire oil slick.

Each particle is characterised by a set of parameters, which are hourly updated during the simulation. These parameters with their descriptions and dimensions are listed below: 

· 
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 particle (longitude);

· 
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- y-position of the 
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 particle (latitude);

· 
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- the water depth for the location of  the 
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 particle (m);

· 
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 - initial mass of the 
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 particle (tonnes);

· 
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- actual mass of the 
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 particle at time t (tonnes);

Every time step, 
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 and 
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 are updated using the database (provided by GKSS) for the trajectories of the oil particles.

The value of 
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 is 666.67 tonnes for each i form 1 to 25. This variable is used as an initial condition, only in the first time step of the simulation. 

Every hour (time step), 
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 is recalculated and the location of each particle is checked. Its position can be part of an:

· offshore area, where mechanical cleaning is still possible ;
· offshore area, where mechanical cleaning is impossible (the water depth is less than 10  m); 
· on shore area;  
3.3.3 Oil weathering

A drifting particle of oil is subject to various weathering processes (discussed in section 2.4), among which evaporation, natural dispersion (oil in water) and emulsification (water in oil)

At each time step, which in our case is set to be one hour, calculations of evaporation and natural dispersion are carried out. Emulsification will be also included in the model in a later stage of the project.

Evaporation is a rather fast process. In the first 24 hours after an oil spill accident, a large percent from the mass of oil will evaporate. In the specialised literature the decrease of the amount of oil per particle is considered either linear, or logarithmic in time. 

In this study, we assume that 30% form the total amount will evaporate in the first day, and the decrease of the mass of oil is considered linear in time. Hence, the percent of oil, which evaporates in a period of time, 
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After 24 hours, the percent that evaporates is so small that it can be neglected.

The water temperature together with the air temperature determines the degree of oil evaporation, but this dependence will not be taken into account in the present stage of the project.
Natural dispersion, also called vertical dispersion of oil particles, is a function of the percentage of sea surface with breaking waves, and the wave energy. These are related with the significant wave height and the mean wave period. Both of the last two mentioned are functions of wind speed. 

In this study, the dependence of the natural dispersion process on the speed of the wind is modelled in a simple manner.

 No dispersion will take place for wind speeds less than or equal to 
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, and for higher wind speeds the dispersion rate will increase linearly, reaching 30% per day at wind speeds of 
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[2]. So, the dispersion rate per hour will be fully described by the following system of equations:
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In system (1), the following notations are used: 

· 
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-  the dispersion rate per hour;
· 
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 - the wind speed at that certain hour (in m/s);
· 
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After simple calculations, the formula for the dispersion rate per hour, used in our model, is as follows:
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Emulsification is a process of water uptake; hence it affects the volume of the oil slick. In the operational oil spill model the following differential equation is solved, for the temporal evolution of the water content in oil, denoted 
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 (in percent of the total volume)[2]:
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The emulsification starts if the thickness of the oil is less than or equal to 0.75 mm, and it ends when 
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Every time step, one can calculate the volume of the emulsion, using the solution of the differential equation described above.

  
[image: image59.wmf]emulsion

emulsion

w

oil

V

V

C

V

=

×

+



  
 
(4)

The density of the emulsion (
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) can be calculated as follows:
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The density of the oil is in our case 
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 and the density of marine water is 
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The equations describing the emulsification process will be added later into the model.

3.3.4 Cleaning operation

The mass and volume of the oil slick are affected not only by the natural processes, but also, by an artificial one, namely the cleaning operation.

The mechanical equipment used in this sense was presented in details, in section 3.3.1. Some other remarks and equation formulations are needed, in order to provide a mathematical description of the cleaning process. 

As we already said, the mechanical cleaning is impossible if the wind speed is higher than or equal to 15
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 Moreover the cleaning efficiency of the vessels is a linear decreasing function of the wave height. The efficiency will achieve its maximum for “no waves” scenario, and its minimum for waves higher than or equal to 1.5 m. If the maximum efficiency has value 1 and the minimum is 0, the following set of equations will describe this measure of efficiency (per hour):
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The constants 
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are determined from the first two equations of system (7) in order to write the final form of the third equation.

The wave height is denoted
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and its values are constant per hour. After very simple calculations, the equation for the efficiency during a certain hour, is:
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We will denote with 
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 the duration of a time step (
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). Now we are able to write the equation for the quantity of oil that is hourly removed, from the marine environment, by the cleaning vessels.
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The descriptions and dimensions of the variables used in formula (9) are further presented:

· 
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 = the operational (cleaning) speed of the formation of vessels, measured in 
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· w = the wing span of the formation of vessels, which is the sum of the individual spans, measured in km;

· 
[image: image76.wmf]j

Q

 = the “quantity to clean from”, after j hours from  the spill accident, measured in tonnes;

· 
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 = the area of the oil slick (the area represented by the particles which are still in water) after j hours from the spill accident, measured in 
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· 
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When all the particles that represent the oil slick are in water at time j14, the ”quantity to clean from”, 
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 is the total quantity of oil, which is left after the first j hours (of weathering processes and cleaning). When some of the particles have reached the shore, or are in places where the depth of the water is less than or equal to 10 m, those particles (the amount of oil that they represent) are taken out from the “quantity to clean from”, but not from the quantity that is left to be cleaned.

There are two reasons for the cleaning operation to stop before1 hour (during a time step of the model). 

The first of these reasons is the limitation of the storage capacity of the vessels, in the first 24 hours (before the tanker’s arrival). The vessels will spend at the oil slick only the time that they need to clean as much as they are able to store. In this case, equation (9) becomes: 
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For the quantity 
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 to be computed, one has to: first compute how much will the vessels be able to clean in the coming hour, compare it with the remaining storage capacity, 
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These situations can happen in different cases. The first formation of 5 vessels can be filled, before the arrival of the vessels from port; or the joint formation (first 5 vessels plus the ones from port) can be filled before the arrival of the tanker.

 In the last case, it can happen that the vessels are coming back after unloading and they are filled one more time, before the tanker’s arrival. This situation is not very common, but if it takes place, the most convenient solution is for the vessels to wait for the tanker, rather than travel back and forth again to the unloading base (the travel time is higher than the waiting time)15.
The cleaning operation may also take less than one hour (during a time step) if the “quantity to clean from” is so small that it can be cleaned faster. This situation happens (very rarely) when just a small number of particles are still in water that has the depth higher than 10 m.

Every time step the quantity left to be cleaned 
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 is updated. If time j is before the first 24 hours from the moment of the oil spill accident, both evaporation and dispersion processes are still active; hence the following formula is used:
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If, time j is after the first day, the evaporation process is assumed finished, so formula (11) becomes:
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In equations (11) and (12) 
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is the dispersion rate for the corresponding hour.

3.3.5 Alternative models

We recall that the goal of our study is to compare the damage caused by an oil spill accident if no cleaning operation is performed, with the damage caused by the same accident, when mechanical cleaning is taking place. Moreover, the same kind of comparison can be made for two different scenarios for the cleaning operation.

In this study, the two mitigation measures that we compare are very similar. In both of them, the equipment described in section 3.2.1 is used, under the same conditions and rules. The only difference between the two scenarios is that in one of them 3 vessels from port are available, while in the second one, 5 vessels from port offer their help. This type of comparison can be also thought as a sensitivity analysis for the characteristic parameters of the vessels from port (storage capacity and wing span).

We will be considering three distinct scenarios: firstly, no cleaning operation is performed. Secondly, three vessels from port take part in the cleaning operation. Thirdly, five vessels from port are involved in the cleaning. The following notations will be used: S (0) for the first scenario, S (3) for the second and S (5) for the third.

The results of this analysis will be presented in Chapter 4.

3.4 Prediction of the plume’s position

Before trying to solve a problem, a good understanding of the data set involved is needed. The behaviour of the variables of interest, and the way in which one influences another, can be considered as an appropriate starting point.

In the attempt to quantify the damage produced by an oil spill accident, our attention is concentrated on the amount of oil that reaches or crosses the sensitive areas, therefore on the position of the oil slick at any time after the accident took place.

The model for the dispersion of oil, provided by GKSS, calculates the particle’s trajectories as a function of hydrodynamic and atmospheric forcing. Because of this, its output is highly dependent on the weather conditions.

Moreover, as we saw in the previous section, equations (2), (3) and (8) depend on the values of the wind speed and wave height, hence the formulas (9), (11) and (12), which define our model, are also dependent on weather.

There are cases, among the simulated events, in which during a long period of time (days, for example), mechanical cleaning is impossible because of the unfavourable weather conditions. In these cases, one question arises immediately: whether is it sensible to send the cleaning equipment anyway, or is it better to wait until the weather is in such a way, that the efficiency of the cleaning operation increases.

The problem with this kind of decision is that, in doing so, one will need, besides a good weather forecast, a prediction for the position of the plume after a number of days, using the knowledge about the weather conditions at the time of the decision.

Another situation in which this type of prediction is needed is in the case of a second oil spill accident, at a short distance in time from the first one. Having the information about the pattern and the final position of the plume in both cases, one can decide which accident is most harmful, where to send the cleaning equipment first, weather to split it or not, in order to protect the sensitive areas in the best way.

Further in this section we will present and compare two methods for predicting the final position of the particle cloud (the position after 480 hours), given the initial weather conditions. No response measures to combat the oil spill are considered, and the model for the particle’s trajectories is the one provided by GKSS.

The data set used in this analysis consists in 12 600 samples from the final positions of the particles, selected as follows: five events per moth are randomly chosen from a set of seven years, namely 1993 to 1999 (in each event, 30 particles are followed for at most 480 hours). The variables, with their descriptions and dimensions, are listed below:

· fpx - the x-position of each particle (longitude);

· fpy - the y-position (latitude);

· 
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 - the velocity of the wind after i hours from the time of the oil spill accident in 
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 - the angle of the vector of wind with the horizontal axes, after i hours from the time of the oil spill accident; 
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The wind speed and wind direction represent the input variables for our model. The output variables are the final positions of the particles of oil. Our goal is to model the dependence between the input and output variables.

3.4.1 “UNIGRAPH” method

The first method for predicting the final positions of the particles consists in a close inspection of the data set. Conditioning on each combination of initial wind speed and wind direction we will obtain a number of conditional distributions for the particle’s final positions. In order to get a better insight of the dependences and uncertainties of the model, we will use the UNICORN uncertainty analysis program, developed by the decision theory group at the TUDelft. The graphical part of this program, UNIGRAPH, provides the so-called cobweb plots, which are a representation of the multidimensional model output. 

The first example of a cobweb plot is presented in figure 3.4.1. The vertical lines represent the actual sample values on a natural scale of the input and output variables of the model. UNIGRAPH also allows the use of a percentile scale, or a logarithmic scale of the actual sample value. The horizontal lines represent the sample path (each input sample is connected with the correspondent output sample).

The first four distributions from figure 3.4.1 are (from left to right) the speed of the wind at the moment of the accident 
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, the longitude of the final position fpx, the latitude of the final position fpy, and the wind direction at the moment of the accident 
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Two locations of the final position of the particles can be observed in the next plot (3.4.1). The values for latitude are restricted between 54 and 55 degrees whereas the ones for longitude can be either around 8 degrees, or close to 4 degrees.

A longitude of 8 degrees is in good agreement with the initial wind direction towards east, whereas one around 4 degrees gives a measure of the uncertainty regarding the predictions of the final positions, due to taking into account only the weather conditions from the moment of the accident. A change in the wind direction can have a big influence on the final positions.
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Figure 3.4.1 Cobweb plot for high values of the wind speed; eastern direction
What one would like to do next, is to condition on the direction of the wind after a certain number of hours from the moment of the accident, assuming that a good forecast of the weather can be provided.

Unfortunately, further restrictions of this type will not add more information with respect to the final positions because of the high correlation between the values of the wind speed at the moment of the spill, after five hours and after ten hours from the oil spill accident and the corresponding values of the 
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 angles 16. 

The correlation mentioned above is the product moment correlation, a statistic representing how closely two variables co-vary. This is the most common and well-known measure of concordance.

 For two variables X and Y, the product moment correlation [3] is defined as:
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where 
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is the standard deviation of X.

The correlation 
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 is a directional sensitivity measure, which takes values in the interval [-1,1]. If  
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 the variables are perfectly negative correlated, if 
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, X and Y are perfectly positive correlated.

If we now condition on smaller values of the wind speed at the moment of the oil spill accident, namely in the interval (9.76, 14.51) and keep the same values for the angle, 
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, a wider area will be covered by samples, as one can observe in figure 3.4.2. So with a decrease in the wind speed we obtained an increase in the uncertainty. 
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Figure 3.4.2 Cobweb plot for medium values of the wind speed; eastern direction
A more detailed analysis is made, and other examples are presented in Appendix D. Some of the conclusions of that study will be briefly enumerated here:

· the locations of the particles and the components of the wind did not seem to fit any classical statistical relationship.

· the smaller the values of the wind speed at the moment of the spill, the higher is the uncertainty in the prediction of the final positions of the particles. The extra- information about the direction of the wind can change this fact, making the uncertainty smaller.

· if one is interested in the positions of the particles after five days, one can observe that the ranges for these positions are smaller than the ones for the final positions, which tells us that it is easier to make a prediction for the location of the particle cloud after a shorter period of time. 

· when the assumption that the weather can be predicted for the next six days is made, the uncertainty in the prediction of the positions is considerably reduced, especially when one is interested in the positions of the particles after six or ten days. Unfortunately, this assumption is not realistic.

3.4.2 Standard regression model

The second method for predicting the final positions of the particles consists in performing two standard regression models, one for the x-coordinate (fpx) and one for the y-coordinate (fpy) of the final position, with predictors being the components of the wind vector at the time of the accident (denoted 
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), in both cases.

In the standard regression model, a dependent variable is assumed to be a linear function of one or more explanatory variables (predictors) plus an error term, introduced to account for all other factors.

The mathematical formulation of this definition is:
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        (14)

In equation (14), Y is the vector of observations, X is the matrix of regressors, and β is a vector of unknown parameters17.

The goal of the regression analysis is to obtain estimates of the parameters β, which indicate how a change in one of the explanatory variables affects the values taken by the dependent variable.

The components of the error term 
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 are mutually independent and identically distributed, with zero mean and constant variances:
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The measure for the goodness-of-fit of the model is called the coefficient of determination or R-squared measure [4], and represents the proportion of the variation in the dependent variable explained by the regression model. It can range from 0 to 1, and is calculated as follows:
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where 
[image: image118.wmf]Y

is the average of the observed values and 
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 are the predicted values for the dependent variable (the predicted values are calculated using the regression equation).

It is obvious that, as R-squared approaches unity, as a regression approaches a perfect fit.

In our case the values for the coefficient of determination, computed with formula (17), is 0.11 for the x-coordinate and 0.05 for the y-coordinate, hence the regression model accounts for only 11% of the variance in the x-coordinate and 5% in the y-coordinate, which is not a very convenient result.

3.4.3 Comparison between methods

For a comparison between the two methods presented, we will do the following: using the percentile scale from the UNIGRAPH package, for the variables fpx, fpy and the two components of the wind vector 
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 and 
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, we will condition on each combination of dectiles from the distribution of the components of the wind vector. In this way, 100 conditional distributions for the final positions are obtained.

The mean and the standard deviation of these distributions will be compared to the mean and standard deviation obtained regressing fpx and fpy in the mean values of the components of the wind for each case. 

A table containing all these values is presented in [1]. It can be observed that the differences between the final positions given by regression and the real ones are quite significant. 

Moreover, one of the assumptions of a standard regression model is the homoscedasticity assumption.

Homoscedasticity means that the variance of errors is the same across all levels of the predictors [5]; hence it does not depend on their values (the way to compute it is by taking the expectation of 
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This assumption can be checked by visual examination of a plot of the standardised errors by the regression standardised predicted value. Most modern statistical packages include this as an option.

Ideally, errors are randomly scattered around 0 (the horizontal line), providing a relatively even distribution.

Heteroscedasticity (errors varying with the predictors) is indicated when the errors are not evenly scattered around the line. In this case, the error variance does not give the error in the prediction, for any given case.

The results presented in [1] show strong heteroscedasticity.

The first method yields in general, a more uncertain estimation, but provide at the same time, a more realistic variability.

We can conclude that a reasonable way of predicting the position of the particle cloud in certain weather conditions is by looking directly in the data set provided, since the locations of the particles and the components of the wind didn’t seem to fit a classical statistical relationship.

Chapter 4

Results and discussions

The model, as described in section 3.3, is now used for a selection of events. In the first part of this chapter, comparisons between the three scenarios S (0), S (3), S (5) (see 3.4.5) are performed, in several cases (several oil spill events). In the second part, we will present and comment the statistics described in section 3.3.1. These statistics are developed for two periods of time, namely 1990-1994 and 1995-1999. In the end of the chapter, a general result of the model runs, over the entire period of ten years, is shown.

4.1 Selected events

The first example presented is an event from year 1990. The time of the oil spill event is 09/06/1990, 21:00 (d/m/y, hour) and the particles are followed for 172 hours from the moment of the spill. The simulation stops because more than 27 particles are in areas where mechanical cleaning is impossible.

Figure 4.1.1 presents three time series of the quantity of oil still in water. Each of them corresponds to one of the three scenarios. Hour 0 stands for the moment of the oil spill accident. Its corresponding value for the quantity of oil represents the situation at the end of this hour. In the same manner, the value of the quantity of oil corresponding to hour “j” represents the situation at the end of jth hour. 

The evaporation process causes the linear decrease of the amount of oil, during the first 24 hours after the oil spill accident (very visible in Figure 4.1.1). In this period, 30% from the mass of oil evaporates, regardless of the weather conditions.
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Figure 4.1.1: The quantity of oil still in water, in the three scenarios (09/06/1990)

After the first day, the dispersion of oil is the only process that affects the shape of the time series corresponding to the “no cleaning” scenario (S (0)). In the figure above, one can see that the value of the quantity of oil in scenario S (0) is almost constant on the interval [40,160]. Very small fluctuations are not visible because of the scale. The reason is that the values of the wind speed in the mentioned period are smaller than or equal to 5 m/s, hence no dispersion takes place.

In the first 5 hours after the moment of the accident, S (3) coincides with S (5)18. This happens because, in both scenarios, the initial equipment is the same, and the vessels from port (3 or 5) are available after five hours.

If one looks at the (hourly) difference between S (3) and S (5), one can see that this difference increases up to 
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Kg (see Figure 4.1.2).  The increase is very fast in the first day, and slows significantly later on. A small decrease can be observed in the interval [20,30]. After approximately 20 hours from the moment of the oil spill accident, a fast increase in the wave height causes a decrease in the efficiency of cleaning. The extra two vessels from scenario S (5) cannot counterbalance this decrease.
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Figure 4.1.2: The difference between the quantities of oil in S (3) and S (5) (09/06/1990)

The plot above shows that an increase in the number of vessels from port makes a significant difference in the first days of the cleaning operation. The same cannot be said about the later stages of this operation. 

A comparison between scenarios S (0) and S (3) is presented in Figure 4.1.3 a). We study how the quantity of oil (still in water) is reduced in the second scenario, when compared to the first scenario. The percentage by which this quantity is reduced is shown. It increases up to 40%. 

 Figure 4.1.3 b) shows how the quantity of oil is reduced in scenario S (5), when compared to scenario S (3). The percentage by which this quantity is reduced is shown. After 172 hours this percentage reaches 10, therefore one can conclude that the scenario S (5) is 10% better than S (3).
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           a) Comparison of S (0) with S (3)


b) Comparison of S (3) with S (5)
Figure 4.1.3: The reduction of the quantity of oil in water, comparing different scenarios (09/06/1990)

Even if the cleaning operation seems to be effective, the amount of oil, which is still in water at the end of the simulation, is very large, namely: 8400 tonnes in scenario S (3), and 7500 tonnes in S (5).

The next example selected is, again, from year 1990. The time of the oil spill event is 07/08/1990, 09:00 (d/m/y, hour). The simulation time is 353 hours. After 353 hours the cleaning operation is impossible because of the location of the particles.

The quantity that is still in water at the end of the simulation is 5000 tonnes in scenario S (0), 4500 tonnes in S (3), 4300 tonnes in S (5). A value of 5000 tonnes is the mean of all individual quantities of oil left in the sea at the end of each simulation performed, in S (0).

Three time series of the quantity of oil still present in the marine environment (corresponding to the three scenarios) are presented in Figure 4.1.4.

In the first 12 hours from the moment of the accident, the waves are higher than 1.5 m. From formula (8), presented in section 3.3.4, one can conclude that the efficiency of the cleaning operation is 0; therefore these conditions make the mechanical cleaning impossible. The situation described on the previous page can be observed in the following picture; S (0), S (3), and S (5), overlap in the first hours. 
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Figure 4.1.4: The quantity of oil still in water, in the three scenarios (07/08/1990)

The differences between S (0), S (3), and S (5) are much smaller in this example, when compared to the previous one. This is a consequence of the poor weather conditions. In the intervals [209,212], [222,266], [307,352], the values of the wave height are too large for the cleaning operation to take place. On the other hand, from the same reason, these are the periods when the dispersion rate is also high. A table with more detailed results is presented in Appendix B1.

In figure 4.1.5 a) we present how the quantity of oil is reduced in scenario S (5) when compared to S (0). The percentage by which this quantity is reduced increases up to 14%. One can conclude that S (5) is 14% better than S (0), which is not a very big improvement.

A comparison between scenarios S (3) and S (5) is presented in Figure 4.1.5 b).  The percentage, by which the quantity of oil is reduced, is shown. After 353 hours this percentage reaches 3,7, hence two extra vessels improve the situation with less than 4%.
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           a) Comparison of S (0) with S (5)


b) Comparison of S (3) with S (5)
Figure 4.1.5: The reduction of the quantity of oil in water, comparing different scenarios (07/08/1990)
There are situations in which the results are even worse than the ones previously presented. For example in the event from 22/09/1990, the mechanical cleaning is impossible for the first day, and in the intervals [58,86], [132,170], [281,289]. 

In this case the percentage by which the quantity of oil (still in water) is reduced in S (3) when compared to S (0), is 7. Similar figures for the event 22/09/1990 are presented in Appendix B2.

The cleaning operation is most effective in the first day after the spill. If the weather conditions do not allow the vessels to clean in the first 24 hours, the results of the mitigation measure may not be satisfactory.

It also can happen that, during an entire period of simulation, mechanical cleaning is impossible. If, in addition, the wind direction is towards south–east, the result is disastrous. An example of such an event is 05/12/1998 (09:12). In 36 hours from the oil spill accident, more than 27 particles are close to, or inside the protected areas. No cleaning operation takes place in these 36 hours. More detailed results are presented in Appendix B3.

In the end of this section we will present an event in which the particles are followed 480 hours (maximum number of simulation hours). The time of the oil spill event is 11/10/1991, 03:00.

The quantity that is still in water at the end of the simulation is 900 tonnes in scenario S (0), 630 tonnes in S (3), 590 tonnes in S (5). These are some of the smallest values that can be found at the end of any simulation performed. 

In this event, the cleaning operation is very efficient in the first 3 days after the oil spill accident (see Figure 4.1.6). The weather conditions are not favourable in 6 periods from the 20 days of the simulation. These periods last 6, 10,15, 20 or more hours. The longest period of time, in which mechanical cleaning is impossible is 112 hours, and it happens after the first 5 days, namely in the interval [125,237].

In the last days of the simulation, the cleaning efficiency is small, regardless of the weather conditions. This happens because the area of the slick is very large, and the quantity of oil that can be removed from the marine environment is inversely proportional with this area (see formula (9) from section 3.3.4).
[image: image131.png]Left2clean

18

08

06

04

02

x 10

50

100

150

200 250 300 380 400 450 500

Time(hours)




Figure 4.1.6: The quantity of oil still in water, in the three scenarios (11/10/1991)

Figure 4.1.7a) presents a comparison between scenarios S (0) and S (3). Comparing the first scenario with the second one, one can observe that the percentage by which the quantity of oil (still present in the marine environment) is reduced increases fast in the first 70 hours. The rest of the period, this percentage is almost constant and in the end of the simulation it reaches 31%.
Figure 4.1.7b) shows the percentage by which the quantity of oil is reduced in the scenario S (5) when compared to S (3). After 480 hours this percentage is 6, therefore one can conclude that the scenario S (5) is 6% better than S (3).
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           a) Comparison of S (0) with S (3)


b) Comparison of S (3) with S (5)
Figure 4.1.7: The reduction of the quantity of oil in water, comparing different scenarios (11/10/1991)
From the examples presented in this section we can conclude that during bad weather, the mechanical cleaning, using the equipment described in 3.2.1, is not very effective. On the other hand, if the weather conditions are moderate, an improvement of 40 % can be achieved, with scenario S (3). The use of 2 extra vessels from port (additional 20 meters to the wingspan and 1000 cubic meters, storage capacity) improves the situation from scenario S (3), with at most 10%.
4.2 Statistics

As we have already said in Chapter 3, section 3.3.1, the results of the multiple model runs are evaluated to develop statistics such as: the probability of exposure (probability that a threshold quantity of oil will be exceeded in each zone, at any time following the spill); time to first exceedance of a threshold quantity in each zone; worst case maximum quantity in a given zone; mean expected maximum quantity at any time after the spill, in each zone. 

We also present the mean damage19 caused by the oil spill accident in each area, at any time following the spill.

The analysis is done for two periods of five years each. This will help us investigate the uncertainty bounds of our study and observe if there are any visible changes on a five years scale. Events are simulated every 27 hours.

4.2.1 Period 1990 – 1994

We choose 1000 tonnes to be the threshold quantity of oil. 

For the first five years, we compute 25 x 480 probabilities, denoted 
[image: image134.wmf]j

i

p

. Each value 
[image: image135.wmf]j

i

p

 stands for the probability that the threshold quantity of oil is exceeded in area i, at j hours after the spill accident.

We denote with E the event in which the threshold quantity of oil is exceeded. Each probability of exposure is computed as the relative frequency of E. Further, a general definition for the relative frequency is presented.

Suppose that X is a random variable, taking values in a space S, and 
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20. Now suppose that we repeat a basic experiment, to form independent random variables X1, X2...X n, each with the distribution of X. Thus, for each n, (X1, X2… X n) is a random sample of size n from the distribution of X. The relative frequency of A is defined as the proportion of times that A occurred, in the first n runs.
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If n is very large, one can approximate the probability of A with its relative frequency:
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Another output of the model runs is the quantity of pollutant that reaches or crosses the sensitive areas. The mean damage (mean quantity of oil) in area i, at j hours after the spill accident is denoted with 
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, and is computed as follows: for each individual run, the amount of oil at each time, is saved for each location. The runs are evaluated to determine the average amount for all runs, in each zone.

We will further present the values of the probabilities of exposure, after 10 days from the oil spill accident, in each of the three scenarios. 

Figure 4.2.1 corresponds to the scenario S (0), figure 4.2.2 to S (3), and figure 4.2.3 corresponds to the scenario S (5). The situation before 10 days is the same in all three scenarios. The differences between the values of 
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, in the three cases, are not very big; therefore we chose a fine scale.

At a first glance, it can be observed that the most risky zones are 3,14, and 17. Moreover, mechanical cleaning does not reduce the probabilities of exposure in these three areas. The values of 
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 are in the interval [0.2,0.3).

Comparing scenario S (0) with scenario S (3), one can observe an improvement in the situation from zones 4, 6, 7, 12, and 15.

The probabilities in zones 4, 12, and 15 decrease with at most 0.02, the one in 6 decreases with at most 0.03, and zone 7’s probability of exposure is reduced with at most 0.12. If we now compare figure 4.2.2 with figure 4.2.3 (scenario S (3) with S (5)), we can observe a slight improvement for the situation in area 19. The probability of exposure of zone 19 decreases with at most 0.02, when two extra vessels from port are used in the mitigation measure.

The values of the mean damage, after 10 days from the oil spill accident, in each of the three scenarios, are presented (on page 61) in figures 4.2.4, 4.2.5 and 4.2.6.

Figure 4.2.4 corresponds to the scenario S (0), figure 4.2.5 to S (3), and figure 4.2.6 corresponds to the scenario S (5). 

The most affected zones are 3, 14, and 17, the same zones that have the highest probability of exposure. The mean quantity of oil that affects these zones decreases for each of them, when scenario S (3) is considered, unlike their probabilities of exposure. For zone 3, one can notice a decrease of at most 600 tonnes; and for zones 14 and 17 the decrease is not more than 400 tonnes. No further improvement is achieved in these areas, when S (5) is used instead of S (3). In each of these three zones, the mean amount of oil is greater than 1000 tonnes, even though, their probability of exposure is between 0.2 and 0.3. From this, one can conclude that the events that endanger these areas are severe, but not frequent.

For the zones 7, 8 and 21, a decrease of at most 400 tonnes can be observed in scenario S (3), when compared to S (0).

In area 18, the use of S (3) produces a decrease of the mean quantity of oil with at most 200 tonnes.

The use of two extra vessels from port (in scenario S (5)) does not advance the situation to a more desirable state. The only zone in which the mean quantity of oil reduces is zone 4. The decrease is of at most 500 tonnes.

The safest areas are 2, 10, 11, 24, and 25. Less than 100 tonnes affect these areas, in each of the three scenarios. 
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The values of all probabilities, after 20 days from the oil spill accident (in the end of the simulation), are presented in the figures on page 64. 

Figure 4.2.7 corresponds to the scenario S (0), figure 4.2.8 to S (3), and figure 4.2.9 corresponds to the scenario S (5). 

If the “green” zones (
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) are considered safe, one can observe that the number of safe zones is reduced to a half at the end of the simulation, compared to the situation after 10 days (figures 4.2.1 – 4.2.3 vs. figures 4.2.7 - 4.2.9).

Zones 14 and 17 are again among the most risky, but the probability of their exposure is now in the interval [0.33,0.5). In areas 3, 12, 15, and 19 the probability of exposure is between 0.2 and 0.3 and it stays like this, regardless of the cleaning operations performed.

When scenario S (3) is applied, the probabilities decrease in 9 zones. We will present these decreases starting with the changes in the more risky zones. In area 17 the probability of exposure in S (3) is with at most 0.18 less than the one in S (0); 
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The situation in two zones (21 and 7) improves in S (5), when compared to S (3). In the zones 21 and 7, the probabilities of exposure (from S (3)) are decreasing with at most 0.05, and 0.02 respectively.

The mean values for the damage, after 20 days from the oil spill accident, are presented (on page 65) in figures 4.2.10, 4.2.11 and 4.2.12.

Figure 4.2.10 corresponds to the scenario S (0), figure 4.2.11 to S (3), and figure 4.2.12 corresponds to the scenario S (5). 

The most affected zone is the third one. The mean quantity of pollutant that affects it is incredibly large. In scenario S (0), 
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, and when S (5) is applied 
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 is in the interval [1300,1500). On the other hand 
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 is no larger than 0.3, hence there are few events that threaten zone 3, but their effects are disastrous.

Zones 14 and 17 are the next risky zones. This is in concordance with the conclusion from the study of their probability of exposure. When scenario S (3) is considered, the mean quantity that affects these zones decrease with at most 600 tonnes (in zone 14) and with at most 800 tonnes (in zone 17). 

The situation from other 10 zones improves when S (3) is applied. Further we will present these improvements starting with the changes in the more risky zones.

The mean quantity of pollutant that affects zones 4, 12, and 19 decrease with at most 400 tonnes, 
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When scenario S (5) is considered, no other improvements are noticed, except the one from area 3 (which we already mentioned).

The safest areas are 2, 10 and 11. Less than 100 tonnes affect these areas, in each of the three scenarios.

Further we calculate the time to the first exceedance of the threshold quantity in each of the zones. From these times we select the minimum one, hence the worst event from this point of view. A detailed table of results is presented in Appendix B4.

For zone 3, the earliest time of exceedance is after 17 hours from the moment of the spill, and the use of the mechanical cleaning does not improve this fact. Other areas for which the first exceedance of the threshold quantity is in the first day from the oil spill accident (in at least one simulated event) are: area 4 (19 hours) and area 5 (22 hours). In both cases, mechanical intervention does not delay the contamination.

In four cases, the cleaning operation delays the contamination of given zones, namely in the zones 2,10, 16 and 25.

The time to exceedance of the threshold quantity in zone 10 is after 163 hours from the moment of the accident, in scenario S (0), after 172 hours in S (3), and after 185 hours in S (5).
The delay obtained by cleaning is of one hour in zone 16, of three hours in zone 25, and of 8 hours in zone 2.
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Figure 4.2.7: 
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Figure 4.2.8: 
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Figure 4.2.9: 
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Figure 4.2.10: 
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We can also check the worst-case scenario, from the point of view of the quantity that crosses or reaches the sensitive zones. For each individual run, we calculate the maximum amount over all times after the spill, for each location. The runs are evaluated to determine the highest amount possible at each location. A table of results is presented in Appendix B5. 

For zone 3 the highest amount from all model runs is 14 160 tonnes in S (0), and approximately 12 600 tonnes in S (3) and S (5). A quantity of 14 160 tonnes, represent 70% from the total amount of oil released in the marine environment. This confirms ones again the fact that the events, which endanger zone 3, are very severe, from both time and quantity points of view.

The worst event for zone 4 involves 13 795 tonnes (in S (0)). This quantity reduces to approximately 11 900 tonnes, if mechanical cleaning is performed. 

For zones 5, 6, 7, the largest quantity achieved is about 11 000 tonnes and for zones 14 and 17 is roughly 10 000 tonnes.

In the worst-case scenario, more than 50 % of the total quantity released affects 8 of the zones (see Appendix B5).

As a summary of the previous analysis one can say the following:

· the highest probability of exposure (considering all areas) is less than 0.5 and is achieved in 2 areas, namely 14 and 17;

· the majority of the exposure probabilities are less than 0.2;

· the consequences are very bad when events which damage area 3 occur;

· the maximum mean expected damage is reached in zones 14 and 17; the quantities of oil are about 1500 tonnes;

· more than a half of all areas are affected by quantities less than or equal to 700 tonnes;

· mechanical cleaning is not effective for all cases. 

4.2.2 Period 1995 – 1999

The same analysis as in section 4.2.1 is performed for the period 1995-1999. We will further present the values of the probabilities of exposure, and the values of the damage after 20 days from the oil spill accident, in each of the three scenarios.

Figure 4.2.13 shows the probabilities of exposure of the sensitive areas in scenario S (0), figure 4.2.14 in S (3), and figure 4.2.15 in scenario S (5). The same scale of probabilities is used. 

In scenario S (0), zone 3 has the highest probability of exposure (see figure 4.2.13). Its value is between 0.3 and 0.32. When mechanical cleaning is performed (either S (3), or S (5)), 
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In areas 4, 14, 17, and 19 the probabilities of exposure are in the interval [0.2,0.3), when no measures to combat the oil spill are considered. In both scenarios S (3) and S(5), 
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When S (3) is applied, the probabilities change in other 5 zones, as follows: 
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 with at most 0.02, and 
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 decreases with at most 0.12. When S (5) is considered, no further changes occur in zones 7, 8, 20, and 21, while 
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 decreases with at most 0.02 (when compared to the value in S (3))

If we now compare figure 4.2.14 with figure 4.2.15 (scenario S (3) with S (5)), we can notice an improvement for the situations in areas 1, 15, and 18. The values of 
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 decrease with at most 0.02 and the probability of exposure 
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 The values of the mean damage, after 20 days from the oil spill accident, are presented (on page 70) in figures 4.2.16, 4.2.17 and 4.2.18. Figure 4.2.16 corresponds to the scenario S (0), figure 4.2.17 to scenario S (3), and figure 4.2.18 corresponds to the scenario S (5). 

The mean quantity of pollutant that affects zone 3 is largest of all. In S (0), 
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 is larger than or equal to 1900 tones. When either S (3) or S (5) is applied, 
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 is in the interval [1500, 1900). This situation is similar with the one from the period 1990-1994. In that case, S (5) led to a further improvement.

The next endangered is zone 14; the value of 
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 when S (3) is applied. Other 12 zones change their probabilities of exposure in S (3), when compared to S (0). Further we will present these changes starting with the improvements in the more risky zones.

The mean quantity of pollutant that affects zones 4 and 17 decreases with at most 400 tonnes, 
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 decrease with no more than 200 tonnes. In zone 24, the mean damage drops below the 100 tonnes limit.

When scenario S (5) is considered, the situation improves (when compared with the situation in S (3)) for two other zones, namely 6 and 18.

The safest areas are 2, 10 and 11. Less than 100 tonnes affect these areas, in each of the three scenarios.

Area 24 becomes also “safe”, when the cleaning operation is performed (either S(3), or S(5)).

 Further we calculate the time to the first exceedance of the threshold quantity in each of the zones. A table of results is presented in Appendix B6.

The areas for which the first exceedance of the threshold quantity is in the first day from the oil spill accident (in at least one simulated event) are: area 3, area 4, and area 5. In each of the cases, mechanical intervention does not delay the contamination.

In five cases, the cleaning operation postpones the contamination of given zones, namely in zones 2, 10, 20, 24 and 25.

When mechanical cleaning is applied, the threshold quantity is not exceeded anymore in zone 2 (when S (3) is applied) and in zone 10 (when S (5) is applied).
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  Figure 4.2.16: 
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The time to exceedance of the threshold quantity in zone 20 is after 109 hours from the moment of the accident in scenario S (0), and after 112 hours in scenarios S (3) and S (5).
The delay obtained when S (3) is applied is of one hour in zones 24 and 25. When S (5) is considered, no improvement occurs in zone 25, whereas in zone 24 the contamination happens one hour later. 

We will further check the highest amount possible at each location (worst-case scenario). A table of results is presented in Appendix B7. 

For zone 3 the highest amount from all model runs is 14 280 tonnes is S (0), and approximately 12 700 tonnes in S (3) and S (5). An amount of 14 280 tonnes, represents 71% from the total quantity of oil released in the marine environment.

The largest amount of oil that may affect zone 6 is 12 970 tonnes in S (0), and about 9900 tonnes in S (3) or S (5)
For zones 14 and 17, the largest amount of oil reached is roughly 11 000 tonnes, and 10 000 tonnes, respectively.

In the worst-case scenario, more than 50 % of the total quantity released affects 6 of the zones (see Appendix B7).

The results discussed are about the same for both periods 1990 – 1994 and 1995 – 1999. We can conclude that the data are stationary and five years of information provide an accurate picture of the situation.

4.3 Conclusions 

In this part of the chapter we will present a general result of the model runs, over the entire period 1990 - 1999. The same analysis as in section 4.1 is applied to the period of ten years instead of the individual events.

Using the complete database of simulated events we calculate the mean quantity of pollutant still present in the marine environment, at each hour following the oil spill accident, in each of the three scenarios.

The time series of these quantities are shown in the figure 4.3.1

[image: image303.png](Bxueaiozya

08
06
04

02

100 180 200 250 300 350 400 450 500

50

Time(hours)




Figure 4.3.1: The mean quantity of oil still in water, in the three scenarios (1990 - 1999)

As one can notice, the general result is not very different to the particular ones. The time series of the mean quantity of oil are following the same shape and behaviour.

As we have already said (on page 52), the mean quantity still present in the water at the end of the simulation is about 5000 tonnes in scenario S (0).
Comparisons between scenarios S (0) and S (5), scenarios S (0) and S (3), and scenarios S (3) and S (5) are presented in figure 4.3.2.

In each of these comparisons we study how the quantity of oil (still in water) is reduced in the second scenario, when compared to the first scenario. The percentage by which this quantity is reduced is shown.

It can be observed that this percentage increases fast in the first days and it slows significantly afterwards, in each of the three cases.
When S (0) and S (5) are compared, the value of the percentage by which the quantity of oil is reduced increases up to 31.5, when S (0) and S (3) are compared the maximum percentage achieved is 27.5, and when S (5) and S (3) are compared, the percentage reaches 5.8. 
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Figure 4.3.2: The reduction of the quantity of oil in water, comparing different scenarios (1990 - 1999)
From this, one can conclude that scenario S (5) improves the situation from S (0) with 31%, S (3) improves the situation from S (0) with 27% and S (5) improves the situation from S (3) with 5.8%.

Chapter 5

Conclusions
Fuel oil is one of the most dangerous of all water pollutants. Oil spills at sea are very difficult to control, as oil tends to spread and disperse very fast, affecting large areas in a short period of time. They are a major threat to the environment as they may cause severe damage to it. Oil spills are quite common as tankers can collide either in deep sea or offshore, while waiting to be loaded or unloaded. Therefore the response at sea in case of oil pollution is a very frequent topic. On the other hand, it is also a very difficult one.

For a good analysis, many things must be taken into account. The trajectory of a spill is essential, since it determines the oil impact on the sensitive areas. The oil transport and the choice of a countermeasure depend on many factors, such as weather conditions, maritime currents, source of the oil spill and type of oil.

All these factors make a study of this kind complex and laborious. This is the reason why for this thesis, a simplified analysis was performed. The basic assumptions made are presented in section 3.2.2.

The goal of this study was to include response measures, compute the damage caused by the oil spill after the process of cleaning, and compare it with the damage in the case when no response strategy is used. Three scenarios were considered. One of them is the scenario when no cleaning operation is performed, denoted by S (0). The second one involves a pre-positioned formation of vessels, a tanker and three vessels from port (S (3)). In the third scenario, the same pre-positioned formation of vessels and the tanker are involved, and the number of vessels from port increases form three to five (S (5)).

Events were simulated over an interval of ten years, namely 1990 – 1999. An event is a standardized oil spill accident, which happens repeatedly, at a given location, within short periods of time (e.g. every day). The result of each simulation (oil spill event) consists in 30 particle’s trajectories, each being integrated 20 days (integration for any of the particle is stopped before this time, if the particle hits the coast).

The output of the model consists of statistics, such as: mean expected damage (quantified as the amount of oil), the probability of exposure, time to first exceedance of a threshold quantity, worst case maximum quantity in a given zone; mean expected maximum quantity at any time after the spill, in each zone.

The analysis was first performed on individual events. These events resemble both extreme situations and average ones. We call extreme situations those in which the amount of oil present in the marine environment at the end of the simulation is either still very large, or is significantly reduced. The results obtained in the two cleaning scenarios (S (3) and S (5)) were compared to each other, and to the results in the “no cleaning” scenario.

A more general analysis follows. The entire period of ten years is divided in two, 1990 - 1994, and 1995 - 1999. For both intervals, the statistics described earlier were evaluated. A general result of the model runs, over ten years, is also shown.

The cleaning operation was found most effective in the first day after the oil spill accident. The efficiency of the vessels decreases with the increase of the slick’s area. After the first days, when the oil spill reaches its maximum area, the cleaning operation does not perform very well. If in addition the weather conditions are not favourable, the vessels are not able to clean at all.

When cleaning cannot be conducted in the first 24 hours from the oil spill accident (because of the weather) the results of the mitigation measures may not be satisfactory, but are still better that the ones in scenario S (0).
In many cases, if the weather is poor in the first day, it will stay like this for a longer interval, or even for the entire period of the simulation. This makes mechanical cleaning if not impossible, then very inefficient. Moreover, on strong wind, directed towards the sensitive areas, a severe damage is produced in short time (less than 2 days).

The most affected zones, as in the amount of oil that reaches them, are 3, 14 and 17. When events that damage area 3 happen, large quantities of oil are involved (more than 1900 tonnes). 

When the cleaning operations are considered, one can notice a reduction in the quantity of pollutant that affects areas 3, 14 and 17.

In the worst case scenario, 70 % from the total amount of oil released in the marine environment can affect area 3 in less than one day and the cleaning operation does not delay the contamination.

More than a half of all areas are affected by quantities of pollutant less than or equal to 700 tonnes.

The highest probabilities of exposure are less than 0.5 and they are achieved in the same areas (3,14 and 17). The rest of the probabilities are less than 0.2.

The zones, which can be considered safe, are 2, 10 and 11. Less than 100 tonnes affect them and their probabilities of exposure are not higher than 0.1.

The worst events that can damage areas 2 and 10 can be delayed or even avoided, when mechanical cleaning is performed.

A comparison between the situations in scenarios S (0), S (3), and S (5) was carried out. The following conclusions can be drawn: scenario S (5) improves the situation from S (0) with 31%, S (3) improves the situation from S (0) with 27% and S (5) improves the situation from S (3) with 5%. This shows that the additional two vessels from S (5) are not very effective. One can think of at least three possible reasons for this ineffectiveness. First reason is the fact that the additional vessels are not present in the very first hours when cleaning is most efficient; the second one is the limitation in the wingspan of the vessels. The last reason, and maybe the most important one is the model’s insufficient realism. 

In order to enhance the realism of this study, and therefore to obtain more accurate results, an extension of it is recommended.

Some of the assumptions made in this thesis can be improved. It would be more realistic to consider the release of oil continuous, rather than instantaneous.

A model for the way in which the cleaning operation is conducted should be also included in the analysis. This may provide an improvement of the results. In this study, the vessels aim to the plume’s centre of gravity, which is not the most appropriate choice. 

Criteria like, searching for fresh oil, or for thick oil, may replace this assumption in order to obtain an increase in the efficiency of the mitigation measure.

Chemical methods of cleaning may be taken into consideration, in combination with the mechanical equipment. This may also provide a better result for the cleaning operation.

The supposition that the vessels from port know exactly, at any moment in time, where the plume is, may also be changed. In general, there is uncertainty in the future position of the plume. Moreover, if a more complex strategy of cleaning is considered (dependent on the weather conditions), one may need the position of the plume predicted with several days in advance. In order to obtain this kind of predictions, the method from section 3.5.1 can be used.

The same method may be useful in a case of a second oil spill. Quantifying the predicted damages from both spills, one can decide which one is most harmful, and needs fast intervention. The way in which the vessels work in a cleanup operation can be also modelled, therefore improved.

Emulsification of oil affects the behaviour of the plume, therefore it is recommended to include it in the model. The dependence of weathering processes on the environment’s marine conditions can be modelled in more detail. Wave amplitude and frequencies, and the water temperature are factors, which influence the processes that affect the oil (that is released in marine environments).

Another issue that can be improved is the sensitivity map of the region. Different areas have (in reality) different sensitivities. Weights can be given for the damage in each area, such that in the most sensitive zones the damage will increase.

All these things would make our study more reliable.

Once more, this study proves that the pollution at sea is a subject, which demands much work and energy to be clarified.

Appendix A

Symbols and notations
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the angle of the vector of wind with the horizontal axes, after i hours from the time of the oil spill accident; 
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water content in oil, in percent of the total volume.
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tonnes of oil that are present or already crossed area i at j hours     after the spill accident.
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· fpx
the x-position of a particle (longitude).

· fpy 
the y-position of a particle (latitude).
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Appendix B

Complementary results

B1: Event 07/08/1990

The results for the event 07/08/1990 are presented in the table below.  Hour 0 stands for the moment of the oil spill accident. Its corresponding value for the quantity of oil represents the situation at the end of this hour. In the same manner, the value of the quantity of oil corresponding to hour “j” represents the situation at the end of jth hour. 
	Time


	Kg's of cleaned oil in S(3)
	Kg's of cleaned oil in S(5)
	Kg's of oil still in water in S(0)
	Kg's of oil still in water in S(3)
	Kg's of oil still in water in S(5)

	0
	0.00
	0.00
	19675558.41
	19675558.41
	19675558.41

	1
	0.00
	0.00
	19361937.41
	19361937.41
	19361937.41

	2
	0.00
	0.00
	19057558.99
	19057558.99
	19057558.99

	3
	0.00
	0.00
	18761061.27
	18761061.27
	18761061.27

	4
	0.00
	0.00
	18470334.02
	18470334.02
	18470334.02

	5
	0.00
	0.00
	18182762.12
	18182762.12
	18182762.12

	6
	0.00
	0.00
	17896899.66
	17896899.66
	17896899.66

	7
	0.00
	0.00
	17614216.10
	17614216.10
	17614216.10

	8
	0.00
	0.00
	17338585.75
	17338585.75
	17338585.75

	9
	0.00
	0.00
	17072618.24
	17072618.24
	17072618.24

	10
	0.00
	0.00
	16816677.32
	16816677.32
	16816677.32

	11
	0.00
	0.00
	16570259.89
	16570259.89
	16570259.89

	12
	5819.48
	7759.31
	16335127.84
	16329308.36
	16327368.54

	13
	12712.66
	16948.20
	16109729.06
	16091277.22
	16085128.62

	14
	16708.05
	22268.89
	15892155.62
	15857244.93
	15845618.53

	15
	19169.26
	25540.28
	15679386.88
	15625774.32
	15607932.56

	16
	20474.56
	27268.24
	15466878.92
	15393518.43
	15369124.81

	17
	21499.49
	28620.56
	15250797.90
	15156962.81
	15125788.91

	18
	20628.34
	27447.88
	15030397.97
	14917290.62
	14879747.69

	19
	17024.36
	22642.02
	14808487.32
	14680025.53
	14637419.23

	20
	14839.19
	19728.17
	14587369.00
	14445986.19
	14399127.11

	21
	13440.40
	17862.40
	14368868.33
	14216162.87
	14165583.67

	22
	12564.09
	16692.52
	14153214.12
	13990236.44
	13936287.93

	Time
	Kg's of cleaned oil in
S(3)
	Kg's of cleaned oil in

S(5)
	Kg's of oil still in
water in S(0)
	Kg's of oil still in 

water in S(3)
	Kg's of oil still in

 water in S(5)

	23
	11779.43
	15645.34
	13940141.44
	13767837.91
	13710835.67

	24
	11334.49
	15050.08
	13903398.03
	13720214.16
	13659646.58

	25
	10567.83
	14028.24
	13862527.67
	13669314.46
	13605464.51

	26
	9900.58
	13139.12
	13818993.22
	13616486.21
	13549598.24

	27
	9138.75
	12125.15
	13774913.23
	13563913.42
	13494252.42

	28
	8608.53
	11419.09
	13731129.75
	13512192.07
	13439941.92

	29
	8134.16
	10787.55
	13687459.63
	13461084.10
	13386410.34

	30
	7398.28
	9809.65
	13644262.47
	13411203.09
	13334353.63

	31
	6903.81
	9152.33
	13601932.65
	13362692.50
	13283832.93

	32
	6570.79
	8709.35
	13561846.55
	13316740.67
	13235974.95

	33
	6372.09
	8444.59
	13526985.57
	13276137.66
	13193507.04

	34
	6499.80
	8612.47
	13499112.36
	13242281.53
	13157708.52

	35
	7025.57
	9307.60
	13478002.91
	13214548.13
	13127825.35

	36
	7440.61
	9855.71
	13461984.57
	13191402.29
	13102367.47

	37
	7848.83
	10394.48
	13448467.46
	13170308.04
	13078816.98

	38
	7777.00
	10297.30
	13436750.35
	13151056.27
	13057124.63

	39
	7851.01
	10393.24
	13427975.48
	13134616.97
	13038204.43

	40
	7745.64
	10251.72
	13421709.19
	13120741.93
	13021868.31

	41
	7629.45
	10095.94
	13416031.00
	13107561.63
	13006263.34

	42
	7012.82
	9278.16
	13406791.93
	13091522.17
	12988028.30

	43
	6665.16
	8816.63
	13394307.89
	13072666.54
	12967117.57

	44
	6278.45
	8303.68
	13383197.17
	13055544.17
	12948057.53

	45
	6165.55
	8153.05
	13377524.45
	13043844.78
	12934416.20

	46
	6126.79
	8100.53
	13377524.45
	13037717.98
	12926315.67

	47
	6113.41
	8081.56
	13377524.45
	13031604.58
	12918234.11

	48
	6280.44
	8301.07
	13377524.45
	13025324.13
	12909933.04

	49
	6416.92
	8480.09
	13377524.45
	13018907.22
	12901452.94

	50
	6563.63
	8672.55
	13377524.45
	13012343.59
	12892780.40

	51
	6634.52
	8764.74
	13377524.45
	13005709.07
	12884015.65

	52
	6749.18
	8914.71
	13377524.45
	12998959.89
	12875100.94

	53
	6756.95
	8923.42
	13377524.45
	12992202.94
	12866177.52

	54
	6772.99
	8943.06
	13377524.45
	12985429.95
	12857234.46

	55
	6843.14
	9034.11
	13377524.45
	12978586.81
	12848200.36

	56
	6791.88
	8964.86
	13377524.45
	12971794.93
	12839235.49

	57
	6840.90
	9027.99
	13377524.45
	12964954.03
	12830207.51

	58
	6930.29
	9144.35
	13377524.45
	12958023.74
	12821063.15

	59
	6887.25
	9085.95
	13377524.45
	12951136.48
	12811977.21

	60
	7018.08
	9256.89
	13377524.45
	12944118.41
	12802720.32

	61
	7079.23
	9335.87
	13377524.45
	12937039.17
	12793384.45

	62
	7105.98
	9369.43
	13377524.45
	12929933.19
	12784015.01

	63
	7031.37
	9269.36
	13377524.45
	12922901.82
	12774745.66

	64
	7043.92
	9284.22
	13377524.45
	12915857.90
	12765461.43

	65
	6968.80
	9183.53
	13377524.45
	12908889.10
	12756277.90

	66
	6875.33
	9058.73
	13377524.45
	12902013.77
	12747219.17

	Time
	Kg's of cleaned oil in
S(3)
	Kg's of cleaned oil in

S(5)
	Kg's of oil still in
water in S(0)
	Kg's of oil still in 

water in S(3)
	Kg's of oil still in

 water in S(5)

	67
	6829.05
	8996.16
	13377524.45
	12895184.72
	12738223.01

	68
	6519.55
	8586.92
	13377524.45
	12888665.17
	12729636.09

	69
	6060.73
	7981.26
	13377524.45
	12882604.45
	12721654.83

	70
	5682.33
	7481.78
	13377524.45
	12876922.12
	12714173.04

	71
	5456.19
	7182.98
	13377524.45
	12871465.92
	12706990.07

	72
	5362.81
	7059.04
	13377524.45
	12866103.11
	12699931.02

	73
	5539.91
	7291.15
	13377524.45
	12860563.20
	12692639.87

	74
	5574.36
	7335.44
	13377524.45
	12854988.84
	12685304.44

	75
	5488.14
	7220.93
	13377524.45
	12849500.70
	12678083.51

	76
	5229.23
	6879.29
	13377524.45
	12844271.47
	12671204.22

	77
	5136.03
	6755.76
	13376458.95
	12838112.42
	12663439.22

	78
	4901.61
	6446.55
	13370895.26
	12827871.04
	12651725.54

	79
	4666.37
	6136.39
	13364748.72
	12817307.75
	12639773.20

	80
	4483.41
	5895.08
	13362192.22
	12810372.56
	12631460.31

	81
	4634.96
	6093.64
	13362192.22
	12805737.60
	12625366.67

	82
	4597.45
	6043.59
	13362192.22
	12801140.15
	12619323.07

	83
	4570.86
	6007.92
	13362192.22
	12796569.29
	12613315.15

	84
	4570.54
	6006.79
	13362192.22
	12791998.74
	12607308.37

	85
	4657.78
	6120.71
	13362192.22
	12787340.96
	12601187.65

	86
	4874.88
	6405.22
	13362192.22
	12782466.08
	12594782.44

	87
	5078.02
	6671.28
	13362192.22
	12777388.06
	12588111.16

	88
	5082.79
	6676.67
	13362192.22
	12772305.27
	12581434.49

	89
	5386.31
	7074.42
	13362192.22
	12766918.96
	12574360.08

	90
	5557.33
	7298.02
	13362192.22
	12761361.63
	12567062.06

	91
	5697.82
	7481.43
	13362192.22
	12755663.81
	12559580.63

	92
	5783.69
	7593.04
	13362192.22
	12749880.12
	12551987.59

	93
	5719.75
	7507.96
	13362192.22
	12744160.37
	12544479.63

	94
	5753.89
	7551.65
	13362192.22
	12738406.49
	12536927.99

	95
	5841.86
	7665.95
	13362192.22
	12732564.62
	12529262.03

	96
	5946.35
	7801.88
	13362192.22
	12726618.27
	12521460.16

	97
	6044.15
	7928.95
	13362192.22
	12720574.12
	12513531.21

	98
	6220.37
	8158.83
	13362192.22
	12714353.76
	12505372.38

	99
	6460.98
	8473.05
	13362192.22
	12707892.77
	12496899.33

	100
	6592.51
	8644.06
	13362192.22
	12701300.27
	12488255.26

	101
	6730.14
	8823.00
	13362192.22
	12694570.13
	12479432.27

	102
	6979.48
	9148.26
	13362192.22
	12687590.65
	12470284.00

	103
	6939.90
	9094.71
	13362192.22
	12680650.75
	12461189.29

	104
	6972.94
	9136.34
	13362192.22
	12673677.81
	12452052.94

	105
	6870.44
	9000.40
	13362192.22
	12666807.37
	12443052.55

	106
	6849.23
	8970.98
	13362192.22
	12659958.14
	12434081.56

	107
	6750.09
	8839.55
	13362192.22
	12653208.05
	12425242.01

	108
	6620.86
	8668.76
	13362192.22
	12646587.19
	12416573.25

	109
	6564.16
	8593.03
	13362192.22
	12640023.03
	12407980.22

	110
	6746.18
	8829.78
	13362192.22
	12633276.85
	12399150.44

	Time
	Kg's of cleaned oil in
S(3)
	Kg's of cleaned oil in

S(5)
	Kg's of oil still in
water in S(0)
	Kg's of oil still in 

water in S(3)
	Kg's of oil still in

 water in S(5)

	111
	6914.59
	9048.59
	13362192.22
	12626362.26
	12390101.85

	112
	6862.62
	8978.94
	13362192.22
	12619499.64
	12381122.90

	113
	6270.40
	8202.60
	13362192.22
	12613229.24
	12372920.30

	114
	6249.52
	8173.93
	13362192.22
	12606979.73
	12364746.37

	115
	6334.09
	8283.18
	13362192.22
	12600645.64
	12356463.19

	116
	6388.96
	8353.54
	13362192.22
	12594256.68
	12348109.66

	117
	6450.90
	8433.10
	13362192.22
	12587805.78
	12339676.56

	118
	6326.92
	8269.61
	13362192.22
	12581478.86
	12331406.95

	119
	6430.95
	8404.16
	13362192.22
	12575047.91
	12323002.79

	120
	6565.18
	8578.12
	13362192.22
	12568482.74
	12314424.67

	121
	6583.94
	8601.14
	13362192.22
	12561898.79
	12305823.53

	122
	6776.00
	8850.49
	13362192.22
	12555122.80
	12296973.03

	123
	7085.02
	9252.45
	13362192.22
	12548037.78
	12287720.58

	124
	7302.87
	9535.15
	13362192.22
	12540734.91
	12278185.43

	125
	7495.58
	9784.88
	13362192.22
	12533239.33
	12268400.56

	126
	7580.22
	9893.39
	13362192.22
	12525659.11
	12258507.17

	127
	7557.86
	9862.21
	13362192.22
	12518101.26
	12248644.96

	128
	7454.69
	9725.64
	13362192.22
	12510646.56
	12238919.32

	129
	7348.02
	9584.57
	13362192.22
	12503298.54
	12229334.75

	130
	7216.66
	9411.38
	13362192.22
	12496081.88
	12219923.37

	131
	7008.15
	9137.69
	13362192.22
	12489073.73
	12210785.68

	132
	6888.58
	8980.12
	13362192.22
	12482185.15
	12201805.56

	133
	6744.45
	8790.60
	13362192.22
	12475440.70
	12193014.96

	134
	6716.40
	8752.46
	13362192.22
	12468724.30
	12184262.49

	135
	6770.66
	8821.59
	13362192.22
	12461953.65
	12175440.91

	136
	6861.72
	8938.61
	13362192.22
	12455091.93
	12166502.30

	137
	6981.27
	9092.68
	13362192.22
	12448110.66
	12157409.62

	138
	7205.91
	9383.51
	13362192.22
	12440904.76
	12148026.11

	139
	7289.62
	9490.68
	13362192.22
	12433615.13
	12138535.43

	140
	7340.25
	9554.73
	13362192.22
	12426274.88
	12128980.69

	141
	7331.55
	9541.53
	13362192.22
	12418943.33
	12119439.17

	142
	7253.32
	9437.85
	13362192.22
	12411690.01
	12110001.31

	143
	7267.82
	9454.88
	13362192.22
	12404422.20
	12100546.44

	144
	7112.92
	9251.56
	13362192.22
	12397309.28
	12091294.87

	145
	7068.04
	9191.42
	13362192.22
	12390241.24
	12082103.45

	146
	6997.50
	9097.97
	13362192.22
	12383243.74
	12073005.48

	147
	6935.80
	9016.05
	13362192.22
	12376307.94
	12063989.43

	148
	6948.64
	9031.05
	13362192.22
	12369359.30
	12054958.38

	149
	7138.22
	9275.71
	13362192.22
	12362221.09
	12045682.67

	150
	7245.41
	9413.19
	13362192.22
	12354975.67
	12036269.48

	151
	7275.86
	9450.90
	13362192.22
	12347699.81
	12026818.58

	152
	7329.78
	9519.06
	13362192.22
	12340370.03
	12017299.52

	153
	7276.45
	9447.93
	13362192.22
	12333093.59
	12007851.58

	154
	7160.93
	9296.11
	13362192.22
	12325932.66
	11998555.47

	Time
	Kg's of cleaned oil in
S(3)
	Kg's of cleaned oil in

S(5)
	Kg's of oil still in
water in S(0)
	Kg's of oil still in 

water in S(3)
	Kg's of oil still in

 water in S(5)

	155
	7082.31
	9192.28
	13362192.22
	12318850.34
	11989363.19

	156
	7017.08
	9105.86
	13362192.22
	12311833.26
	11980257.33

	157
	6894.49
	8945.08
	13362192.22
	12304938.77
	11971312.25

	158
	6738.78
	8741.42
	13362192.22
	12298200.00
	11962570.83

	159
	6863.23
	8901.24
	13362192.22
	12291336.76
	11953669.59

	160
	6906.88
	8956.18
	13362192.22
	12284429.88
	11944713.41

	161
	7041.95
	9129.61
	13362192.22
	12277387.94
	11935583.80

	162
	7142.61
	9258.34
	13362192.22
	12270245.33
	11926325.46

	163
	7330.42
	9499.94
	13362192.22
	12262914.91
	11916825.51

	164
	7442.54
	9643.33
	13362192.22
	12255472.37
	11907182.19

	165
	7503.33
	9720.13
	13362192.22
	12247969.03
	11897462.06

	166
	7380.60
	9559.18
	13362192.22
	12240588.43
	11887902.88

	167
	7225.67
	9356.64
	13362192.22
	12233362.76
	11878546.24

	168
	7074.30
	9158.83
	13362192.22
	12226288.46
	11869387.41

	169
	6935.95
	8977.97
	13362192.22
	12219352.51
	11860409.44

	170
	6867.30
	8887.43
	13362192.22
	12212485.21
	11851522.01

	171
	6883.50
	8906.72
	13362192.22
	12205601.72
	11842615.29

	172
	6877.58
	8897.40
	13362192.22
	12198724.13
	11833717.89

	173
	6983.80
	9033.11
	13362192.22
	12191740.34
	11824684.78

	174
	7034.56
	9097.03
	13362192.22
	12184705.77
	11815587.75

	175
	7178.49
	9281.37
	13362192.22
	12177527.28
	11806306.38

	176
	6970.62
	9010.84
	13359087.06
	12167726.79
	11794551.94

	177
	6318.86
	8166.75
	13351778.49
	12154751.14
	11779932.55

	178
	5949.48
	7688.02
	13345341.51
	12142941.78
	11766565.35

	179
	5525.64
	7139.16
	13341915.66
	12134298.95
	11756405.63

	180
	5332.38
	6888.42
	13338398.66
	12125767.91
	11746418.16

	181
	5123.48
	6617.59
	13332533.12
	12115312.15
	11734635.10

	182
	4944.08
	6384.98
	13328723.00
	12106905.80
	11724896.65

	183
	4726.17
	6102.73
	13328656.44
	12102119.17
	11718735.37

	184
	4688.76
	6053.64
	13328656.44
	12097430.40
	11712681.73

	185
	4778.10
	6168.18
	13328656.44
	12092652.31
	11706513.56

	186
	4924.90
	6356.85
	13328656.44
	12087727.41
	11700156.71

	187
	5159.29
	6658.49
	13328656.44
	12082568.12
	11693498.22

	188
	5397.17
	6964.50
	13328656.44
	12077170.95
	11686533.71

	189
	5586.18
	7207.32
	13328656.44
	12071584.77
	11679326.39

	190
	5662.86
	7305.14
	13328656.44
	12065921.91
	11672021.25

	191
	5701.83
	7354.25
	13320250.15
	12052610.19
	11657305.54

	192
	5667.56
	7308.90
	13294867.11
	12023975.19
	11627782.49

	193
	5555.30
	7163.00
	13260264.60
	11987125.13
	11590355.90

	194
	4913.28
	6334.21
	13226090.16
	11951318.55
	11554150.95

	195
	4724.54
	6090.04
	13196501.47
	11919857.17
	11522212.59

	196
	4676.47
	6027.29
	13168810.61
	11890168.68
	11492007.69

	197
	4695.40
	6050.88
	13139488.79
	11858998.50
	11460368.57

	198
	4722.58
	6085.11
	13107392.52
	11825307.55
	11426288.83

	Time
	Kg's of cleaned oil in
S(3)
	Kg's of cleaned oil in

S(5)
	Kg's of oil still in
water in S(0)
	Kg's of oil still in 

water in S(3)
	Kg's of oil still in

 water in S(5)

	199
	4728.79
	6092.31
	13073061.93
	11789606.18
	11390269.04

	200
	4604.50
	5931.39
	13036378.80
	11751919.93
	11352376.46

	201
	4407.51
	5676.89
	12997973.96
	11712891.56
	11313255.75

	202
	4153.37
	5348.88
	12956931.87
	11671753.85
	11272184.41

	203
	3726.01
	4797.94
	12913213.82
	11628646.11
	11229352.94

	204
	3110.55
	4004.98
	12865153.32
	11582255.99
	11183554.46

	205
	2238.14
	2881.46
	12811411.90
	11531635.45
	11133956.10

	206
	1367.80
	1760.84
	12750261.93
	11475226.17
	11079051.94

	207
	617.91
	795.43
	12687522.05
	11418142.42
	11023740.11

	208
	51.98
	66.91
	12624712.74
	11361565.16
	10969100.40

	209
	0.00
	0.00
	12564858.96
	11307699.97
	10917095.88

	210
	0.00
	0.00
	12508089.41
	11256610.41
	10867771.12

	211
	0.00
	0.00
	12450879.60
	11205124.65
	10818063.84

	212
	0.00
	0.00
	12392660.38
	11152730.47
	10767479.52

	213
	119.91
	154.35
	12333571.34
	11099433.59
	10715985.10

	214
	383.33
	493.45
	12274512.59
	11045901.13
	10664178.64

	215
	569.89
	733.59
	12216824.21
	10993417.15
	10613324.99

	216
	636.71
	819.60
	12161318.85
	10942833.45
	10564285.31

	217
	658.82
	848.03
	12107517.99
	10893764.27
	10516701.58

	218
	688.65
	886.42
	12056139.47
	10846847.69
	10471187.31

	219
	666.68
	858.13
	12005642.65
	10800749.27
	10426470.89

	220
	500.92
	644.75
	11952412.42
	10752360.34
	10379597.59

	221
	128.38
	165.24
	11895115.04
	10700687.38
	10329674.72

	222
	0.00
	0.00
	11833067.50
	10644870.24
	10275792.86

	223
	0.00
	0.00
	11766253.55
	10584765.30
	10217771.87

	224
	0.00
	0.00
	11696290.20
	10521827.20
	10157015.95

	225
	0.00
	0.00
	11624848.82
	10457559.48
	10094976.51

	226
	0.00
	0.00
	11550985.31
	10391112.84
	10030833.70

	227
	0.00
	0.00
	11471310.47
	10319438.42
	9961644.37

	228
	0.00
	0.00
	11387079.58
	10243665.43
	9888498.57

	229
	0.00
	0.00
	11307185.10
	10171793.42
	9819118.49

	230
	0.00
	0.00
	11231980.95
	10104140.77
	9753811.48

	231
	0.00
	0.00
	11158085.43
	10037665.34
	9689640.88

	232
	0.00
	0.00
	11079545.21
	9967011.60
	9621436.84

	233
	0.00
	0.00
	10993481.69
	9889590.00
	9546699.59

	234
	0.00
	0.00
	10902627.83
	9807859.08
	9467802.43

	235
	0.00
	0.00
	10811694.73
	9726056.87
	9388836.45

	236
	0.00
	0.00
	10723404.78
	9646632.40
	9312165.78

	237
	0.00
	0.00
	10633219.11
	9565502.57
	9233848.87

	238
	0.00
	0.00
	10538223.36
	9480045.66
	9151354.91

	239
	0.00
	0.00
	10439390.23
	9391136.69
	9065528.58

	240
	0.00
	0.00
	10338249.84
	9300152.14
	8977698.63

	241
	0.00
	0.00
	10233530.07
	9205947.63
	8886760.36

	242
	0.00
	0.00
	10125152.63
	9108452.72
	8792645.78

	Time
	Kg's of cleaned oil in
S(3)
	Kg's of cleaned oil in

S(5)
	Kg's of oil still in
water in S(0)
	Kg's of oil still in 

water in S(3)
	Kg's of oil still in

 water in S(5)

	243
	0.00
	0.00
	10014136.51
	9008584.09
	8696239.79

	244
	0.00
	0.00
	9902570.12
	8908220.45
	8599355.94

	245
	0.00
	0.00
	9792742.16
	8809420.68
	8503981.74

	246
	0.00
	0.00
	9684581.79
	8712121.05
	8410055.67

	247
	0.00
	0.00
	9581167.07
	8619090.54
	8320250.70

	248
	0.00
	0.00
	9485466.77
	8532999.82
	8237144.90

	249
	0.00
	0.00
	9398749.29
	8454989.93
	8161839.76

	250
	0.00
	0.00
	9322445.47
	8386348.03
	8095577.80

	251
	0.00
	0.00
	9254586.77
	8325303.24
	8036649.55

	252
	0.00
	0.00
	9192091.64
	8269083.45
	7982379.01

	253
	0.00
	0.00
	9133026.75
	8215949.47
	7931087.27

	254
	0.00
	0.00
	9077970.71
	8166421.78
	7883276.81

	255
	0.00
	0.00
	9028190.94
	8121640.57
	7840048.24

	256
	0.00
	0.00
	8984516.04
	8082351.21
	7802121.12

	257
	0.00
	0.00
	8940576.66
	8042823.93
	7763964.32

	258
	0.00
	0.00
	8891130.20
	7998342.55
	7721025.19

	259
	0.00
	0.00
	8845100.00
	7956934.39
	7681052.73

	260
	0.00
	0.00
	8804716.36
	7920605.81
	7645983.72

	261
	0.00
	0.00
	8770179.85
	7889537.22
	7615992.35

	262
	0.00
	0.00
	8738549.91
	7861083.34
	7588525.02

	263
	0.00
	0.00
	8710096.82
	7835487.33
	7563816.46

	264
	0.00
	0.00
	8685942.71
	7813758.61
	7542841.12

	265
	0.00
	0.00
	8667627.70
	7797282.67
	7526936.43

	266
	0.00
	0.00
	8655797.88
	7786640.72
	7516663.46

	267
	282.78
	363.97
	8650035.16
	7781173.87
	7511295.16

	268
	528.20
	679.84
	8649179.60
	7779876.04
	7509872.38

	269
	709.11
	912.67
	8649179.60
	7779166.93
	7508959.71

	270
	847.74
	1091.05
	8649179.60
	7778319.19
	7507868.66

	271
	989.99
	1274.09
	8649179.60
	7777329.20
	7506594.57

	272
	1092.54
	1406.00
	8649179.60
	7776236.67
	7505188.57

	273
	1208.74
	1555.47
	8649179.60
	7775027.93
	7503633.09

	274
	1316.36
	1693.88
	8649179.60
	7773711.57
	7501939.21

	275
	1423.95
	1832.22
	8649179.60
	7772287.62
	7500106.99

	276
	1510.51
	1943.48
	8649179.60
	7770777.12
	7498163.51

	277
	1577.45
	2029.48
	8649179.60
	7769199.67
	7496134.03

	278
	1615.00
	2077.65
	8649179.60
	7767584.67
	7494056.38

	279
	1655.25
	2129.28
	8649179.60
	7765929.42
	7491927.11

	280
	1674.90
	2154.40
	8649179.60
	7764254.53
	7489772.71

	281
	1733.50
	2229.62
	8649179.60
	7762521.03
	7487543.09

	282
	1794.91
	2308.44
	8649179.60
	7760726.12
	7485234.65

	283
	1861.08
	2393.35
	8649179.60
	7758865.04
	7482841.30

	284
	1938.78
	2493.07
	8649179.60
	7756926.26
	7480348.22

	285
	2007.69
	2581.47
	8649179.60
	7754918.58
	7477766.76

	286
	2084.34
	2679.80
	8649179.60
	7752834.24
	7475086.95

	Time
	Kg's of cleaned oil in
S(3)
	Kg's of cleaned oil in

S(5)
	Kg's of oil still in
water in S(0)
	Kg's of oil still in 

water in S(3)
	Kg's of oil still in

 water in S(5)

	287
	2125.86
	2732.93
	8649179.60
	7750708.38
	7472354.02

	288
	2156.04
	2771.48
	8649179.60
	7748552.34
	7469582.55

	289
	2137.29
	2747.12
	8649179.60
	7746415.05
	7466835.43

	290
	2106.58
	2707.40
	8649179.60
	7744308.47
	7464128.03

	291
	2048.59
	2632.63
	8649179.60
	7742259.88
	7461495.40

	292
	2015.42
	2589.77
	8649179.60
	7740244.47
	7458905.62

	293
	2009.05
	2581.37
	8649179.60
	7738235.42
	7456324.26

	294
	2026.06
	2602.99
	8649179.60
	7736209.36
	7453721.26

	295
	2059.53
	2645.76
	8649179.60
	7734149.84
	7451075.50

	296
	2083.64
	2676.50
	8649179.60
	7732066.20
	7448399.00

	297
	2127.64
	2732.77
	8649179.60
	7729938.56
	7445666.23

	298
	2175.75
	2794.31
	8649179.60
	7727762.81
	7442871.92

	299
	2207.37
	2834.66
	8649179.60
	7725555.44
	7440037.26

	300
	2236.06
	2871.23
	8637970.98
	7713307.71
	7427524.37

	301
	2164.83
	2779.50
	8615513.57
	7691089.45
	7405434.43

	302
	1823.53
	2341.07
	8583953.26
	7661091.96
	7375965.81

	303
	1463.61
	1878.85
	8543639.88
	7623649.06
	7339446.73

	304
	1103.52
	1416.50
	8492962.53
	7577325.20
	7294495.65

	305
	930.36
	1194.18
	8433140.79
	7523022.56
	7241921.35

	306
	618.76
	794.19
	8362407.87
	7459304.49
	7180385.60

	307
	0.00
	0.00
	8283880.76
	7389257.97
	7112958.25

	308
	0.00
	0.00
	8203236.05
	7317322.53
	7043712.63

	309
	0.00
	0.00
	8122532.98
	7245335.04
	6974416.91

	310
	0.00
	0.00
	8034504.45
	7166813.20
	6898831.16

	311
	0.00
	0.00
	7940487.61
	7082949.77
	6818103.56

	312
	0.00
	0.00
	7841231.51
	6994412.90
	6732877.26

	313
	0.00
	0.00
	7743216.12
	6906982.73
	6648716.30

	314
	0.00
	0.00
	7646425.92
	6820645.45
	6565607.34

	315
	0.00
	0.00
	7550845.59
	6735387.38
	6483537.25

	316
	0.00
	0.00
	7456460.02
	6651195.04
	6402493.03

	317
	0.00
	0.00
	7363254.27
	6568055.10
	6322461.87

	318
	0.00
	0.00
	7271213.60
	6485954.41
	6243431.10

	319
	0.00
	0.00
	7180323.43
	6404879.98
	6165388.21

	320
	0.00
	0.00
	7090569.38
	6324818.98
	6088320.86

	321
	0.00
	0.00
	7001937.27
	6245758.75
	6012216.85

	322
	0.00
	0.00
	6914413.05
	6167686.76
	5937064.14

	323
	0.00
	0.00
	6827982.89
	6090590.68
	5862850.83

	324
	0.00
	0.00
	6742633.10
	6014458.29
	5789565.20

	325
	0.00
	0.00
	6658350.19
	5939277.56
	5717195.63

	326
	0.00
	0.00
	6575120.81
	5865036.60
	5645730.69

	327
	0.00
	0.00
	6492931.80
	5791723.64
	5575159.05

	328
	0.00
	0.00
	6411770.15
	5719327.09
	5505469.57

	329
	0.00
	0.00
	6331623.03
	5647835.50
	5436651.20

	330
	0.00
	0.00
	6252477.74
	5577237.56
	5368693.06

	Time
	Kg's of cleaned oil in
S(3)
	Kg's of cleaned oil in

S(5)
	Kg's of oil still in
water in S(0)
	Kg's of oil still in 

water in S(3)
	Kg's of oil still in

 water in S(5)

	331
	0.00
	0.00
	6174321.77
	5507522.09
	5301584.39

	332
	0.00
	0.00
	6097142.74
	5438678.06
	5235314.59

	333
	0.00
	0.00
	6020928.46
	5370694.59
	5169873.16

	334
	0.00
	0.00
	5945666.85
	5303560.91
	5105249.74

	335
	0.00
	0.00
	5871346.02
	5237266.39
	5041434.12

	336
	0.00
	0.00
	5797954.19
	5171800.56
	4978416.19

	337
	0.00
	0.00
	5725479.77
	5107153.06
	4916185.99

	338
	0.00
	0.00
	5653911.27
	5043313.64
	4854733.67

	339
	0.00
	0.00
	5583237.38
	4980272.22
	4794049.50

	340
	0.00
	0.00
	5517688.36
	4921802.21
	4737765.80

	341
	0.00
	0.00
	5457322.90
	4867955.96
	4685932.97

	342
	0.00
	0.00
	5400793.84
	4817531.79
	4637394.27

	343
	0.00
	0.00
	5346805.56
	4769374.01
	4591037.20

	344
	0.00
	0.00
	5295876.54
	4723945.10
	4547306.97

	345
	0.00
	0.00
	5248182.10
	4681401.45
	4506354.12

	346
	0.00
	0.00
	5203491.95
	4641537.63
	4467980.90

	347
	0.00
	0.00
	5162869.87
	4605302.56
	4433100.73

	348
	0.00
	0.00
	5126481.64
	4572844.11
	4401855.96

	349
	0.00
	0.00
	5093322.26
	4543265.79
	4373383.64

	350
	0.00
	0.00
	5062202.24
	4515506.59
	4346662.42

	351
	0.00
	0.00
	5032556.93
	4489062.85
	4321207.46

	352
	0.00
	0.00
	5005208.86
	4464668.25
	4297725.03


B2: Event 22/09/1990 
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Figure B2.1: The quantity of oil still in water, in the three scenarios (22/09/1990)
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           a) Comparison of S (0) with S (3)


b) Comparison of S (3) with S (5)
Figure B2.2: The reduction of the quantity of oil in water, comparing different scenarios (22/09/1990)
B3: Event 05/12/1998

	Time


	Kg's of cleaned oil in S(3)
	Kg's of cleaned oil in S(5)
	Kg's of oil still in water in S(0)
	Kg's of oil still in water in S(3)
	Kg's of oil still in water in S(5)

	0
	0.00
	0.00
	19568850.70
	19568850.70
	19568850.70

	1
	0.00
	0.00
	19139217.58
	19139217.58
	19139217.58

	2
	0.00
	0.00
	18710890.25
	18710890.25
	18710890.25

	3
	0.00
	0.00
	18284910.26
	18284910.26
	18284910.26

	4
	0.00
	0.00
	17861722.84
	17861722.84
	17861722.84

	5
	0.00
	0.00
	17446112.58
	17446112.58
	17446112.58

	6
	0.00
	0.00
	17038867.93
	17038867.93
	17038867.93

	7
	0.00
	0.00
	16624639.87
	16624639.87
	16624639.87

	8
	0.00
	0.00
	16209023.87
	16209023.87
	16209023.87

	9
	0.00
	0.00
	15808430.94
	15808430.94
	15808430.94

	10
	0.00
	0.00
	15413220.17
	15413220.17
	15413220.17

	11
	0.00
	0.00
	15027889.66
	15027889.66
	15027889.66

	12
	0.00
	0.00
	14652192.42
	14652192.42
	14652192.42

	13
	0.00
	0.00
	14285887.61
	14285887.61
	14285887.61

	14
	0.00
	0.00
	13928740.42
	13928740.42
	13928740.42

	15
	0.00
	0.00
	13580521.91
	13580521.91
	13580521.91

	16
	0.00
	0.00
	13241008.86
	13241008.86
	13241008.86

	17
	0.00
	0.00
	12909983.64
	12909983.64
	12909983.64

	18
	0.00
	0.00
	12587234.05
	12587234.05
	12587234.05

	19
	0.00
	0.00
	12272553.20
	12272553.20
	12272553.20

	20
	0.00
	0.00
	11965739.37
	11965739.37
	11965739.37

	21
	0.00
	0.00
	11666595.88
	11666595.88
	11666595.88

	22
	0.00
	0.00
	11374930.99
	11374930.99
	11374930.99

	23
	0.00
	0.00
	11090557.71
	11090557.71
	11090557.71

	24
	0.00
	0.00
	10951925.74
	10951925.74
	10951925.74

	25
	0.00
	0.00
	10815026.67
	10815026.67
	10815026.67

	26
	0.00
	0.00
	10679838.84
	10679838.84
	10679838.84

	27
	0.00
	0.00
	10546340.85
	10546340.85
	10546340.85

	28
	0.00
	0.00
	10415863.26
	10415863.26
	10415863.26

	29
	0.00
	0.00
	10292058.57
	10292058.57
	10292058.57

	30
	0.00
	0.00
	10170707.27
	10170707.27
	10170707.27

	31
	0.00
	0.00
	10047578.29
	10047578.29
	10047578.29

	32
	0.00
	0.00
	9925932.65
	9925932.65
	9925932.65

	33
	0.00
	0.00
	9810762.26
	9810762.26
	9810762.26

	34
	0.00
	0.00
	9701360.53
	9701360.53
	9701360.53

	35
	0.00
	0.00
	9595096.89
	9595096.89
	9595096.89


B4: Time to the first exceedance of the threshold quantity of oil, in each zone (1990 – 1994)
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 represent the time to the first exceedance in the three scenarios S (0), S (3) and S (5) respectively.
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	Zone1
	34
	34
	34

	Zone2
	71
	79
	79

	Zone3
	17
	17
	17

	Zone4
	19
	19
	19

	Zone5
	22
	22
	22

	Zone6
	26
	26
	26

	Zone7
	35
	35
	35

	Zone8
	38
	38
	38

	Zone9
	50
	50
	50

	Zone10
	163
	172
	185

	Zone11
	120
	120
	120

	Zone12
	51
	51
	51

	Zone13
	67
	67
	67

	Zone14
	41
	41
	41

	Zone15
	70
	70
	70

	Zone16
	132
	133
	133

	Zone17
	58
	58
	58

	Zone18
	103
	103
	103

	Zone19
	66
	66
	66

	Zone20
	99
	99
	99

	Zone21
	77
	77
	77

	Zone22
	103
	103
	103

	Zone23
	108
	108
	108

	Zone24
	123
	123
	123

	Zone25
	112
	115
	115


B5: Comparison between worst-case scenario and mean expected maximum damage (1990 – 1994)

The sub indexes 0,3 and 5 correspond to the scenarios S (0), S (3) and S (5).
	Zone
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	Zone1
	12321.08
	788.31
	10831.17
	563.04
	10693.33
	529.16

	Zone2
	2044.74
	9.24
	1934.36
	6.84
	1905.12
	6.47

	Zone3
	14159.08
	1966.85
	12640.12
	1530.17
	12640.08
	1467.77

	Zone4
	13795.85
	1010.10
	11973.16
	805.77
	11908.94
	775.93

	Zone5
	11633.60
	620.14
	10351.83
	492.24
	10081.38
	473.76

	Zone6
	11148.76
	785.01
	10133.88
	621.08
	9821.91
	597.23

	Zone
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	Zone7
	11366.53
	674.23
	8737.57
	522.96
	8729.63
	500.74

	Zone8
	9850.82
	715.53
	9174.24
	549.97
	9047.15
	525.63

	Zone9
	8759.86
	489.81
	7951.35
	383.86
	7874.92
	368.05

	Zone10
	2748.75
	16.07
	1507.80
	10.73
	1342.74
	9.99

	Zone11
	4368.43
	58.34
	3745.24
	47.40
	3598.03
	45.65

	Zone12
	9144.69
	1060.14
	8336.23
	846.27
	8255.64
	814.33

	Zone13
	8275.96
	691.51
	6941.30
	545.09
	6791.58
	523.05

	Zone14
	10949.22
	1742.58
	9863.84
	1433.44
	9725.76
	1387.15

	Zone15
	7613.99
	812.94
	6547.16
	656.16
	6453.04
	632.20

	Zone16
	5925.69
	305.37
	4755.52
	246.18
	4696.11
	237.08

	Zone17
	10652.85
	1576.34
	9184.26
	1282.98
	8886.06
	1238.25

	Zone18
	8324.10
	687.28
	6667.63
	560.19
	6396.30
	540.24

	Zone19
	8352.43
	1003.21
	7739.83
	815.81
	7545.70
	787.07

	Zone20
	7464.68
	413.73
	6703.88
	344.86
	6469.29
	333.74

	Zone21
	8952.32
	676.96
	6643.76
	539.91
	6578.47
	519.26

	Zone22
	6035.46
	273.98
	4798.31
	223.77
	4650.83
	215.98

	Zone23
	6467.18
	302.70
	5190.54
	239.39
	5172.25
	230.08

	Zone24
	5878.90
	177.51
	4030.60
	138.09
	3985.15
	132.43

	Zone25
	5759.82
	193.90
	4327.19
	153.62
	4258.45
	147.33


B6: Time to the first exceedance of the threshold quantity of oil, in each zone (1995 – 1999)

	Zone
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	Zone1
	28
	28
	28

	Zone2
	161
	NAN
	NAN

	Zone3
	13
	13
	13

	Zone4
	18
	18
	18

	Zone5
	23
	23
	23

	Zone6
	29
	29
	29

	Zone7
	39
	39
	39

	Zone8
	45
	45
	45

	Zone9
	50
	50
	50

	Zone10
	212
	220
	NAN

	Zone11
	124
	124
	124

	Zone12
	56
	56
	56

	Zone13
	76
	76
	76

	Zone14
	40
	40
	40

	Zone15
	86
	86
	86

	Zone16
	137
	137
	137

	Zone17
	65
	65
	65

	Zone18
	104
	104
	104

	Zone19
	74
	74
	74

	Zone20
	109
	112
	112

	Zone21
	89
	89
	89

	Zone22
	118
	118
	118

	Zone23
	111
	111
	111

	Zone24
	139
	140
	141

	Zone25
	118
	119
	119


B7: Comparison between worst-case scenario and mean expected maximum damage (1995 – 1999)

	Zone
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	Zone1
	13110.55
	840.24
	10433.10
	607.35
	10292.68
	572.63

	Zone2
	1275.50
	10.55
	754.20
	7.37
	691.65
	6.93

	Zone3
	14280.46
	2224.88
	12877.63
	1716.88
	12699.58
	1646.63

	Zone4
	12529.16
	1240.54
	11028.46
	995.75
	10953.70
	961.82

	Zone5
	9960.54
	718.30
	9861.50
	586.23
	9858.48
	567.70

	Zone6
	12968.63
	859.54
	9977.38
	706.99
	9970.65
	685.43

	Zone7
	10760.97
	657.09
	8916.23
	543.74
	8753.00
	527.24

	Zone8
	9347.69
	644.22
	8268.81
	529.34
	8268.09
	512.32

	Zone9
	8296.35
	441.04
	7225.54
	358.24
	7102.18
	346.01

	Zone10
	1306.34
	8.65
	1003.94
	7.44
	989.24
	7.27

	Zone11
	4528.03
	73.83
	4231.73
	61.22
	4137.00
	59.27

	Zone12
	7861.83
	730.99
	6740.06
	581.79
	6740.06
	559.91

	Zone13
	6987.18
	478.93
	6035.78
	375.73
	5865.74
	360.70

	Zone14
	11345.64
	1509.81
	9403.41
	1192.57
	9338.69
	1146.47

	Zone15
	8151.01
	606.78
	7533.12
	481.07
	7337.93
	462.08

	Zone16
	6631.27
	247.61
	5812.16
	193.18
	5562.18
	184.96

	Zone17
	9720.22
	1282.41
	8207.87
	1024.59
	8028.98
	985.89

	Zone18
	7714.96
	500.34
	6764.26
	407.80
	6474.05
	393.68

	Zone19
	9926.95
	884.68
	7629.78
	696.43
	7591.53
	667.84

	Zone20
	5287.85
	296.79
	5069.14
	243.20
	4998.28
	235.01

	Zone21
	9784.75
	573.09
	6606.26
	452.58
	6461.16
	433.88

	Zone22
	5095.28
	157.45
	4580.40
	129.66
	4420.57
	125.20

	Zone23
	7922.75
	244.98
	6483.17
	198.06
	6216.83
	190.68

	Zone24
	5452.06
	121.34
	4058.05
	98.13
	4048.09
	94.46

	Zone25
	5984.81
	203.84
	5740.59
	164.68
	5661.39
	158.53


Appendix C

Model implementation

This appendix contains all Matlab code, which forms the implementation of the model. Comments are included in the code itself, as well as throughout this appendix in order to make the functions and procedures understandable.

Matlab is a command line driven program, where a series of commands can be put into separate files, which can in turn be run from the command window. There is also the possibility of having calculations performed by separate functions, which return the results to the main programs. Comment lines are preceded by “%” and “…” splits long lines onto the next line.

C.1 const_model

The following code contains all the input data needed for the main program. The data are loaded for one year and in this example is used 1994.

global v_clean wing_initial w_port_vessel refuel_time cap_ves cap_ves_port...

       nb_part M0 part1994 v_port poz_ptr_ev lat_baza lon_baza val pozitie t1;

nb_part=30;                         %number of particles
no_vessels=5;                       %number of vessels available from port
lat_baza=53.90;                     %latitude of the unloading base 

lon_baza=8.50;                      %longitude of the unloading base
t1=0;                               %t1 hours from the moment of the spill
lat_vas_port=53.866;                %port's latitude
lon_vas_port= 8.70;                 %port's longitude
v_port=27.779;                      %velocity of the vessel from port in km/h (15 knots)
v_clean=3.704;                      %cleaning velocity in km/h(2 knots)
wing_initial=0.03;                  %wing span of the initial formation in km (30m)
w_port_vessel=no_vessels*0.01;               %wing span of the formation of vessels 

                                    %from port in km(10m)

refuel_time=2;

M0=2*10^7;                           %initial mass of oil in kg
ro=0.8*10^12;                        %oil's density in kg/km^3

V0=M0/ro;                            %initial volume of oil in km^3
cap_ves=7500*0.8*10^3;               %storage capacity (in kg) for the pre-positioned 

                                     %vessels(capacity (in m^3)*ro(in kg/m^3))

cap_ves_port=no_vessels*500*0.8*10^3;%storage capacity for the vessels from port 

%load all the events from one specific year

addpath('C:\Wadden sea\YEAR_1994\YEAR_1994\month_01');

my_files_struct = dir('C:\Wadden sea\YEAR_1994\YEAR_1994\month_01\*.dat');

my_files1 = {my_files_struct.name};

addpath('C:\Wadden sea\YEAR_1994\YEAR_1994\month_02');

my_files_struct = dir('C:\Wadden sea\YEAR_1994\YEAR_1994\month_02\*.dat');

my_files2 = {my_files_struct.name};

addpath('C:\Wadden sea\YEAR_1994\YEAR_1994\month_03');

my_files_struct = dir('C:\Wadden sea\YEAR_1994\YEAR_1994\month_03\*.dat');

my_files3 = {my_files_struct.name};

addpath('C:\Wadden sea\YEAR_1994\YEAR_1994\month_04');

my_files_struct = dir('C:\Wadden sea\YEAR_1994\YEAR_1994\month_04\*.dat');

my_files4 = {my_files_struct.name};

addpath('C:\Wadden sea\YEAR_1994\YEAR_1994\month_05');

my_files_struct = dir('C:\Wadden sea\YEAR_1994\YEAR_1994\month_05\*.dat');

my_files5 = {my_files_struct.name};

addpath('C:\Wadden sea\YEAR_1994\YEAR_1994\month_06');

my_files_struct = dir('C:\Wadden sea\YEAR_1994\YEAR_1994\month_06\*.dat');

my_files6 = {my_files_struct.name};

addpath('C:\Wadden sea\YEAR_1994\YEAR_1994\month_07');

my_files_struct = dir('C:\Wadden sea\YEAR_1994\YEAR_1994\month_07\*.dat');

my_files7 = {my_files_struct.name};

addpath('C:\Wadden sea\YEAR_1994\YEAR_1994\month_08');

my_files_struct = dir('C:\Wadden sea\YEAR_1994\YEAR_1994\month_08\*.dat');

my_files8 = {my_files_struct.name};

addpath('C:\Wadden sea\YEAR_1994\YEAR_1994\month_09');

my_files_struct = dir('C:\Wadden sea\YEAR_1994\YEAR_1994\month_09\*.dat');

my_files9 = {my_files_struct.name};

addpath('C:\Wadden sea\YEAR_1994\YEAR_1994\month_10');

my_files_struct = dir('C:\Wadden sea\YEAR_1994\YEAR_1994\month_10\*.dat');

my_files10 = {my_files_struct.name};

addpath('C:\Wadden sea\YEAR_1994\YEAR_1994\month_11');

my_files_struct = dir('C:\Wadden sea\YEAR_1994\YEAR_1994\month_11\*.dat');

my_files11 = {my_files_struct.name};

addpath('C:\Wadden sea\YEAR_1994\YEAR_1994\month_12');

my_files_struct = dir('C:\Wadden sea\YEAR_1994\YEAR_1994\month_12\*.dat');

my_files12 = {my_files_struct.name};

%Form the array with events

ms=[my_files1 my_files2 my_files3 my_files4 my_files5 my_files6 my_files7...

        my_files8 my_files9 my_files10 my_files11 my_files12];

clear my_files1 my_files2 my_files3 my_files4 my_files5 my_files6 my_files7...

      my_files8 my_files9 my_files10 my_files11 my_files12

clear my_files_struct

pack                          %Reorganise the memory

%Load the matrix with the number of particles in each area at each hour;

%Every column represents an area: the columns for areas are the last 25);

%The first 3 columns are: the number of the event, the date of the event, the hour
[x1 x2 x3 x4 x5 x6 x7 x8 x9 x10 x11 x12 x13 x14 x15 x16 x17 x18 x19 x20 x21...

x22 x23 x24 x25 x26 x27 x28]=textread('part1994.txt',...

                       '%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f');

part1994=sparse([x1 x2 x3 x4 x5 x6 x7 x8 x9 x10 x11 x12 x13 x14 x15 x16 x17...

                 x18 x19 x20 x21 x22 x23 x24 x25 x26 x27 x28]);
clear x1 x2 x3 x4 x5 x6 x7 x8 x9 x10 x11 x12 x13 x14 x15 x16 x17 x18 x19 x20 x21...

      x22 x23 x24 x25 x26 x27 x28

pack

%Load the values for wind 

[w1,w2,w3] = textread('wind94_95.txt','%s%f%f');

w1 = strrep(w1,'/','');%take out “/” 

%Load the values for waves

[timp,wh,wd] = textread('wave94_95.txt','%f%f%f');

timp=timp/1e4;

C2: model
This is the main program, which can be applied to all three scenarios: with 3 vessels from port, with 5 vessels from port and without cleaning. The program runs first the const_model and than evaluates each event from one year, in a “for” loop, saving important results. In each scenario, different results are saved.

The program uses functions like: pos_per_hour, clean, partial_clean, final_result, efficiency, dispersion_rate, part2kilo. These functions will be further presented.
clear;                                                        %clear the memory
clc;                                                          %clear the screen
randn('state',0);                                             %take the same randomness every run
tic;                                                          %(tic...toc give the elapsed time)
global v_clean clean_param wing_initial w_port_vessel refuel_time cap_ves...

       cap_ves_port vant_ev nb_part M0 part1994 v_port poz_ptr_ev...

       lat_baza lon_baza val pozitie t1
const_model;

result3=[];result5=[];result0=[];last_hour=[];tones0=[];tones3=[];tones5=[];

val=[timp wh]; 

bar=waitbar(0,'first');

for q=1:length(ms)

    waitbar(q/length(ms),bar,q);

    poz_ptr_ev=[];comp_vant_ev=[];vant_ev=[];pozitie=[];

    return_time=[];fin_up2tank=[];fin=[];finish=[];t_vess_port=[];

    clean_param=[];t_ret_init=[];

    v1=[];vv1=[];v2=[];v3=[];v4=[]; 

    a1=struct('matrix',{},'final',{},'stay',{},'index',{});

    a2=struct('matrix',{},'final',{},'stay',{},'index',{});

    a3=struct('matrix',{},'final',{},'stay',{},'index',{});

    a4=struct('matrix',{},'final',{},'stay',{},'index',{});

    a5=struct('matrix',{},'final',{},'stay',{},'index',{});

    a6=struct('matrix',{},'final',{},'stay',{},'index',{});

    a7=struct('matrix',{},'final',{},'stay',{},'index',{});

    poz_ptr_ev=pos_per_hour(ms(q));                           %rearrange the data
    %extract the components of the wind for the present event

        comp_vant_ev=[w2(find(strcmp(ms{q}(7:16),w1)==1)...

                   :find(strcmp(ms{q}(7:16),w1)==1)+size(poz_ptr_ev,2)-1)...

                   w3(find(strcmp(ms{q}(7:16),w1)==1)...

                   :find(strcmp(ms{q}(7:16),w1)==1)size(poz_ptr_ev,2)-1)];

    vant_ev=[(comp_vant_ev(:,1).^2+comp_vant_ev(:,2).^2).^(1/2)]; %wind speed hourly
    %position of the moment of the accident in the wave vector

    pozitie=find(val(:,1)==str2num(ms{q}(7:16)));

    cleaned=0;

    cap_left=cap_ves-cleaned;

         M=M0;                                                                                                                                 %quantity to be cleaned
    %after how many hours the vessels from port are at the slick

    t_vess_port=ceil(t1+T_of_t(t1,lat_vas_port,lon_vas_port));

    stay1=0;stay2=0;st2=0;

    clean_param(1,:)=clean(0,wing_initial,cap_left,M);        %situation after 1'st hour
    a1=partial_clean(1,t_vess_port-1,wing_initial,stay1,finish);

    stay1=a1.stay;

    finish=a1.final;

    if stay1~=1

        disp('the reservoir is NOT full b4 the vessels from port came');

        % enlarge capacity     

clean_param(t_vess_port,3)=clean_param(t_vess_port,3)+cap_ves_port                                                 a2=partial_clean(t_vess_port,23,wing_initial+w_port_vessel,stay2,finish);             stay2=a2.stay;

        finish=a2.final;

        i2=a2.index;

        final_result(stay2,i2,finish);

    else

        disp('the reservoir is full b4 the vessels from port came');

        stay1=0;

        lon=mean(poz_ptr_ev(:,ceil(finish)+1,1));

        lat=mean(poz_ptr_ev(:,ceil(finish)+1,2));

        return_time=(deg2km(distance(lat,lon,lat_baza,lon_baza)))/v_port;  

        %time for the initial formation to be back

        t_ret_init=ceil(finish+return_time+refuel_time+...

            T_of_t(ceil(finish+return_time+refuel_time),lat_baza,lon_baza));

        %impossible

        if t_ret_init < t_vess_port

            disp('the initial formation came back b4 the vessels from port!strange');

            %the evaporation goes on even without cleaning  

            v1(1)=clean_param(ceil(finish),4)-(0.3/24)*clean_param(ceil(finish),4)...

                -dispersion_rate(ceil(finish))*clean_param(ceil(finish),4);

            for i=2:t_ret_init-ceil(finish)

                v1(i)=v1(i-1)-dispersion_rate(ceil(finish)+i-1)*v1(i-1)-(0.3/24)*v1(i-1);

            end;

            %from the moment the cleaning stopped until the vessels came back 

            if ceil(finish)+1 > t_ret_init 

                clean_param(t_ret_init,3)=cap_ves;

                clean_param(t_ret_init,5)=0;

                clean_param(t_ret_init,6)=0;

            else

                clean_param(ceil(finish)+1:t_ret_init,:)=[(ceil(finish):t_ret_init-1)'.. 

                        zeros(t_ret_init-ceil(finish),1) clean_param(ceil(finish),3)*...

                        ones(t_ret_init-ceil(finish),1) ...

                        v1' zeros(t_ret_init-ceil(finish),1) ...

                        zeros(t_ret_init-ceil(finish),1) ...

                        nan*ones(t_ret_init-ceil(finish),1) ...

                        nan*ones(t_ret_init-ceil(finish),1)];

                clean_param(t_ret_init,3)=cap_ves;           % the initial storage capacity at time 
            end;

            a3=partial_clean(t_ret_init,t_vess_port-1,wing_initial,stay1,fin);

            stay1=a3.stay;

            fin=a3.final;

            if stay1==1

                disp('the initial formation is full b4 the arrival of vessels from port,but waits 4 it'); 

                %the evaporation goes on even without cleaning 

                vv1(1)=clean_param(ceil(fin),4)-(0.3/24)*clean_param(ceil(fin),4)...

                    -dispersion_rate(ceil(fin))*clean_param(ceil(fin),4);

                for i=2:t_vess_port-ceil(fin)

                    vv1(i)=vv1(i-1)-dispersion_rate(ceil(fin)+i-1)*vv1(i-1)-(0.3/24)*vv1(i-1);

                end;

                clean_param(ceil(fin)+1:t_vess_port,:)=[(ceil(fin):t_vess_port-1)'...

                        zeros(t_vess_port-ceil(fin),1) ...

                        clean_param(ceil(fin),3)*ones(t_vess_port-ceil(fin),1) vv1' ...

                        zeros(t_vess_port-ceil(fin),1) zeros(t_vess_port-ceil(fin),1) ...

                        nan*ones(t_vess_port-ceil(fin),1) ...

                        nan*ones(t_vess_port-ceil(fin),1)];

            end; 

            %capacity increases

            clean_param(t_vess_port,3)=clean_param(t_vess_port,3)+cap_ves_port;

            a4=partial_clean(t_vess_port,23,wing_initial+w_port_vessel,stay2,fin_up2tank);

            stay2=a4.stay;

            fin_up2tank=a4.final;

            i4=a4.index;

            final_result(stay2,i4,fin_up2tank);

        elseif t_ret_init > t_vess_port

            disp('the initial formation came back after the vessels from port');

            %evaporation

            v2(1)=clean_param(ceil(finish),4)-(0.3/24)*clean_param(ceil(finish),4)...

                -dispersion_rate(ceil(finish))*clean_param(ceil(finish),4);

            for i=2:t_vess_port-ceil(finish)

                v2(i)=v2(i-1)-dispersion_rate(ceil(finish)+i-1)*v2(i-1)-(0.3/24)*v2(i-1);

            end; 

            %from the moment the cleaning stopped until the vessels came back

            if ceil(finish)+1 > t_vess_port 

                clean_param(t_vess_port,3)=cap_ves_port;

                clean_param(t_vess_port,5)=0;

                clean_param(t_vess_port,6)=0;

            else

                clean_param(ceil(finish)+1:t_vess_port,:)=[(ceil(finish)-1+1:t_vess_port-1)'.. 

                        zeros(t_vess_port-ceil(finish),1) ...

                        clean_param(ceil(finish),3)*ones(t_vess_port-ceil(finish),1)...

                        v2' zeros(t_vess_port-ceil(finish),1) ...

                        zeros(t_vess_port-ceil(finish),1) ...

                        nan*ones(t_vess_port-ceil(finish),1) ...

                        nan*ones(t_vess_port-ceil(finish),1)];

                clean_param(t_vess_port,3)=cap_ves_port;

            end;

            a5=partial_clean(t_vess_port,t_ret_init-1,w_port_vessel,stay1,fin);

            stay1=a5.stay;

            fin=a5.final;

            if stay1==1

                disp('the vess. from port r full b4 the return of initial formation, but waits for it');

                %evaporation

                v3(1)=clean_param(ceil(fin),4)-(0.3/24)*clean_param(ceil(fin),4)...

                    -dispersion_rate(ceil(fin))*clean_param(ceil(fin),4);

                for i=2:t_ret_init-ceil(fin)

                    v3(i)=v3(i-1)-dispersion_rate(ceil(fin)+i-1)*v3(i-1)-(0.3/24)*v3(i-1);

                end;

                clean_param(ceil(fin)+1:t_ret_init,:)=[(ceil(fin):t_ret_init-1)' ...

                        zeros(t_ret_init-ceil(fin),1) ...

                        clean_param(ceil(fin),3)*ones(t_ret_init-ceil(fin),1)...

                        v3' zeros(t_ret_init-ceil(fin),1) ...

                        zeros(t_ret_init-ceil(fin),1) ...

                        nan*ones(t_ret_init-ceil(fin),1) ...

                        nan*ones(t_ret_init-ceil(fin),1)];

            end;

                       %enlarge capacity
            clean_param(t_ret_init,3)=clean_param(t_ret_init,3)+cap_ves;          
            a6=partial_clean(t_ret_init,23,wing_initial+w_port_vessel,stay2,fin_up2tank);

            stay2=a6.stay;

            fin_up2tank=a6.final;

            i6=a6.index;

            final_result(stay2,i6,fin_up2tank);

        else

            disp('the initial formation came back in the same time with the vessels from port');

            %evaporation

            v4(1)=clean_param(ceil(finish),4)-(0.3/24)*clean_param(ceil(finish),4)...

                -dispersion_rate(ceil(finish))*clean_param(ceil(finish),4);

            for i=2:t_vess_port-ceil(finish)

                v4(i)=v4(i-1)-dispersion_rate(ceil(finish)+i-1)*v4(i-1)-(0.3/24)*v4(i-1);

            end;

            %from the moment the cleaning sttoped until the vessels came back

            if ceil(finish)+1 > t_vess_port 

                clean_param(t_vess_port,3)=cap_ves+cap_ves_port;

                clean_param(t_vess_port,3)=0;

                clean_param(t_vess_port,3)=0;

            else

                clean_param(ceil(finish)+1:t_vess_port,:)=[(ceil(finish)-1+1:t_vess_port-1)'..

                        zeros(t_vess_port-ceil(finish),1) ...

                        clean_param(ceil(finish),3)*ones(t_vess_port-ceil(finish),1) ...

                        v4' zeros(t_vess_port-ceil(finish),1) ...

                        zeros(t_vess_port-ceil(finish),1) ...

                        nan*ones(t_vess_port-ceil(finish),1) ...

                        nan*ones(t_vess_port-ceil(finish),1)];

                clean_param(t_vess_port,3)=cap_ves+cap_ves_port;

            end

            a7=partial_clean(t_vess_port,23,wing_initial+w_port_vessel,stay2,fin_up2tank);

            stay2=a7.stay;

            fin_up2tank=a7.final;

            i7=a7.index;

            final_result(stay2,i7,fin_up2tank);

        end;

    end;

    %save the situation at the last hour for each event

    if isnan(clean_param(size(clean_param,1),1))==1

        last_hour=[last_hour;str2num(ms{q}(7:16)) clean_param(size(clean_param,1)-1,1)...

                   clean_param(size(clean_param,1)-1,4)];

    else

        last_hour=[last_hour;str2num(ms{q}(7:16)) clean_param(size(clean_param,1),1)...

                   clean_param(size(clean_param,1),4)];

    end;

    if (isnan(clean_param(size(clean_param,1),4))==1) 

        cp=[[M0;clean_param(1:size(clean_param,1)-1,4)] ;...

           clean_param(size(clean_param,1)-1,4) * ones(481-size(clean_param,1),1) ] * 10^(-3);

    elseif (size(clean_param,1) == size(poz_ptr_ev,2))

        cp=[[M0;clean_param(1:size(clean_param,1),4)] ;...

           clean_param(size(clean_param,1),4) * ones(481-size(clean_param,1)-1,1) ] * 10^(-3);

    else

        cp=[M0;clean_param(:,4)] * 10 ^ (-3);

    end;

    % change me

    result5=[result5;cp'];

    clear cp;

    tones5=[tones5;[[0:480]' part2kilo(q)*10^(-3)]];

%     %change  me

%     result5=[result5;cp'];

%     clear cp;

%     tones5=[tones5;[[0:480]' part2kilo(q)*10^(-3)]];

%     %change  me

%     result5=[result5;cp'];

%     clear cp;

%     tones5=[tones5;[[0:480]' part2kilo(q)*10^(-3)]];

end; %for the events

close(bar);

toc;

% change  me

% save tones_clean0.mat tones0;

% save result_clean0.mat result0;

% change  me

% save tones_clean3.mat tones3;

% save result_clean3.mat result3;

% change  me

save tones_clean5.mat tones5;

save result_clean5.mat result5;

save last_hour.mat last_hour;

disp('finish');

C3: pos_per_hour
 This function reads the data for one event (trajectories of the particles of oil) from a text file, and it rearranges them into a 3-dimensional matrix. The first dimension of the matrix is for the longitudes, stored every hour, the second dimension is for the latitudes and the third one is for the water depth.

function f=pos_per_hour(mm)

file_id = fopen( mm{1},'r');

status=fseek(file_id ,204,'bof');                      %start reading from the numbers(skip the text)
A=[];                                                  %matrix for 30 particles
NLines = [];

for i=1:30

    % Read the number of lines per block

    NL = fscanf( file_id, '%d', 3 );

    PL=[NL' 0 0];

    NLines = [NLines NL(2,1)];%no. of hours for each particle

    %Read block data

    A = [A;PL;(fscanf( file_id, '%f', [ 5, NLines(i)+1]))'];

end;

% Close the file

fclose(file_id);

%I'm not interested in the last column

A(:,5)=[];

z=find(A(:,1)==0);

hm=max(NLines);

s=size(A,1);

for i=length(z):-1:1

    if NLines(i)<hm

        A=[A(1:(A(z(i)-1,2)+z(i)),:) ; ...

            [ [NLines(i)+1:hm]' ...

             repmat([A(A(z(i)-1,2)+z(i),2) A(A(z(i)-1,2)+z(i),3) A(A(z(i)-1,2)+z(i),4)]...

             hm-NLines(i),1) ] ; A((A(z(i)-1,2)+z(i)+1):s,:)  ];

        s=s+(hm-NLines(i));  

    end;

end;

inciar=find(A(:,1)==0);

xxx=[];

yyy=[];

for i=1:30

    lon(i,:)=A(inciar(i):inciar(i)+hm,2)';%x-coord (long)

    lat(i,:)=A(inciar(i):inciar(i)+hm,3)';%y-coord(lat)

    depth(i,:)=A(inciar(i):inciar(i)+hm,4)';%z-coord(water depth)

end;

coord_h(:,:,1)=lon;

coord_h(:,:,2)=lat;

coord_h(:,:,3)=depth;

f=coord_h;

C4: clean
The function “clean” models the operation of cleaning in one hour, in all its aspects. The input variables for this function are:

· no_h - the numbers of hours which have passed from the moment of the accident;

· wing - the wing span of the formation of vessels in action;

· c_lefft – the storage capacity left;

· cant2clean – the quantity of oil that is not yet removed.

The output of the function is a vector, which contains the time, the quantity which was cleaned in one hour, the storage capacity left, the quantity left to be cleaned, a variable which tells us if the operation has stopped before one hour, the time spend in the operation (if this is different than one hour), the number of particles that are already in water with depth smaller than or equal to 10, and the area of the plum from which the vessels are cleaning.

This function is calling other functions, namely efficiency and dispersion_rate, which will be further presented.

function f=clean(no_h,wing,c_left,cant2clean);

global v_clean vant_ev nb_part M0 poz_ptr_ev pozitie t1

last_miss_time=0;stop=0;v=[];

e=efficiency(pozitie,t1+no_h);      %compute the efficiency
%no mechanical cleaning if the wind is stronger than 15 m/s

if vant_ev(t1+no_h+1) <= 15

    v=1;

else

    v=0;

end;

if (e~=0 & v==0)

    disp('STRANGE');

end;

x=poz_ptr_ev(:,no_h+1,1);

y=poz_ptr_ev(:,no_h+1,2);

z=poz_ptr_ev(:,no_h+1,3);

smallwater=find(z <= 10);

%the number of particles which are in water with the depth less than or equal to 10m

howmany=length(smallwater);

%if 3 of the particles are still possible to be cleaned, one can try

if howmany >= 28

    f=[nan*ones(1,6) howmany nan];

else

    for i=howmany:-1:1

        x(smallwater(i),:)=[];

        y(smallwater(i),:)=[];

    end;

    %clean from the selected particles

    cant2clean2=((nb_part-howmany)*cant2clean)/nb_part;

    k=convhull(x,y);

    k(length(k))=[];%it gives again the last point from the poligon which i dont need
    area=areaint(y(k),x(k),almanac('earth','geoid','kilometers'));

    %how much can be cleaned in the coming hour    

    %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%  

    R=(v_clean*wing*e*cant2clean2*v)/area; % cleaning scenarios
    %R=0;                                  %no cleaning scenario
if R < cant2clean2

    if R < c_left

        if no_h < 24 %evaporation

            cant2clean=cant2clean - R - dispersion_rate(t1+no_h+1)*cant2clean - (0.3/24)*cant2clean;

        else

            cant2clean=cant2clean - R - dispersion_rate(t1+no_h+1)*cant2clean;

        end;

        c_left=c_left-R;

    else%if the reservoir will be full in less than an hour

        stop=1;

        last_miss_time=c_left/R;

        %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

        R=(v_clean*wing*last_miss_time*e*cant2clean2*v)/area;

        %R=0;

        %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

        if no_h < 24 %evaporation

            cant2clean=cant2clean-R-dispersion_rate(t1+no_h+1)*cant2clean-(0.3/24)*cant2clean;

        else

            cant2clean=cant2clean-R-dispersion_rate(t1+no_h+1)*cant2clean;

        end;

        c_left=c_left-R;

    end;  

else

    last_time=cant2clean2/R;

    %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

    R=(v_clean*wing*last_time*e*cant2clean2*v)/area;

    %R=0;

    %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

    if R < c_left

        if no_h < 24 %evaporation

 cant2clean=cant2clean - R - dispersion_rate(t1+no_h+1)*cant2clean -                                              (0.3/24)*cant2clean;

        else

            cant2clean=cant2clean - R - dispersion_rate(t1+no_h+1)*cant2clean;

        end;

        c_left=c_left-R;

    else%if the reservoir will be full in less than an hour

        stop=1;

        last_miss_time=c_left/R;

        %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

        R=(v_clean*wing*last_miss_time*e*cant2clean2*v)/area;

        %R=0;

        %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%       

 if no_h < 24 %evaporation

            cant2clean=cant2clean-R-dispersion_rate(t1+no_h+1)*cant2clean-(0.3/24)*cant2clean;

        else

            cant2clean=cant2clean-R-dispersion_rate(t1+no_h+1)*cant2clean;

        end;

        c_left=c_left-R;

    end;  

end;

    f = [no_h, R , c_left , cant2clean , stop , last_miss_time, howmany, area];        

end;

C4.1: efficiency

function f=efficiency(p,t) 

global val;

if val(p+floor(t),2) >= 1.5

    val(p+floor(t),2)=1.5;

end;

f=(-2/3)*val(p+floor(t),2)+1;

C4.2: dispersion_rate

function f = dispersion_rate(n) 

global vant_ev;

if vant_ev(n) <= 5

    vant_ev(n)=5;

end;

if vant_ev(n) >= 16

    vant_ev(n)=16;

end;

f=0.00113636363636364*vant_ev(n)-0.00568181818181818;

C5: partial_clean

This function has as inputs: the time when the cleaning operation starts, the time when it ends, the wingspan of the vessels, a variable s which is 1 if the cleaning operation stops before the final time, and 0 otherwise, and a variable called final, which gives the time when the cleaning operation has stopped, if this time is smaller than the final time. 
function f=partial_clean(t1,t2,w,s,final);

global clean_param;

for i=t1:t2

    if clean_param(i,5)==0

        clean_param(i+1,:)=clean(i,w,clean_param(i,3),clean_param(i,4));

        s=clean_param(i+1,5);

        final=i+clean_param(i+1,6);

    else

        final=(i-1)+clean_param(i,6);

        s=1;

        break;

    end;

end;

f=struct( ...

    'matrix',clean_param,...

    'final',final,...

    'stay',s,...

    'index',i);

C6: final_result 

This function computes all the cleaning parameters from the moment when the tanker arrives until the end of the simulation.

function f=final_result(stay,nb,final);

global clean_param wing_initial w_port_vessel poz_ptr_ev v_port...

       lat_baza lon_baza refuel_time cap_ves cap_ves_port nb_part

st2=0;v=[];w=[];fin_up2tank_again=[];a=struct('matrix',{},'final',{},'stay',{},'index',{});

if stay~=1

    disp('the reservoir is NOT full before the tanker-s arrival');

    after_hours=nb+1;

    %make storage capacity extremely large

    clean_param(after_hours,3)=clean_param(after_hours,3)+10^20;%

    while (clean_param(after_hours,4) > 0 )...

         & (after_hours < 480)...

         & ( ( isnan(clean_param(after_hours,7))==1 ) |...

         ((isnan(clean_param(after_hours,7))==0)&(clean_param(after_hours,7) <= 27) ))...

         &(size(clean_param,1) < size(poz_ptr_ev,2))

        clean_param(after_hours+1,:)=clean(after_hours,wing_initial+w_port_vessel...

            ,clean_param(after_hours,3),clean_param(after_hours,4));

        after_hours=after_hours+1;

        if size(clean_param,1) == size(poz_ptr_ev,2)

        end;

    end;

else

    disp('the reservoir is full before the tanker-s arrival');

    lon=mean(poz_ptr_ev(:,ceil(final)+1,1));

    lat=mean(poz_ptr_ev(:,ceil(final)+1,2));

    return_time=(deg2km(distance(lat,lon,lat_baza,lon_baza)))/v_port;

    %travel time for the initial formation to be back to the slickif it leaves from the unloading station

    t_ret_all_vess=ceil(final+return_time+refuel_time+...

                  T_of_t(ceil(final+return_time+refuel_time),lat_baza,lon_baza));

    v(1)=clean_param(ceil(final),4)-(0.3/24)*clean_param(ceil(final),4)...

        -dispersion_rate(ceil(final))*clean_param(ceil(final),4);

    if t_ret_all_vess <= 24

        for i=2:t_ret_all_vess-ceil(final)

            v(i)=v(i-1)-dispersion_rate(ceil(final)+i-1)*v(i-1)-(0.3/24)*v(i-1);

        end;

    else

        for i=2:24-ceil(final)

            v(i)=v(i-1)-dispersion_rate(ceil(final)+i-1)*v(i-1)-(0.3/24)*v(i-1);

        end;

        if 24-ceil(final)~=0

            for i=24-ceil(final)+1:t_ret_all_vess-ceil(final)

                v(i)=v(i-1)-dispersion_rate(ceil(final)+i-1)*v(i-1);

            end;

        else

            v(1)=clean_param(ceil(final),4)-...

                 dispersion_rate(ceil(final))*clean_param(ceil(final),4); 

            for i=24-ceil(final)+2:t_ret_all_vess-ceil(final)

                v(i)=v(i-1)-dispersion_rate(ceil(final)+i-1)*v(i-1);

            end;

        end;

    end;

    %from the moment the cleaning sttoped until the vessels came back   

    clean_param(ceil(final)+1:t_ret_all_vess,:)=...

                 [(ceil(final):t_ret_all_vess-1)' ...

                  zeros(t_ret_all_vess-ceil(final),1)...

                  clean_param(ceil(final),3)*ones(t_ret_all_vess-ceil(final),1)...

                  v' zeros(t_ret_all_vess-ceil(final),1)...

                  zeros(t_ret_all_vess-ceil(final),1) ...

                  nan*ones(t_ret_all_vess-ceil(final),1) ...

                  nan*ones(t_ret_all_vess-ceil(final),1)];

    clean_param(t_ret_all_vess,3)=cap_ves+cap_ves_port;

    if t_ret_all_vess < 24

        a=partial_clean(t_ret_all_vess,23,wing_initial+w_port_vessel,st2,fin_up2tank_again);

        st2=a.stay;

        fin_up2tank_again=a.final;

        if st2==1

            disp('the reservoir is full again but the vessels will wait for the tanker');

        end;

    end;

    if st2==1

        w(1)=clean_param(ceil(fin_up2tank_again),4)...

            -(0.3/24)*clean_param(ceil(fin_up2tank_again),4)...

            -dispersion_rate(ceil(fin_up2tank_again))*clean_param(ceil(fin_up2tank_again),4);

        for i=2:24-ceil(fin_up2tank_again)

            w(i)=w(i-1)...

                -dispersion_rate(ceil(fin_up2tank_again)+i-1)*w(i-1)-(0.3/24)*w(i-1);

        end;

        clean_param(ceil(fin_up2tank_again)+1:24,:)=[(ceil(fin_up2tank_again):23)'...

                zeros(24-ceil(fin_up2tank_again),1) ...

                clean_param(ceil(fin_up2tank_again),3)*ones(24-ceil(fin_up2tank_again),1)...

                w' zeros(24-ceil(fin_up2tank_again),1) ...

                zeros(24-ceil(fin_up2tank_again),1) ...

                nan*ones(24-ceil(fin_up2tank_again),1) ...

                nan*ones(24-ceil(fin_up2tank_again),1)];

    end;

    time=max(24,t_ret_all_vess);

    clean_param(time,3)=cap_ves+cap_ves_port+10^20;

%cleaning will start again from the moment that the vessels arrived(if > 24) or from 24, if they arrive                             %earlier(are waiting for the tanker to come)

    after_hours=time;

    while (clean_param(after_hours,4)> 0 ) & (after_hours < 480)...

            & ( ( isnan(clean_param(after_hours,7))==1 ) |...

            ((isnan(clean_param(after_hours,7))==0)&(clean_param(after_hours,7) <= 27)))...

            & (size(clean_param,1) < size(poz_ptr_ev,2))

        clean_param(after_hours+1,:)=clean(after_hours,wing_initial+w_port_vessel...

           ,clean_param(after_hours,3),clean_param(after_hours,4));

        after_hours=after_hours+1;

        if size(clean_param,1) == size(poz_ptr_ev,2)

        end;

    end;

end;

f=clean_param;

C7: part2kilo
As we have already said, the numbers of particles, which are crossing each zone, at any time following the accident, is part of our database. The following function converts this numbers of particles in the quantity (kilograms) that they represent.

function f=part2kilo(i);

global clean_param part1994 

quan_left = [20000000;clean_param(:,4)];

A=part1994(find(part1994(:,1)==i),4:28);

B(1,:)=A(1,:).*(quan_left(1,1)/30);

if length(quan_left) < 481

    quan_left(length(quan_left):481,1)=quan_left(length(quan_left)-1);

end;

for k=2:length(quan_left)

    for j=1:25

        if A(k,j)-A(k-1,j)~=0

            B(k,j)=B(k-1,j)+( A(k,j)-A(k-1,j) )*(quan_left(k,1)/30);

        else

            B(k,j)=B(k-1,j);

        end;

    end;

end; 

f=B;

C8: prob5
The following program is used to evaluate the statistics of interest (the probability of exposure, time to first exceedance of a threshold quantity in each zone, worst case maximum quantity in a given zone, mean expected maximum quantity at any time after the spill, in each zone) in the scenario with five extra vessels from port. In the other scenarios, similar programs are used.

clear;

clc;

load tones_clean5.mat;tones5=full(tones5);

k=1000;

%create a 25 dimension matrix; each matrix is for one zone;

%each row represents one event; each column represents one hour

for j=1:25

    for i = 1:481

        t5(:,i,j)=tones5(find(tones5(:,1)==i-1),j+1);

    end;

end;

clear tones5;

treshold = t5(:,:,:)  > k;

for i=1:25

    %probability that the quantity from one zone ,at one time, is exceeding 100t

    p5(i,:)=sum(treshold(:,:,i),1)/size(t5,1);       

    %mean quantity in each zone, at each hour

    d5(i,:)=mean(t5(:,:,i));

    for j = 1:size(t5,1)

        if isempty (find(treshold(j,:,i)==1))

            %firts time when the threshold is exceeded in each zone

            h5(j,i)=nan;

        else

            h5(j,i)=min(find(treshold(j,:,i)==1))-1;

        end;

    end;

    if isempty(find(isnan(h5(:,i))==0))

        min_1st_time5(i)=nan;

    else

        min_1st_time5(i)=min(h5(find(isnan(h5(:,i))==0),i));

    end;

    %maximum quantity in each zone, at each hour

    max_per_ev5(:,i)=max(t5(:,:,i),[],2);

    for j=1:size(t5,1)

        %first time when the maximum quantity is achived

        first_h_max_per_ev5(j,i)=min(find (t5(j,:,i)==max_per_ev5(j,i)))-1;

    end;  

    %maximum quantity from the maxims

    worst_case_max5(i)=max(max_per_ev5(:,i));

    if length(find(max(max_per_ev5(:,i))==max_per_ev5(:,i)))==1

    %time of the worst case

        h_worst_case5(i)=first_h_max_per_ev5(find(max(max_per_ev5(:,i))...

            ==max_per_ev5(:,i)),i);

    else 

        aa=find(max(max_per_ev5(:,i))==max_per_ev5(:,i));

        h_worst_case5(i)=min(first_h_max_per_ev5(aa,i));

        clear aa;

    end;

    mean_exp_max5(i)=mean(max_per_ev5(:,i));

end;

Appendix D

The influence of the weather conditions on the trajectories of oil particles spilled in the Wadden Sea

Section 1

 INTRODUCTION
“The Wadden Sea (Wattenmeer in German, Waddenzee in Dutch, Vadehavet in Danish) is the name for a body of water and its associated coastal wetlands laying between a section of the coast of northwestern continental Europe and the North Sea.

The Wadden Sea stretches from Den Helder in the Netherlands in the southwest, past the river estuaries of Germany to its northern boundary at Esbjerg in Denmark along a total length of some 500 km and a total area of about 10000 km². 

It is typified by extensive tidal mud flats 1, deeper tidal trenches and the islands that are contained within this, a region continually contested by land and sea. The landscape had been formed for a great part by storm tides 2.

The Wadden Sea is famous for the rich fauna, avifauna and flora. Today, a great part of the Wadden Sea is protected in cooperation by all three countries.“ 3
The production and consumption of oil products is increasing all over the world and the menace of pollution is increasing accordingly.

Oil pollution, due to the proximity of important shipping routes and ports is a major threat in the Wadden Sea, especially to the German part of the region.

The oil spilled into the sea is transported by a combination of winds, currents and waves; it experiences weathering and interacts with the costal area and, in doing so, it presents not only the danger of temporary damage, but rather of permanent one.

In this study we concentrate on the analysis of consequences of a certain type of oil spill accident and on the relationship between meteorological forcing and the region of maximum damage.

The data set that is used as a surrogate for nature consists in a seven years “hindcast” of wind and waves with a high resolution in time (hourly information) and space (grid cells of one square kilometre).

Assuming that one accident has happened, no response measures to combat the oil spill will be considered. Horizontal dispersion of the oil is simulated as function of time using a Monte-Carlo code that predicts the trajectories of a given number of particles, which resemble the oil slick.4
The question, which one would like to answer, is:

“Is it possible to predict the position of the oil slick after a certain period of time, using the knowledge about the weather conditions at the time of the spill and in the near future? ”

In Section 2 of this study, we will present a framework of the analysis.

Section 3 details the relation between the oil particle’s final positions and the weather conditions in the first 10 hours after the spill.

In Section 4, the position of the particles after 10 days from the accident will be analysed, in relation with the same weather conditions as in the previous section. An example for the situation after 5 days is also presented.

Section 5 deals with the influence of the weather conditions on the particle’s positions, given a forecast for weather, for six days.

In the next part of this study, new variables are introduced and analysed. These represent travel times of the particles to the coast (protected areas).

In the seventh section is discussed the performance of a standard regression model for the particle’s coordinates, in predictors: the components of the wind vector at the time of the accident.

The conclusions of the analysis are discussed in section 8 and in the end of this study we present some complementary results.

Section 2

DATA ANALYSIS

Before trying to solve a problem, a good understanding of the data set involved is needed. The behaviour of the variables of interest, and the way in which one influences another, can be considered as an appropriate starting point.

The data set used in this analysis consists 12600 samples from the final positions of the particles, selected as follows: five events (simulated instantaneous oil spill accidents at a fixed location) per moth are randomly chosen from a set of seven years, namely 1993 to 1999; in each event, 30 particles are followed for at most 480 hours. A particle is no longer followed (before 480 hours) if it hits the coast. 

The observations for the wind and waves data used here come from one cell of the spatial grid, namely the initial location of the spill (6.8333 longitude and 54.0000 latitude).

Considering certain weather conditions at the moment of the spill, one would like to check what information these provide about the patterns of the oil particles, how fast they are reaching the coast and also which part of the coast is most affected.

In order to simplify the problem, a number of regions, with the highest ecological sensitivity, are selected. Further we will consider four such regions: 

1. Elbe: [8.50, 9.05] x [53.80,54.18]

2. Jade1: [8.02, 8.35] x [53.60,53.76]

3. Helgoland: [7.70, 8.10] x [54.07,54.30]

4. Jade2: [8.02,8.35] x [53.37,53.60]

In figure 2.1, the four areas are depicted by squares and “<>” denotes the initial location of the particle cloud. 
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Figure 2.1

For a good visualization of the dependence structure involved in this problem, one can use the cobweb plots provided by the software Unicorn. The variables used for this purpose are listed below:

· fpx, gives the x-position of each particle (longitude). The same name will be used in different cases for the final position, the   position after five days and after ten days. Each of them will be specified at the time of use.

· fpy, the y-position, latitude (with the same specification).

·  
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, the velocity of the wind after I hours from the time of the oil spill accident.

· 
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, the angle of the vector of wind with the horizontal axes, after I hours from the time of the oil spill accident; 
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· 
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, the number of particles which are present in region I at the final time or after a number of days, depending on what snap shot we are interested in . 
Section 3

Assuming that the behaviour of the wind can be predicted in the first ten hours after the spill, one can check what kind of information this can provide.

First we will condition on high values of the wind speed at the time of the spill (
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Two locations of the final position of the particles can be observed in the next plot. The values for latitude are restricted between 54 and 55 degrees whereas the ones for longitude can be either around 8 degrees, or close to 4 degrees.
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Figure 3.1

A longitude of eight degrees is in good agreement with the initial wind direction towards east, whereas one around four degrees gives a measure of the uncertainty regarding the predictions of the final positions, due to taking into account only the weather conditions from the moment of the accident. A change in the wind direction can have a big influence on the final positions.

What one would like to do next is to condition on the direction of the wind after a certain number of hours from the accident.

Unfortunately, further restrictions of this kind will not add more information with respect to the final positions because of the high correlation between the values of the wind speed at the moment of the spill, after five hours and after ten hours from the oil spill accident and the corresponding values of the 
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 angles. The product moment correlation matrix is presented in the Section 9. 

Next we will condition on smaller values of the wind speed, namely in the interval (9.76, 14.51) and keep the same values for the angle. 
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Figure 3.2

A wider area is now covered by samples, as one can observe in the plot above. So with a decrease in the wind speed we obtained an increase in the uncertainty. 

  This effect can be further verified by taking even smaller values of the wind speed and N-W direction at the moment of the accident. The spread of the resulting positions is too big to enable any prediction.

In figure 3.3 it can be easily observed that conditioning on the values of the wind parameters at the time of the spill will also restrict the values of the parameters for the next hours. This tells us, again, that the knowledge about the behaviour of the wind after five or ten hours does not add any useful information. 
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Figure 3.3

Next, one can analyse the influence of the weather conditions on the number of particles, which end up in different zones.

In the first example, the wind at the moment of the accident and after ten hours from that moment is blowing in the W direction and no restriction on the velocities is made.

In figure 3.4, one can see that, in most of the cases, the areas of interest are not at all affected. The number of particles ending up in each of the zones is zero in almost all situations. In one of the cases, one particle ends up in the forth zone; at most twelve particles are affecting the third zone, four particles are in the second and at most fifteen in the first. 
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Figure 3.4

That doesn’t mean that the four regions are out of danger given a certain oil spill accident, but it only means that in most of the cases, after twenty days the particles are no longer located in these areas.  

In the second example, eastern direction of the wind is chosen at the moment of the spill and after another ten hours, and no conditions for the wind speed are selected.
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Figure 3.5

The number of particles present in the areas of interest is much higher (see figure 3.5). For example, the number of particles which end up in the first zone can be bigger than 20, from a total of 30. As it can be seen, if the direction of the wind is constant towards east, the four areas are endangered, for any values of the wind speed.

Section 4

We will now consider the positions of the particles after ten days instead of the ones from the end of the simulation. The same names fpx and fpy will now denote these locations of the particles.

The next example is for N-W direction of the wind and the velocities at the moment of the spill and after ten hours, in the interval (5.02,9.76).
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Figure 4.1

The area in which the particles can be found after ten days is rather wide, namely (4.30,8.78) x (53.50,54.60).

If we chose other combinations for the values of the wind parameters, the results will be similar, with respect to the uncertainty of the positions of the particles after ten days.

If we now take a look at the numbers of particles that can be found in the four zones after 10 days from the moment of the accident, the results can be surprising. 

For strong wind, directed E and S-E, the numbers are very small, many of them zero. For example, area number three, which one can expect to be the most harmed in the selected conditions, has a maximum of 5 particles in it (see figure 4.2). 

[image: image387.png]Samples selected: 210
w akan b1 b2 b3 b4 ata0 vio
2 31 £ 1% % 2 31 2

02 a1 0 0 [] 0 31 07




Figure 4.2

Again, this does not mean that the particles are not going there but that maybe, because of the strong wind, they already have passed that area.

So, the information about the number of particles, alone, is not enough. More useful would be to have some information about the first time when one area is reached or when a significant number of particles are present in a certain place.

Next, we will consider the position of the particles after five days and present the corresponding cobweb plots.

In the following example, we will condition on moderate values of the wind speed at the time of the accident, high values of the wind speed after ten hours, and N-E direction of the wind in both cases. The ranges for the positions of particles are smaller then the ones until now, which tells us that it is easier to make a prediction for the position after a shorter period of time. 
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Figure 4.3

Section 5

Because the wind in the next few hours after the spill does not provide much extra information, we will now assume that the behaviour of the wind can be predicted six days ahead.

Now 
[image: image389.wmf]i

v

 will be the velocity of the wind after i days from the time of the oil spill accident, 
[image: image390.wmf]i

alfa

, the angle of the vector of wind with the horizontal axes after i days from the time of the oil spill accident and fpx, fpy the final positions of the particles.

The correlations between the values of the parameters, which characterize the wind, are not that big anymore. The values can be found in the Section 9.

As a first example we will condition on moderate (small) values for the wind speed at the time of the spill, and moderate wind speed after two days, and we will perform no conditioning on the direction of the wind.

It can be observed that the direction of the wind is very important when the wind speed is not high, and without any conditioning with respect to it, the uncertainty that occurs in the final positions of the particle is rather big. Both x and y direction are covering almost their entire range of possible values.
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Figure 5.1

If, in addition, we will condition on eastern direction of the wind at the time of the spill and after two days, the uncertainty becomes much smaller as can be observed in figure 5.2.

The extra information about the direction of the wind in the case of small velocity seems to be essential.
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Figure 5.2

If we will now consider the positions of the particles after six days instead of the final ones, conditioning on the values of the wind parameters at the time of accident and the wind after six days the prediction is much more precise in every case checked. One of these cases is presented in figure 5.3.
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Figure 5.3

The following example shows the positions of the particles after ten days conditioning on moderate values of the wind speed at the moment of the spill, α0 in the interval (-2π/5,0) and α6 in (π/5,3π/5).
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Figure 5.4

In the last two examples presented, the uncertainty in the prediction of the positions is considerably reduced by the assumption that the weather can be predicted well for the next six days, which is not necessarily a realistic assumption.

Section 6

Next, we will include new variables in the analysis, namely 
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, i=1..4, which represents the first time when a particle hits each of the zones (one to four) and 
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, representing the minimum time when at least ten particles are present in one of the four zones.

When one of these values is bigger than 480 hours (the maximum period of following any particle), it is set to be 600 (instead of infinity). 

Some examples will be presented further. 

In the first one we will condition on high values of the wind speed, both at the moment of the spill and after two days from the accident, and eastern direction of the wind in the second day (this is of course the worst case scenario).
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Figure 6.1

The first zone which seems to be affected is the third one, after 41 hours; and no event seems to affect the forth zone under this conditions in the first 600 hours.

Next, one would like to know after how many hours the number of particles from different areas would increase considerably.

In figure 6.2 it can be seen that, after three hours, more than ten particles are coming in the third zone, after twelve hours the first region is badly affected, and the forth zone is out of the danger of having more than ten particles at the same time inside it.
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Figure 6.2

In different conditions, like the smallest values of the wind speed both at the moment of the spill and after two days, the resulting values are increasing considerably (from 58 hours to 270 for tmin1 for example).
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Figure 6.3

Section 7

As a conclusion of the previous analysis we can say that a reasonable way of predicting the position of the particle cloud in certain weather conditions is by looking directly in the data set provided, since the locations of the particles and the components of the wind didn’t seem to fit any classical statistical relationship. 

Still, it would be interesting to compare the results of a standard model with the results from a detailed analysis of the data set using Unicorn.

We will perform a standard regression model for the x-coordinate (fpx) and y-coordinate (fpy) of the final position with predictors being the components of the wind vector at the time of the accident.

Then, using the percentile scale from Unigraph for the variables fpx, fpy and the two components of the wind vector, we will condition on each combination of dectiles from the distribution of the components of the wind vector, thus obtaining 100 conditional distributions for the final positions.

The mean and the standard deviation of these distributions will be presented in comparison with the mean and standard deviation obtained regressing fpx and fpy in the mean values of the components of the wind for each case.

On the next pages a table containing all these values is presented.

It can be observed that the differences between the final positions given by regression and the real ones are quite significant.

The R-squared measure of goodness-of-fit, which represents the fraction of the variance in the data that is explained by the regression, is 0.11 for the x-coordinate and 0.05 for the y-coordinate.

Moreover, the error variance (SD (regression)^2) does not depend on the values of the predictor variables, i.e. we take the expectation of  (fpy - E (fpy |wx, wy))^2 and integrate over fpy, wx and wy (we denoted by wx and wy the two components of the wind). If this is also equal to the conditional variance, as in joint normal regression, we are dealing with homoscedasticity. In case of heteroscedasticity, the error variance does not give the error in the prediction, for any given case.

 The results here show strong heteroscedasticity.
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Section 8

CONCLUSIONS

In this study we concentrate on the analysis of consequences of a certain type of oil spill accident and on the relationship between meteorological forcing and the region of maximum damage.

The data set used here contains 12600 samples, which represent five events per month from a set of seven years (1993 to 1999). In each event 30 particles are followed for at most 480 hours. The wind and waves data are observed at one location, namely the initial location of the spill. Four regions of high ecological sensitivity are selected.

The variable of interest is the position of the particle cloud at the end of the simulation (after 480 hours), or after a certain number of days (five, ten) from the moment of the accident, together with its relationship with the weather conditions, characterized by the speed and direction of the wind.

The smaller the values of the wind speed at the moment of the spill, the higher is the uncertainty in the prediction of the final positions of the particles. The extra- information about the direction of the wind can change this fact, making the uncertainty smaller.

Information about the behaviour of the wind in the first hours after an accident will not be of much use, because the values of the wind parameters at the moment of the spill, after five hours and after ten hours from the oil spill accident are highly correlated.

Looking at the number of particles, which are present in the areas of interest after a period of time, one can be mislead by this information. In many of the cases these numbers are giving the information that in a certain snap shot no particle is present in any of the four regions, which does not necessarily mean that the particles did not already cross the areas; so this information alone is not enough.

If one is interested in the positions of the particles after five days, one can observe that the ranges for these positions are smaller then the ones for the final positions, which tells us that it is easier to make a prediction for the location of the particle cloud after a shorter period of time. 

When the assumption that the weather can be predicted for the next six days is made the uncertainty in the prediction of the positions is considerably reduced, especially when one is interested in the positions of the particles after six or ten days. Unfortunately, this assumption is not exactly a realistic one.

Looking at the travel times of the particles it can be observed that in the worst-case scenario (i.e. strong wind in east direction) one of the four areas can be affected in less than two days and be in great danger in 70 hours.

After performing a standard regression model for the coordinates of the final position with predictors being the components of the wind vector at the time of the accident, one can see that the regression model accounts for only 11% of the variability in the x-coordinate and 5% in the y-coordinate and, moreover, the results are showing strong heteroscedasticity.

We can conclude saying that a reasonable way of predicting the position of the particle cloud in certain weather conditions is by looking directly in the data set provided, since the locations of the particles and the components of the wind didn’t seem to fit a classical statistical relationship.

Section 9

COMPLEMENTARY RESULTS

Product Moment Correlation matrix of the wind parameters, at the time of the accident, after five hours and after ten hours from the spill. 

	
	v0
	alfa0
	v5
	alfa5
	v10
	alfa10

	v0
	1.00
	0.02
	0.90
	-0.04
	0.72
	0.02

	alfa0
	0.02
	1.00
	0.05
	0.75
	0.04
	0.60

	v5
	0.90
	0.05
	1.00
	0.01
	0.88
	0.04

	alfa5
	-0.04
	0.75
	0.01
	1.00
	0.03
	0.79

	v10
	0.72
	0.04
	0.88
	0.03
	1.00
	0.05

	alfa10
	0.02
	0.60
	0.04
	0.79
	0.05
	1.00


Product Moment Correlation matrix of the wind parameters, at the time of the accident, after two, four and six days from the spill.

	
	v0
	alfa0
	v2
	alfa2
	v4
	alfa4
	v6
	alfa6

	v0
	1.00
	0.02
	0.26
	-0.02
	0.19
	0.00
	0.16
	0.09

	alfa0
	0.02
	1.00
	-0.02
	0.15
	0.08
	-0.03
	0.10
	0.01

	v2
	0.26
	-0.02
	1.00
	-0.01
	0.27
	0.10
	0.26
	0.09

	alfa2
	-0.02
	0.15
	-0.01
	1.00
	0.11
	0.16
	0.11
	0.09

	v4
	0.19
	0.08
	0.27
	0.11
	1.00
	0.00
	0.23
	-0.04

	alfa4
	0.00
	-0.03
	0.10
	0.16
	0.00
	1.00
	0.07
	0.28

	v6
	0.16
	0.10
	0.26
	0.11
	0.23
	0.07
	1.00
	0.05

	alfa6
	0.09
	0.01
	0.09
	0.09
	-0.04
	0.28
	0.05
	1.00


Product Moment Correlation matrix 
	
	tmin1
	tmin2
	tmin3
	tmin4
	tminimp1
	tminimp2
	tminimp3
	tminimp4

	tmin1
	1.00
	0.50
	0.53
	0.25
	0.71
	0.33
	0.43
	-0.01

	tmin2
	0.50
	1.00
	0.25
	0.63
	0.26
	0.64
	-0.01
	0.17

	tmin3
	0.53
	0.25
	1.00
	0.16
	0.44
	0.14
	0.75
	0.08

	tmin4
	0.25
	0.63
	0.16
	1.00
	0.19
	0.54
	-0.07
	0.28

	tminimp1
	0.71
	0.26
	0.44
	0.19
	1.00
	0.17
	0.38
	-0.03

	tminimp2
	0.33
	0.64
	0.14
	0.54
	0.17
	1.00
	-0.05
	0.26

	tminimp3
	0.43
	-0.01
	0.75
	-0.07
	0.38
	-0.05
	1.00
	-0.05

	tminimp4
	-0.01
	0.17
	0.08
	0.28
	-0.03
	0.26
	-0.05
	1.00
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Various organisations and companies have developed oil spill computer models, which are able to make predictions about the trajectory and fate of spilled oil, and provide valuable support to both contingency planners and pollution response teams. Some of their publications, which facilitated a familiarisation with the subject, are listed below:

Mark Read Ole Morten Aamo and Per. S. Daling:  Quantitative Analysis of Alternate Oil Spill Response Strategies using OSCAR, IKU Petroleum Research, N-7034 Trondheim, Norway

Ole Morten Aamo, Mark Read and Keith Downing, Oil Spill Contingency and Response Model System: Sensitivity Studies, IKU Petroleum Research, N-7034 Trondheim, Norway

Jan Nerland: Norwegian Oil Spill Contingency and Risk based Governmental Contingency Planning, Norwegian Pollution Control Authority, Horten, Norway

Deborah P. French McCay:  Modelling Oil and Chemical Spill Impacts, Applied Science Associates, Inc., 70 Dean Knauss Drive, Narragansett, RI 02882, USA

1 There is a number of regions in the world with similar ecosystems, for instance in Korea.


2 Relatively flat, muddy regions found in inter tidal areas. As the tides or rivers deposit the material that forms the mudflats, they are found in sheltered areas such as bays and estuaries. (� HYPERLINK http://en.wikipedia.org ��http://en.wikipedia.org�)


3  A marsh with saline water. A marsh is a type of wetland, featuring grasses, rushes, reeds, cattails, sedges, and other herbaceous plants (possibly with low-growing woody plants) in a context of shallow water. (� HYPERLINK http://en.wikipedia.org ��http://en.wikipedia.org�)





4  Information selected from: � HYPERLINK http://library.thinkquest.org/11776 ��http://library.thinkquest.org/11776�


5   � HYPERLINK "http://www.gkss.de/pages.php?page=wir.html&language=e&version=g" ��http://www.gkss.de/pages.php?page=wir.html&language=e&version=g�


6 As an example of a “big spill”: the largest spill in U.S. so far was the Exxon Valdez spill into Prince William Sound, Alaska in March 1989 (11 million gallons of crude oil).


7 The rounded portion of a ship's hull, forming a transition between the bottom and the sides.


8 � HYPERLINK http://seawifs.gsfc.nasa.gov/OCEAN_PLANET/HTML/peril_oil_pollution.html ��http://seawifs.gsfc.nasa.gov/OCEAN_PLANET/HTML/peril_oil_pollution.html�


9 Streaks of oil, that line up in the direction of the wind. Windrows typically form early during a spill when the wind speed is at least 10 knots (5.1 meters per second). Sheen is the form of spilled oil that most frequently windrows. (� HYPERLINK http://response.restoration.noaa.gov/job_aid/glossary.html ��http://response.restoration.noaa.gov/job_aid/glossary.html�)


10� HYPERLINK http://www.ihcholland.com/t/ihcholland_com/B_ihc_dredging/B08/index_b08.htm?/t/ihcholland_com/B_ihc_dredging/B08/b08.7_oil_combat/b08.7_fighting_oil_spills.htm ��http://www.ihcholland.com/t/ihcholland_com/B_ihc_dredging/B08/index_b08.htm?/t/ihcholland_com/B_ihc_dredging/B08/b08.7_oil_combat/b08.7_fighting_oil_spills.htm�


11 � HYPERLINK http://www.epa.gov/oilspill/oiltech.htm ��http://www.epa.gov/oilspill/oiltech.htm�


12 A description of the data can be found at 


http://nokis.baw.de/npublic/research/EU/EVK2-CT-1999-00038.htm


13 In Chapter 4, the threshold quantity of oil will be considered 1000 tonnes. 


14 “at time j ” means after j hours have passed since the oil spill accident took place. This expression will be used from now on, with this sense.


15 This can be noticed after implementing and running sufficiently many times the model described in the present section (3.3).


16 The values for these correlations can be found in: A.Hanea, “The influence of the weather conditions an the trajectories of oil particles spilled in the Wadden Sea” (Appendix D).


17 The notations X and Y are unconnected to the symbolism in equation (13); they are unlikely to be confused since they arise in a different context.


18 “S (i)” should be read as “the quantity of oil still present in the water, in scenario S (i)”. The abbreviation will be used with this sense from now on.


19 The damage was defined as the quantity of pollutant that reaches or crosses an area.


20 X, A and S are general notations, not related with any of the notations before.


1 Mudflats are relatively flat, muddy regions found in intertidal areas. The tides or rivers deposit the material that forms the mudflats. They are found in sheltered areas such as bays and estuaries.





2 A storm tide is a tide with a high flood period caused by a storm. Storm tides can be a severe danger to the coast and the people living at the coast. The water level can rise to more than 5 m (17 ft) above the normal tide





3 The original source can be found on the main Wikipedia Web site.





4  Ulrich Callies & Carlo van Bernem:“Expected environmental damages due to oil spills at different sites: Monte Carlo simulations based on a modelled history of weather conditions” 
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