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Abstract

La Perouse (Soya) Strait, 40 km in width, separates Hokkaido Island (Japan)
from Sakhalin Island (Russia), and connects the Sea of Japan to the west with the
Sea of Okhotsk to the east. Vessel Automatic Identification System (AIS) data
analysis for that strait, conducted in Japan, has shown extremely busy ship
transport and a number of dangerous crossings, with a great deal of that transport
being crude oil. The Web application integrates the Potential Incident
Simulation, Control and Evaluation System (PISCES 2) and the Environmental
Sensitivity Index (ESI) maps for environmental risk assessment, while the
Bayesian consensual decision tool is used to support consensus building among
oil spill response managers.

Keywords: oil spill response, environmental risk assessment, Hokkaido Island,
potential incident simulation, control and evaluation system (PISCES 2),
environmental sensitivity index (ESI), Bayesian consensual decision ranking.

1 Introduction

The Sea of Okhotsk is a part of the western Pacific Ocean, lying between the
Kamchatka Peninsula to the east, the Kuril Islands to the southeast, the island of
Hokkaido to the far south, the island of Sakhalin along the west, and a long
stretch of the eastern Siberian coast (including the Shantar Islands) along the
west and north. In the Sea of Okhotsk, off the Island of Sakhalin, the Royal
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Dutch Shell led consortium is operating the Sakhalin-2 oil and gas project, which
is Russia’s largest in terms of foreign investment [1].

The project involves the installation of crude oil and gas offshore platforms to
be linked to the shore by pipelines. Crude oil production occurs from late May to
early December and is shutdown during the remaining period when shuttle
tankers are unable to reach the platforms due to winter sea ice. Oil and gas are
transported via two 800 kilometre long onshore pipelines to a new liquefied
natural gas (LNG) plant and oil and LNG export terminal located at
Prigorodnoye, on the south of Sakhalin Island. Peak crude oil/condensate
production capacity from the three offshore platforms is expected to be about
180,000 barrels per day (about 8.2 mtpa). The LNG production capacity is
expected to be about 9.6 mtpa for more than 25 years. Oil and LNG are shipped
to markets in the Asia-Pacific region and beyond.

Japan already has extensive experience in combating large scale heavy
contamination of its shoreline because of a dramatic tanker accident at sea. In
January 1997, the Russian-registered tanker “Nakhodka” broke apart in the Sea
of Japan, approximately 110 km north-east of the Oki Islands, whilst en-route
from Shanghai, China to Petropavlovsk, Russian Federation, carrying 19,000
tons of medium crude oil as its cargo. The combination of the initial release of
6,200 tons of medium-crude oil, followed by the continual slow leak from the
sunken tanker, resulted in heavily-contaminated shorelines in the region
estimated at over 1,000 km of coast [2]. Over 1 million volunteers from all over
the country took part in the oil recovery work [3].

The “Nakhodka” tanker accident reveals a risk of possible future oil spills
hitting the Japanese coastline and served as the impetus for a great deal of
research, including spilled oil spreading simulations, aimed at better oil spill
combat preparedness in the future [4—6]. Later on, a number of oil spill scenarios
were also simulated for the Environmental Impact Assessment (EIA), conducted
by Sakhalin Energy Investment Company (SEIC), which is implementing the
Sakhalin II Phase 2 project — an integrated oil and gas project to produce crude
oil and condensate, and liquefied natural gas (LNG) for international export from
Sakhalin Island [1].

Sawano [7] has analyzed the oil pollution impact on sand beaches, caused by
the Nakhodka’s accident, and the sensitivity of sand beaches to oil pollution. The
author argues that vegetation on a sandy beach is of little importance in relation
to oil residue, but plays a great role in protecting the shoreline: following oil
recovery works performed by heavy construction machines on sandy beaches
with plenty of vegetation, large-scale sand erosion occurred.

Terhuisa et al. [8] published the results of studies on the impacts of the
“Nakhodka” medium crude oil spill on an intertidal ecosystem, using the
geographical information system (GIS) for impact evaluation. The study showed
that following the accident there were heavily oiled areas in sheltered regions,
but these decreased over a period of three years. GIS based evaluation also
showed that coverage by macroalgae and the number of animals increased,
although some species of algae with microscopic sporophyte generations, and
some populations of perennial shellfish, remained stable or decreased during the
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study period. Ishida et al. [9] is analysing the “Nakhodka” oil spill in the Sea of
Japan, and concludes that because Japan depends on oil as an important source
of energy, it is impossible to reduce the number of tanker accidents to zero,
while in fact there is a danger of the number of accidents increasing with the
continuing industrialization of Asia.

Development of Environmental Sensitivity Index (ESI) maps for the coastal
zone of Japan has contributed notably to the oil spill related preparedness of this
country [10—12]. ESI maps serve as quick references for oil spill responders,
comprising three general types of information: 1) shoreline classification, 2)
biological resources, and 3) human-use resources [13]. A well advanced ESI map
of the Hokkaido Island shoreline also benefited from this study.

There is an existing level of risk to the coastline of Japan from crude oil
spills, while full phase Sakhalin 2 production is anticipated to require one oil
tanker every four days (approximately 90 per annum) and an LNG tanker every
two days, a combined total of approximately 239 per year [1].

Sawano [14] argues that large offshore oil and gas development projects that
have been started on the Sakhalin shelf and the sea of Okhotsk require multi-
national cooperative spill response. As stated by Schei and Brubaker [15] certain
marine areas in the Okhotsk Sea may already be designated as possibly requiring
special environmental coverage related to international shipping, due to their
sensitivity encompassing, but not to be limited to, grey whale habitats,
productive fishing grounds, the eastern shore of Sakhalin, the Tatar Strait, and
zones around offshore platforms. The same concerns are valid also for Hokkaido
Island’s ecologically extremely valuable and sensitive coastal sea areas.

This paper is focused on the issue of integration of the oil spill response
simulation tools into an extended simulation environment based on the Bayesian
Belief Networks (BBNs), including the Bayesian tool that is used to support
consensus building among oil spill response managers. The issue is exemplified
by the oil spill scenario development for the coastline of the northern part of
Hokkaido Island.

2 Material and methods

Study area includes La Perouse (Soya) Strait, 40 km in width, which separates
Hokkaido Island (Japan) from Sakhalin Island (Russia), and connects the Sea of
Japan to the west with the Sea of Okhotsk to the east (Figure 1).

The region has a dense network of navigation routes traversing its waters and
is characterized by the growing risk of accidental oil spills. Vessel Automatic
Identification System (AIS) data are collected for that extremely busy shipping
area using the Transas T300 AIS station at Soya.

The Potential Incident Simulation Control and Evaluation System (PISCES 2)
is used to simulate the spreading of spilled oil. The PISCES 2 application
simulates processes in an oil spill on the surface of the water: transport by
currents and wind, spreading, evaporation, dispersion, emulsification, viscosity
variation, burning, and interaction with booms, skimmers, and the coastline
(stranding or beaching) [16].
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Figure 1: Main shipping routes in the area of La Perouse (Soya) Strait.

The developed web application is based on the template of the ESRI
Silverlight Standard Map Application for Visual Studio 2008 Professional. Map
layers are implemented using ArcGIS Desktop 9.3 and published on the ArcGIS
Server 9.3. The tool that is used for selecting an oil polluted region is the
standard Spatial Query Tool that allows for the retrieving of features from a
feature layer in an ArcGIS Server Map Service or a spatially-enabled table in
SQL Server via the Maplt Spatial Data Service. Once the features are retrieved,
NET code is used to display their geometries and attributes in developed Web
Silverlight Application. Web application is supporting the Spatial Query and
adding the results to the map, DataGrid and Chart presentation.

Oil spill related environmental risk assessment is based on the Environmental
Sensitivity Index (ESI) map developed for the coastline of the Hokkaido Island
by the Geological Survey of Hokkaido, Department of Marine Geosciences,
Otaru City, Hokkaido Prefecture (Japan). The ESI map used in this study
constitutes a part of the regional contingency plan for the coastal sea of
Hokkaido Island.

Bayesian inference is reasoning within a BBN in which all forms of
uncertainty are expressed in terms of probability [17]. A BBN is a finite and
directed acyclic graph, where nodes represent random variables and edges
represent probabilistic dependencies among those variables. BBNs used in this
study are discrete, in the sense that all random variables can assume only a finite
number of states. Bayesian inference uses a numerical estimate of the degree of
belief in a hypothesis before evidence has been observed and calculates a
numerical estimate of the degree of belief in the hypothesis after evidence has
been observed. As more data are collected, it becomes progressively easier to
identify the most likely hypothesis. At some point, the evidence is considered
strong enough to accept or reject a given hypothesis, even if certainty is not
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achieved. HUGIN RESEARCHER software is used to build up the BBNs used in
this study.

3 Results and discussion

Analysis of data collected by the Transas T300 AIS station at Soya shows that
the extremely busy shipping in the La Perouse (Soya) Strait (Figure 1) is also
characterized by the number of dangerous crossings, while the majority of that
transport is oil and LNG: see example in Figure 2. Therefore, the oil spill related
risk assessment and the response advice is an issue of high priority for this
ecologically highly sensitive marine area.

With the aim being to illustrate the use of the web application, the oil spill
scenario is developed based on a Net Environmental Benefit Analysis (NEBA)
methodology [18]. According to that scenario, 20 tons of ADGO Crude (IV) oil
is spilled at sea (accident centre position 45 27.342 N, 142 30.856 E.

3.1 What is the expected drift, behaviour and fate of the spilled oil?

The PISCES 2 software suite was used to simulate the oil spill trajectory and the
pollution footprint. Initial weather conditions used for the simulation of the
accidental oil spill, close to the coast of Hokkaido Island, are as follows: air
temperature 20°C, sea surface temperature 15°C, current 138 deg and force 0.1
m/s, wind 215 deg and force 25 m/s. Spilled oil transport by current and the wind
as well as the shore interaction is simulated. For the sake of simplicity, in this
particular case the spilled oil evolution (weather forecast relayed uncertainty,
spreading, diffusion, evaporation, dispersion and emulsification) is not

Figure 2: AIS data for the La Perouse (Soya) Strait (2009.06.01-2009.06.30)
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calculated. Calculated time from the oil spill until oil stranding is 12 hours 11
minutes, and the amount of the oil stranded is 19.9 tones. Centre position of
stranded oil is: 45 12.592 N, 142 18.188 E.

The oil spill simulation approach used in this study is based on the PISCES 2
software application and it differs from the approaches used, e.g., for the
Environmental Impact Assessment (EIA) by Sakhalin Energy Investment
Company (SEIC). Our study focuses directly on the particular oil spill scenario,
while the mentioned EIA related simulations have produced numerous maps of
risk zones (spill trajectory envelopes) that are showing the time in hours for
spilled oil to reach a certain sea area [1].

3.2 Can the oil spill be combated at sea?

The BBN developed for the oil spill related NEBA process [18] is used to
answer the question: can the particular oil spill in question be combated at sea
using booms and skimmers? Scenario specific current and wind fields are used.
In more advanced cases, external sources of hydrometeorological data should be
used. The hydrometeorological information supplied by the external sources,
such as automatic weather stations, meteo buoys, etc., is processed by the Meteo
Data Server which transmits it via HMI protocol used in PISCES 2. Based on
that information, the PISCES 2 calculates the expected position and the expected
time for the oil to come ashore. Mobilization time — the time for a ship/aircraft to
reach the site of an oil incident scene depends on the time 1) required to be ready
to go and the time 2) to reach the location of the spill — is also imported from the
PISCES 2 modelling suite simulation results.

Collected and calculated accidental oil spill related actual information
(current and wind force, and mobilization time) is used to amend the information
variables of the BBN with the aim to bring a hypothesis variable (efficiency of
booms and skimmers) to a state that is consistent with the new information [19].
According to the simulated scenario, the estimated probability of the efficient
use of booms and skimmers is very low because of rough weather (Figure 3).

WIND
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MOBILIZATION _TIME SLRRENT. 0.00 = - ¥ s
0.00 < .34 crm/ss Qo0 ¥~ 1z s
100.00 < TIME OF STRANDING 000 24 EScinss B0 1z 18 mis
e /s

0,00 > TIME OF STRANDING

Figure 3: Strong current > 0.58 m/s, and a very strong wind > 18 m/s.
Mobilization time is less than the time for oil to wash ashore. Use
of booms and skimmers is expected to be extremely inefficient with
a probability of 0.99.
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Simulation of the combating of the spilled oil at sea, by burning and/or use of
dispersants and sorbent application, is not a part of this study. It should only be
mentioned here that burning is a source of atmospheric pollution via smoke, and
the ecological sensitivity of the coastal sea areas may be the reason for the
limited use of dispersants.

3.3 Is the oil threatening a sensitive resource?

If the use of the booms and skimmers is expected to be inefficient, it is almost
impossible to prevent the oil from reaching shore. In this case, the sensitive
resources of the coastal sea areas likely to be impacted by the oil should be
identified, with the aim to support decisions on whether or not a response is
necessary or what kind and extent of response is appropriate.

The ESI map of Hokkaido Island is used to assess the oil spill related
environmental risk caused by the stranding of the oil. According to the scenario,
the spilled oil is expected to wash ashore and pollute 7731 m of shoreline. The
shoreline that is expected to be affected by oil includes the following ESI
shoreline elements: (1) 1502 m of a gravel beach (ESI 2 6020), (2) 1793 m of
fine to medium grained sand (ESI 2 3010), and (3) 4436 m of coarse grained
sand (ESI 2 4010). In this case, the oil spill related environmental risk is
characterized by the ESI value and the extent of the corresponding shoreline
element: greater extent and a higher ESI value means higher risk.

Web-GIS applications have already been successfully used in oil spill
response management for the oil spill impacted coastline of Japan. Goto and
Oyama [20] reported on the efficient use of integrated GIS and Web-GIS
applications for the oil-spill incident response, making use of some lessons from
the Nakhodka oil-spill disaster. Use of geo-informatics on near-shore
management of oil spill accidents impacting the coastline of Japan has been
further discussed by Goto and Kim [21]. The authors argue that the use of geo-
informatics proved to be efficient in supporting the decision making on the oil
recovery, monitoring of the heavy oil washed ashore, and the overall
environmental assessment.

3.4 Consensual decision on the shore cleanup

Cleaning the coastline after an oil spill is time-consuming, extremely costly and,
in addition, it may have a destructive and long-term negative impact on the
marine habitats concerned. Etkin [22] argues that the type of oil spilled, accident
location, and the local social culture are the most important determinants of
cleanup costs, while the location itself is a complex factor involving
geographical, political and legal considerations. The type of oil spilled is a
significant factor in determining cleanup costs: the more persistent and viscous
the oil is the more widespread the contamination and the more difficult removal
will be. Proximity of stranded oil to sensitive resources and the social culture
that places a high value on environmental preservation have a large influence on
shore cleanup costs. Therefore, choices made in cleanup strategies and the
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decision making process in the aftermath of a spill have a significant effect on
the cleanup costs.

Actually, the ESI values and impacted coastline extent based environmental
risk assessment results are not the only determinants of oil spill response
management decisions, with the oil spill response managers considering many
other factors as well. Legal mandates and political, social, and economic
considerations may lead oil spill response managers to make decisions that are
more or less protective because the implementation of some of the potential
alternative decisions may be too expensive or not technically feasible.

Oil pollution related decisions on shore cleanup actions are perceived as
knowledge-based response decisions that are influenced by policy choices
involving environmental, economic, social, and other concerns. Expeditious
negotiated decisions, on whether or not the shore cleanup is necessary or what
kind and extent of shore cleanup is appropriate, are usually taken on the
consensual basis.

This paper introduces the BBN based methodology of pair-wise comparison
of potential decisions with a view to facilitate the finding of a workable
consensual decision on the oiled shoreline cleanup operations. The problem is in
apportioning resources among a set of alternatives and in assigning the available
resources in an economical way. In our case, the pair-wise comparison refers to
the process of comparing potential decision options in pairs to judge which of
them is preferred. A relationship between the potential decision options is set in
such a way that, for any two decision options, the first one is either ranked higher
than, ranked lower than or ranked equal to the second one.

Following the scenario, the negotiated consensual decision should be taken on
one of four following actions: to wait and monitor (decision 1) or to deploy the
shoreline cleanup resources to one of the three sets of locations of different
geographical extent and the different ESI value: decision 2 - 1502 m of a gravel
beach (ESI 2 6020), decision 3 - 1793 m fine to medium grained sand (ESI 2
3010), and decision 4 - 4436 m of coarse grained sand (ESI 2 4010).
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Figure 4: The result of the Bayesian ranking of the potential decision by one
of the decision makers. P1-P6 — different potential decision pairs,
RES - probabilistic ranking of the potential decisions.
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Figure 5:  Ranking results of the potential oil spill response decision by six
different response managers that are further integrated into the final
Bayesian ranking consensual outcome. P1 1-P6 1..P1 6-P6 6
different potential decision pairs. SUM_RES — probabilistic
ranking of the potential consensual decisions.

Response managers, when comparing the potential decisions on response
actions, are using all the information available at that time. Often the other
stakeholders are also consulted. As an example, the result of the Bayesian
ranking of the potential decision by one of the response managers is presented in
Figure 4.

As is seen in Figure 4, the probabilistic ranking is giving priority to decision 2
(deploy the shoreline cleanup resources to the 1502 m of a gravel beach, ESI 2
6020) that is followed by decision 4 (deploy the shoreline cleanup resources to
the 4436 m of coarse grained sand, ESI 2 4010, and 3 (deploy the shoreline
cleanup resources to the 1793 m fine to medium grained sand, ESI 2 3010).
Decision 1 (wait and monitor) is not considered to be appropriate.

The ranking of results of the potential decision by 6 different response
managers are further integrated into the final Bayesian ranking consensual
outcome that is used to support the expeditious consensus finding on the most
appropriate oil spill response action (Figure 5).

Despite few recent publications [19, 23], the studies into the Bayesian
inference in oil spill response management are still in their infancy. In ecological
risk assessment and in the consensual decisions support tools the Bayesian
networks need to be integrated with other simulation software, thereby making it
possible for the BBNs to interact with other components of simulation including
access to relevant data as input and to produce probability distributions in a
manner that can be accessed by other components.

There are a number of different approaches aiming at supporting oil spill
response management. For example, Liu and Wirtz [24] argue that due to the
complex dynamics of the physical system in the coastal zone and the different
environmental and economic values of coastal areas under risk, decision making
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during the oil spill response planning becomes a difficult task. The authors
emphasise that, if not in the process itself then at least in the aftermath and
during the political evaluation of the combat strategy, various interested groups
such as commercial organizations, NGOs, scientific institutions and local
stakeholders are involved. Authors are developing the modelling framework for
sequential negotiation in multi-agent systems for oil spill response decision
making. Consensus facilitating techniques are used to develop a decision support
system in order to take into account the influence of multiple criteria and the
knowledge of different interested groups in simulating a consensus based
decision process [25-27].

4 Conclusions

This paper is focused on the issue of the integration of oil spill response
simulation tools into an extended simulation environment based on BBNs.
Furthermore, it is believed that the BBN based integrated modelling environment
under development would, at a later stage, also be applicable to a wide range of
oil spill response related negotiation problems, such as the allocation of oil spill
response resources and the assignment of the associated costs.
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