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Abstract
Polar and sub-polar regions are facing a trend of ice retreating and correspondingly increasing
maritime trafﬁ c. Consequently, the probabilities of ship accidents and oil spills in ice conditions
are likely to increase. Therefore, there is a need to carry out further studies on managing the
r e l e va n t o i l s p i l l r i s k i n i c e c o n d i t i o n s . Th e N o r t h e rn B a l t i c S e a a re a i s t a r g e t e d a s t h e s t u d y re g i o n
in this thesis, as one of the typical regions with large amount of shipping in ice conditions.
Current research on oil spills in ice conditions is diverse, however still a number of research gaps
exist, which pose important limitations to authorities to understand the effectiveness of and to
make strategic risk management decisions concerning the response and preparedness to oil spills
in ic e . The re is a l ack of mo d e l s f or as s e s s ing o il re c ove ry e f f e c t ive ne s s , w hic h al s o re s u l t s in a l ac k
of integrated system model for evaluating the holistic process of oil spill and recovery in ice
conditions. Therefore, this thesis focuses on these.
The work is divided into four parts: i) developing a theoretical risk-based framework and method
for guiding risk management for a system model; ii) establishing a holistic system model from ship
accident to response and recovery; iii) identifying critical factors in the system using the developed
framework and method; and iv) providing risk control options.
Firstly, the thesis develops a theoretical risk-based framework and method for guiding risk
management. More speciﬁ cally, a risk perspective in line with state-of-the-art risk research is
emphasized and a coupled modelling framework with the risk perspective is generated. In addition,
based on the aligned risk perspective and coherent risk modelling framework, a risk-based
framework and method for identifying the critical factors in a system is developed.
Meanwhile, a new oil spill response and recovery model for estimating oil recovery effectiveness
in ice conditions is created following the established modelling framework. The model suggests
that the recovery effectiveness in ice conditions is relatively low, which further indicates that
further risk control on critical factors is necessary. An integrated system model is generated which
d e s c r i b e s t h e p r o c e s s f r o m a c c i d e n t t o re s p o n s e a n d r e c o ve r y , i .e . i n c l u d i n g s h i p - s h i p c o l l i s i o n , o i l
outﬂow, oil drift and newly established response and recovery model. When applying the developed
risk-based framework and method to the established system model, the most critical factors in this
holistic system are identiﬁ ed.
Finally, developments are made towards one important risk control option in the response
system, i.e. response vessel operability in ice. This focuses particularly on dynamic ice, as it is one
of the most hazardous ice conditions. A transit model for the response vessel including independent
and escort navigation operation modes is developed, which is used to develop a response vessel
operability index that can be integrated in decision making processes and operational decision
support systems. Both the transit model and response vessel operability index are validated.
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Original features

This thesis aims to contribute to advancing the risk management of oil spill in
ice conditions, focusing on pollution preparedness and response (PPR). It includes the development of a model for assessing oil spill response and recovery
effectiveness in ice conditions; the establishment of a system model by integrating ship-ship accident occurrence, oil outflow, oil drift; and the newly developed
response and recovery model. A corresponding risk-based criticality method is
developed and applied to the system model, which further leads to the development of risk control, i.e. a model for assessing operability for response vessels
in one of the most severe ice conditions, namely, dynamic compressive ice. The
following features of this thesis are believed to be original:
1. A new risk-informed Bayesian Network model is established for assessing
oil spill response and recovery effectiveness in ice conditions. [PI, PII]
2. Case studies of varying factors are investigated and analysed, showing that
the effectiveness of oil spill recovery in ice conditions can be estimated under influencing factors. [PII]
3. A holistic system model is developed by integrating ship-ship accident occurrence, oil outflow, oil drift, and response and recovery model. [PIII,
PIV]
4. An improved risk-based criticality method for identifying critical factors is
developed and applied to the established system model. Critical aspects in
the system are identified. [PIV]
5. A model for assessing ship operability of oil spill response vessels in one
of the most severe ice conditions, dynamic compressive ice, is developed
for both independent navigation and escort operation. [PV]
6. A ship operability index is developed based on the model simulation outcomes, which can be used for further inclusion e.g. in GIS-based software
in the operational risk management of oil spill in ice conditions. [PV]
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1. Introduction

1.1

Background

The Northern Baltic Sea (NBS) is one of the most transited areas in the world
(Kuronen et al., 2009), and shipping in ice conditions is a common activity in
the NBS during its wintertime. Winter conditions usually begin in mid-November in the Bay of Bothnia and between mid-December and early January in the
Gulf of Finland and Sea of Bothnia, and last until mid-April in the Gulf of Finland and the beginning of May in the Bay of Bothnia (Jalonen et al., 2005).
With climate change, projected ice coverage and the length of the ice season
in the NBS may decrease in future, but ice is not going to disappear completely
from the region in the short term according to recent research (Höglund et al.,
2017). This being the case, general maritime traffic in ice conditions is likely to
increase as ice conditions become less severe, which may also increase the corresponding probabilities of maritime accidents and oil spills in ice conditions.
Considering the large amount of oil transportation in this region, and its steep
increase in the last decade (Brunila and Storgård, 2012; Kujala et al.,
2009; Rosqvist et al., 2017), research regarding the risk management of oil spills
in ice conditions is therefore urgently needed.
In addition, the Arctic and other sub-Arctic regions are also subject to the silimar change of retreating ice and potential increase of maritime traffic. The International Maritime Organization has released a guide on oil spill respone in
ice and snow conditions (IMO, 2017) concerning this oil spill risk. Therefore,
research on managing the risk of oil spill in ice conditions is not only essenital
to the NBS region, but it is also demanded and has potential impacts in other
ice-covered regions.

1.2
1.2.1

State of the art in oil spill risk management in ice
Oil spill risk in ice

The sources of oil spills in ice can be categorized mainly into two parts: offshore
oil drilling related activities, and ship-source oil. The focus in this thesis is the
latter. Ship-source oil spill risk relates to a comprehensive system. The existing
research is mainly concerned with two aspects: the causation aspects of oil
spills, and aspects of their consequences. If expressed in a classical bowtie risk

15

structure, the top event in the centre is the oil spill, with the causation factors
on the left, and consequences on the right side.
The causes of oil spills in ice can be found in ship collision, grounding, fire/explosion, foundering, and hull damage by ice (Transport Canada, 2017). These
events are usually induced by various internal and external hazards. Relevant
research has been conducted regarding this, e.g. Sahin (2015), Transport Canada (2017), Afenyo et al. (2017), Baksh et al. (2018), Khan et al. (2018), Zhang
et al., (2019), and Khan et al. (2020). In addition, Jalonen et al. (2005), Kum
and Sahin (2015), Valdez Banda et al. (2015), and Goerlandt et al. (2017a) analysed ship accidents occurring in ice-covered waters. There is relatively limited
research directly towards the causal aspects of oil spills in ice compared with
open water. However, there is also indirect research related to, e.g. route planning in ice (Kotovirta et al., 2009; Choi et al., 2015; Lehtola et al., 2019), analysis
of besetting in ice (Fu et al., 2016; Mussells et al., 2017), and ice loading research
(Kujala, 1994; Suominen, 2018; Kujala et al., 2019, etc.), which aim to reduce
the risk of hull damage by ice.
The consequences of oil spills in ice are also researched from various fields.
Payne et al. (1991), Venkatesh et al. (1990), Afenyo et al. (2016a, 2016b), and
Arneborg et al. (2017) reviewed and modelled oil weathering and transport in
sea ice conditions. Extensive research projects have also been conducted concerning oil spills and response in ice-covered waters, such as Arctic Response
Technology Joint Industry Program (ART-JIP) and SINTEF (Stiftelsen for industriell og teknisk forskning) Oil In Ice JIP (ART-JIP, 2012; Sørstrøm et al.,
2010). In addition, Knol and Arbo (2014) discussed Norwegian experience and
perspectives on oil spill response in the Arctic. EPPR (2017) performed research
regarding oil spill response in the Arctic region, focusing on the response viability of the deployment of different recovery options in corresponding Arctic environments. Wilkinson et al. (2017) reviewed oil spill response capabilities and
technologies for ice-covered Arctic waters on weathering and modelling, oil detection and monitoring, and oil spill response techniques, including mechanical
recovery, dispersant use, and in situ burning. Wenning et al. (2018) summarized
current practices supporting oil spill risk assessment in Arctic. Meanwhile, the
impacts of oil spills on Arctic marine ecosystems have been studied, see e.g. Carroll et al. (2018), Nevalainen et al. (2018), Toxværd et al. (2018), Camus and
Smit (2019), Helle et al. (2020), as well as the valuation of ecosystem services
(Noring et al., 2016).
Table 1 summarizes the literature in terms of oil spill risk in ice mentioned in
this section, as well as those in terms of risk management of oil spill in next
section.
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Risk management of oil spill

Oil spill risk in ice

Table 1. State of the art in oil spill risk management in ice.

1.2.2

Causes
Direct research:
Internal and external hazards:
Sahin (2015), Transport Canada (2017), Afenyo
et al. (2017), Baksh et al. (2018), Khan et al.
(2018), Zhang et al., (2019), Khan et al. (2020);
Ship accidents analysis:
Jalonen et al. (2005), Kum and Sahin (2015),
Valdez Banda et al. (2015), Goerlandt et al.
(2017a);
Indirect research:
Route planning and besetting in ice:
Kotovirta et al. (2009), Choi et al. (2015), Fu et
al. (2016), Mussells et al. (2017), Lehtola et al.
(2019);
Ice loading:
Kujala (1994), Suominen (2018), Kujala et al.
(2019), etc.

Consequences
Oil weathering and transport review and modelling:
Payne et al. (1991), Venkatesh et al. (1990),
Afenyo et al. (2016a, 2016b), Arneborg et al.
(2017);
Comprehensive research project:
SINTEF Oil In Ice JIP (Sørstrøm et al., 2010),
ART-JIP (ART-JIP, 2012);
Oil spill response capabilities and technologies:
Knol and Arbo (2014), EPPR (2017), Wilkinson et al. (2017), Wenning et al. (2018);
Arctic marine ecosystems:
Noring et al. (2016), Carroll et al. (2018), Nevalainen et al. (2018), Toxværd et al. (2018),
Camus and Smit (2019), Helle et al. (2020).

Framework:
ISO 31000:2018 (ISO, 2018);
Guidelines:
HELCOM (2018a), EPPR (2020);
Comprehensive assistance systems:
Finnish-Swedish Winter Navigation System
(FSWNS), The Polar Code (IMO, 2016);
Review on preventing shipping accidents:
Kulkarni et al. (2020), Gil et al. (2020).

Oil spill response countermeasures and tools:
Ventikos et al. (2004), Oil Spill Response
Guide (OSRG) in SINTEF Oil In Ice JIP (Sørstrøm et al., 2010), EPPR (2015), IMO (2017),
Net Environmental Benefit Analysis (NEBA) information support tool in ART-JIP (Camus and
Smit, 2019), Parviainen et al. (2021).

Risk management of oil spill

Risk management can be defined as the process of analysing, selecting, implementing, and evaluating actions to reduce risk (IRGC, 2006; HELCOM, 2018a),
for which a framework is clearly outlined in ISO 31000:2018 (ISO, 2018). In
general, risk management can be categorized into strategic and operational risk
management in terms of its decision related purpose. Strategic risk management considers risks in a holistic manner, facilitating long-term decision-making, e.g. planning and preparedness in the pollution response system. Operational risk management focuses more on dealing with risks within ongoing operations. The two most recent high-level overviews of risk management of oil
spill are the Guideline for Arctic Marine Risk Assessment (EPPR, 2020), which
focuses on the Arctic, and the OpenRisk Guideline for Regional Risk Management to Improve European Pollution Preparedness and Response at Sea (HELCOM, 2018a), which is not limited to ice conditions. In both documents, extensive tools and methods are suggested and discussed within the risk management
framework in ISO 31000:2018.
The risk management with respect to the causal aspects before the oil spill
mainly concern ship traffic and navigational risk management. Relevent tools
and methods are mentioned by EPPR (2020) and HELCOM (2018a). Additionally, comprehensive assistance systems, e.g. the Finnish-Swedish Winter Navigation System (FSWNS) in the NBS, are utilized to reduce the occurrence of accidents in ice. The Polar Code (IMO, 2016) was also introduced in polar waters
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to provide guidance for ships operating in ice from a more comprehensive perspective for the avoidance of accidents. Recent papers by Kulkarni et al. (2020)
and Gil et al. (2020) reviewed the research on preventing shipping accidents,
but not limited to ice conditions. And Gil et al. (2020) focues more on operational risk management, i.e. shipboard decision support systems for accident
prevention.
The risk management on the consequence side, after the oil spill, mainly concerns response and environmental risk, i.e. spilled oil risk management. Quite
a number of models are described in the overview of EPPR (2020) and HELCOM (2018a), but generally, there is a lack of holistic models in terms of response and recovery, especially in ice conditions. This is, however, of importance because states should have capacity for responding to pollution
whether in the NBS or the Arctic, according to the HELCOM agreement and
Arctic Council agreement for marine Pollution Prepardness and Response
(PPR) (HELCOM, 2019; Arctic Council, 2013). Ventikos et al. (2004) summarized a high-level synthesis of oil spill response equipment and countermeasures for general water conditions. Some attemps were made to draft a generic
Oil Spill Response Guide (OSRG) for giving recommendations for response
measures in ice-covered waters in SINTEF Oil In Ice JIP (Sørstrøm et al., 2010).
Guides on oil spill respone in ice conditions have been introduced (EPPR, 2015;
IMO, 2017) and are receiving increasing attention. In addition, a Net Environmental Benefit Analysis (NEBA) information support tool was introduced in
ART-JIP (Camus and Smit, 2019). Parviainen et al. (2021) reviewed and compared state-of-the-art research into spilled oil risk management with Bayesian
Networks, focusing on analysing how the models can help to implement the ISO
31000:2018 risk management framework in practice.

1.3

Objectives and structure of the thesis

Through this survey of the state of the art of oil spill risk management in Section
1.2, it can be seen that the research is extensive overall. Risk management of
both the causal and consequent aspects are important and needed. Although
risk management on causal aspects can reduces the risk of accidents, it is still
difficult to totally ensure a non-accident condition for long term. Therefore, risk
management on the consequence side should always be in place. As also mentioned in Section 1.2.2, the states in the NBS should have enough capacity for
responding to potential pollutions. Therefore, this thesis focuses on risk management of oil PPR in ice conditions in the NBS.
It can be seen from Table 1 that there is some research on risk management of
oil PPR in ice conditions. However, the current research and guides are generally in qualitative manner and there is a lack of study of how effective the oil
spill response and recovery could be. Without good estimation of response and
recovery effectiness, it is not clear how adequately states are prepared in the
case of an oil spill in ice. Meanwhile, there is also a lack of holistic system modelling from the accident to the oil spill response and recovery in ice conditions
in NBS, although research on some individual parts is diverse. The absence of a
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model for estimating the response and recovery effectiveness may be one of the
reasons for lacking a holistic system model. Consequently, an advanced risk
management approach will also lack a solid ground without a holistic system
model.
In addition to the applications in risk management, the principles underlying
risk management is of importance. Although, as listed in Table 1, the framework
in ISO 31000:2018 is advanced and widely applied, risk itself as a scientific discipline is currently receiving increasing focus and discussion in relation to fundamental issues (Goerlandt, 2015; Aven, 2016), especially the inclusion of the
strength of evidence in risk representation (Goerlandt and Reniers, 2016, 2017;
Flage and Aven, 2017, 2018). Therefore, it is important to root studies strongly
in the foundations of risk when conducting risk management related work,
which will then further improve the risk management in general.
Therefore, the overall objective of this thesis is to apply advanced risk management practices and theory to a holistic system model from the accident stage
to the oil spill response and recovery phase, as shown in Figure 1, so that the
risk assessment of the COOR system can be implemented, and potential risk
controls can be proposed accordingly, in order to improve the oil spill response
and preparedness in ice conditions. According to Goerlandt et al.
(2017a) and Valdez Banda et al. (2015), collision accidents are the main potential accident type in ice, with a potential to oil spill, e.g. Runner 4 (Wang et al.,
2006), lead to spills in ice conditions in the NBS. Therefore, the focus here is
on collision accidents as defined in Figure 1.

Figure 1. Collision-Oil spill-Oil drift-Response and recovery (COOR) system

In order to achieve the overall objective, a model for assessing response and
recovery effectiveness for one response vessel needs to be generated, and then
the model can be integrated with other relevant models in the COOR system in
order to form a system model as in Figure 1. However, before that, it is also very
important to firstly bring the coherent risk perspective to be applied in line with
state-of-the-art risk foundations, and to develop a risk-based framework and
method, so that, when building the corresponding model and system, the risk
perspective is coherent and the risk-based framework and method for identifying the critical aspects in the system are coherent. When applying the developed
risk-based framework and method to the established COOR system model, the
most critical factors influencing the system response and recovery effectiveness
can be identified. This can be regarded as a strategic risk management process
19

which helps target the most important factors to improve long-term PPR performance. Based on these identified factors, risk controls can be proposed which
can be used either for operational or strategic risk management. This thesis targets one of the identified factors, response vessel operability in ice, for risk control. The specific objectives are listed as following:
Objective 1: Develop a risk-based framework and method for modelling and to
identify critical factors in a system model from a risk management perspective.
- How to establish modelling in line with the state-of-the-art risk perspective so that it can be used coherently in risk analysis? [PII]
- How to identify critical factors in the system model to be established for
oil spill response and recovery so that efficient risk control can be targeted to improve the system? [PIV]
Objective 2: Generate a model for understanding oil spill response and recovery and for estimating oil recovery effectiveness in representative winter conditions based on one response vessel.
- How to combine various evidence so as to model the response and recovery process in order to estimate the oil recovery in ice? [PI, PII]
- What is the possible oil spill recovery effectiveness in ice conditions in
the NBS? [PII]
Objective 3: Develop an integrated system model which describes the process
from accident to response and recovery, i.e., including ship-ship collision, oil
outflow, oil drift, response and recovery models, and identify critical factors.
- How to integrate a system-level model from collision accident to response and recovery phase? [PIII, PIV]
- What are the most critical aspects influencing system response and recovery in the COOR system? [PIV]
Objective 4: Develop an alternative risk control option based on one of the
identified critical aspects: response vessel operability in ice.
- How to model the transit ability of response vessels for individual navigation and assisted navigation under escort of an icebreaker in case of a
severe ice condition? [PV]
- How to enable the quick operability assessment for response vessel in
severe ice conditions based on transit modelling so that it can be used
for decision making with regard to sending the right ship with appropriate operation mode to respond, and so that it can be easily embedded
into a GIS-based tool for oil spill response? [PV]
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Figure 2. Links between research objectives, publications, and structure of the thesis

Figure 2 presents the links between the research objectives and corresponding
publications (PI to PV), as well as the general structure of the thesis, as indicated
by section numbers.
Objective 1 aims to establish a coherent risk perspective to guide modelling,
as well as a risk-based framework and method to identify critical aspects in a
system. Meanwhile, it is also influenced by the modelling approaches to be applied in Objective 2. Objective 2, to achieve a model for assessing oil spill response and recovery effectiveness, is carried out under the risk perspective and
the model is further integrated to a system model in Objective 3 so that the complete COOR system is modelled. After that, the risk-based perspective, framework and method from Objective 1 are applied to the established COOR system
generated through Objectives 2 and 3 so that the most critical aspects in the
system can be identified, which further leads to Objective 4, i.e. to develop a
model and index for response vessel operability, which can be used for making
a map layer in a GIS tool, e.g. Next Generation Smart Response Web (NG-SRW)
(HELCOM, 2018a) for further risk control. Objectives 1 to 3 are in the domain
of strategic risk assessment in risk management, and Objective 4 mainly addresses operational risk treatment as part of risk management (HELCOM,
2018a; ISO 31000:2018).
In general, the structure of this thesis is as follows. Section 2 outlines the risk
perspective and develops a risk-based framework and method for risk management. Section 3 establishes the COOR system model. Section 4 initiates a model
for risk control. Section 5 presents conclusions and future work.
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1.4

Limitations

This thesis focuses on oil spill risk management in ice conditions in the NBS
region. Therefore, the response and recovery method used here follow the regionally agreed requirements in the NBS area, where the use of chemical agents
and other non-mechanical means is restricted by a recommendation adopted
by HELCOM (2001). Therefore, a mechanical recovery method is applied in the
modelling.
A further scope restriction is the focus on Tier-2 or 3 oil spills (see, e.g., IMO,
2010; IPIECA and OGP, 2016) from ship-ship collision accidents, which need
regional collaboration. If such oil spills occur, existing risk analyses (Valdez
Banda et al., 2015; Goerlandt et al., 2017) suggest that these spills are caused by
accidents in open areas, i.e., not near coasts. In addition, the main concern relates to oil shipping in ice conditions in the NBS, therefore the struck vessels are
limited to oil tankers.
In the system model, only the Finnish response fleet is considered, and dynamic interactions between the response vessels are not included. In addition,
the changes of oil conditions are not modelled after the response vessel arrives.
Other possible tactical approaches and fleet coordination applied e.g. in open
waters (Zhang et al., 2021a; 2021b) in response and recovery are not included
in the modelling. In addition, the representative winter conditions may still
have limitations to represent all possible scenarios for very mild, mild, average
and severe winter conditions.
In the proposed risk control, only one critical aspect, i.e., response vessel operability, is addressed in risk treatment, as the focus of this thesis is on oil PPR
side, and the other identified critical aspects on the accident side are to be further studied in future work.
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2. Risk-based perspective, framework,
and method

This chapter addresses Objective 1, as described in Section 1.3, aiming to develop a risk-based framework and method to identify critical factors in a system
model. Before the development of the framework and the method, it is important to establish and emphasize an aligned risk perspective and coherent risk
modelling approach as a coherent basis. Therefore, Section 2.1 focuses on emphasizing the risk perspective in line with state-of-the-art risk research, and on
establishing modelling framework in light of the risk perspective. Based on that,
Section 2.2 further develops the risk-based framework and method in risk analysis in order to identify the critical factors in the system to be analysed.

2.1
2.1.1

Risk perspective and modelling framework
Risk perspective

The need to clarify the risk perspective is increasingly suggested in risk applications as it may cause confusion in risk management and communications if the
risk perspective is not explicit, e.g., whether a realist or constructivist risk foundation is adopted (Goerlandt, 2015). Therefore, this section starts with the risk
perspective applied in this thesis.
Risk is understood here as the occurrence of certain specified consequences of
an activity and its associated uncertainties, in light of the strength of evidence
indicated, which is in line with state-of-the-art risk research (Aven, 2013; Goerlandt and Reniers, 2016; SRA, 2018). Correspondingly, the risk perspective can
be represented as
R ~ (C, Q, SoE | BK)

(1)

where C represents the consequences of the activity, Q a quantified measure of
the uncertainties associated with this consequence, and SoE a qualitative description of the strength of evidence for the quantified uncertainty measure. BK
is the background knowledge, to which the risk description is conditional. That
is, risk is described here in terms of the consequences and uncertainties with
the indication of the strength of its underlying evidence, and all these are conditional to the background knowledge established.
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2.1.2

Modelling framework

Based on the risk perspective shown also in Figure 3, the modelling is correspondingly divided into three stages: background knowledge (BK), consequences and their quantified uncertainties (C-Q), and the strength of evidence
of the uncertainty measures (SoE). BK is based on the combination of three approaches: a literature review, an excursion to an oil combating vessel, and expert
inputs (PI). C-Q is modelled by Bayesian Networks (BNs), a widely applied tool
in risk modelling (Fenton & Neil, 2012; Yang et al., 2018; Parviainen et al.,
2021), which can express the consequence and its probability. The feature of
BNs in presenting complex problems graphically, coping with uncertain and unobserved variables and incorporating different types of evidence makes it
unique and suitable for the modelling here. Details regarding BNs are further
illustrated in Section 3.1. In general, BNs are composed of qualitative and quantitative parts. The qualitative part includes the model content (variables) and
structure (links) and the quantitative part contains discretization and parameterization (Pitchforth and Mengersen, 2012). Finally, SoE assessment is conducted on each aspect of the model from a classification of different sources or
manifestations of the evidence. Section 2.2 will describe this in detail.
The modelling framework is summarized in Figure 3. The point of emphasizing the framework is twofold: 1) to make the risk perspective and risk modelling
explicitly coupled, which improves the credibility and communications based
on it, and which is often not clearly seen in earlier work within the relevant context of maritime BNs risk applications; 2) to make the aspects and structure of
the BN apparent, which is useful in the following development of the framework
and method for identifying critical factors in the system.
Modelling framewrok

C-Q

BK

Risk Perspective: R ~ (C, Q, SOE | BK)]

State-of-theart literature

Oil combating
vessel
excursion

Expert Inputs

Model
structure

Model content

Model
Discretization &
Parameterization

BN Approach

SOE

Modelling Procedure

SOE
assessment

Figure 3. Framework of the model development process, in line with the risk perspective. (PII)
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2.2
2.2.1

Framework and method for identifying critical factors
General framework

Risk analysis is an important step in risk management, and it is also an essential
step towards determining critical factors in the analysed system so that the most
effective risk controls can be implemented on them to reduce risk.
There are relatively limited options for determining the efficient risk control
targets from a risk analysis model of large-scale systems. van Dorp and Merrick
(2011) and Valdez Banda et al. (2016) made a prioritization based on probability
reduction of the consequence. Helle et al. (2015) applied a cost-benefit analysis
approach, which is also adopted in Formal Safety Analysis (FSA), for oil spill
management. Hänninen & Kujala (2012) ranked system components based on
the sensitivity of the variables. However, SoE is not fully considered in these
methods, even though it is gradually becoming highly emphasized in risk research as part of the foundations of risk analysis as mentioned previously.
Therefore, it is necessary to root the risk management related work into the fundamental component of risk: SoE. Without considering SoE, the criticality assessment method does not reflect the influence of the SoE. For example, a BN
model is composed by model content (variables), structure (links), discretization and parameterization as described in Section 2.1.2. The four aspects are
established based on various evidence, therefore the SoE supporting them has
important influence on the model, thus sole sensitivity analysis may be not able
to reflect the full picture of which varibales are critical. Therefore, there is a need
to more explicitly and systematically consider the importance of SoE, together
with sensitivity analysis, in risk management when identifying the critical aspects in a risk analysis for a large-scale system as a basis for selecting risk control options.
Goerlandt & Montewka (2015) combined both sensitivity and the SoE to rank
the important factors in a maritime system. However, the SoE assessment on
the system only focuses on the evidence categorizations and does not cover the
aspects of modelling, i.e., model variable (MV), model structure (MS), model
discretization (MD), and model parameterization (MP), as mentioned in Section
2.1.2. Therefore, a more comprehensive methodology for identifying critical aspects for a large-scale system is further developed here, which considers both
evidence categorizations and modelling features.
The framework is structured as in Figure 4. Under the risk perspective (RP),
risk analysis (RA) is applied to subsequently reach risk control (RC) stage. In
RA, sensitivity analysis (SA), and strength of evidence (SoE) are combined to
identify the critical factors. SA focuses on the outcome part from BN modelling
(C-Q). SoE assessment targets on the modelling features of BN model, i.e.,
model variable (MV), model structure (MS), model discretization (MD), and
model parameterization (MP), which has not been focused enough in earlier research.
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Figure 4. Framework for identifying critical system risk aspect. ED, EM, EJ, and EA are four main
evidence aspects, representing data (ED), model (EM), judgement (EJ) and assumption (EA).
ICF stands for the identified critical factors. (PIV)

In general, three groups, low, medium, and high, are classified in SA, according to the sensitivity results. The distinction of the three sensitivity levels is
based on the difference of the magnitude of the sensitivity, which is considered
sufficient to make a distinction for the parameter importance. Five levels, low,
low-medium, medium, medium-high, and high, are categorized in SOE assessment following relevant literature in e.g. Goerlandt et al. (2017). Table 2 shows
the principle adopted in classifying critical factors when combing the results
from the two methods. The variables are grouped into three critical levels C1–
C3, as shown in Table 2. In this way, the most critical factors in the system can
be identified and can be targeted in RC stage from risk management perspective.

Sensitivity

Table 2. Classification of critical aspects by combing SoE and sensitivity analysis methods. C1
represents the most critical factors, C2 represents the minor critical, and C3 represents the least
critical ones. (PIV)

2.2.2

High
Medium
Low

C1
C1
C2
Low

C1
C1
C2
L-M

C1
C2
C3
Medium

C1
C2
C3
M-H

C1
C2
C3
High

SoE

Comprehensive SoE assessment on BN features

To implement the framework in Section 2.2.1, one of the key elements is the new
SoE assessment scheme, as shown in Figure 5. It further develops SoE assessment towards a more comprehensive assessment of each BN modelling feature
(MV, MS, MD, MP). The SoE assessment method suggested by Goerlandt and
Reniers (2016) is used as a basis, i.e., SoE is assessed on the basis of four main
evidence items: data (ED), model (EM), judgement (EJ), and assumption (EA),
as shown in Table 3. ED is assessed based on the data quality and the amount
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of data, whereas EM is assessed based on their empirical validation and theoretical viability. PIII describes the criteria for ED, EM, EJ, and EA in detail.
However, each BN modelling feature (MV, MS, MD, MP) has its own functions
inside the model. When implementing SoE assessment on each feature, it is important to ensure that the assessment really addresses the SoE of that feature in
line with its functionality in the model. Therefore, Table 4 is designed, and it
lists questions to be addressed by SoE for each feature respectively in order to
clearly target the assessment. Questions under each feature only focus on the
SoE assessment relating to the corresponding functionality of that feature. The
assessment criteria will be applied to address the questions listed for different
modelling features. Thus, even the same evidence used for the same node in a
BN model, may have different SoE result in each aspect (MV, MS, MD, MP).
Table 3. SoE assessment classifications. (PIV)
Main item
Sub item
Classification

Data
Quality

SoE
Model
Judgement
Empirical
Theoretical
Amount
validation
viability
Low | Low-medium | Medium | Medium-high | High

Assumption
-

Table 4. The questions to be addressed by SoE for each model aspect. (PIV)
Model aspect
MV
MS
MD
MP

The questions to be addressed by SoE
What & (how strong) is the evidence to include this variable?
What & (how strong) is the evidence to support the links on the nodes?
What & (how strong) is the evidence to be in favor of the discretized states?
What & (how strong) is the evidence to back the CPT of each state?

Figure 5. SoE assessment of the BN model features. (PIV)

The assessment classifies the SoE of MV, MS, MD, and MP into five category
levels: low, low-medium, medium, medium-high, and high. In this way, the
model will be fully assessed from each aspect. Thus, the individual SoE results
for each node in the model are in a 4x4 matrix as shown in Table 5. Expression
(2) is applied to obtain the overall SoE for the node, i.e.
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(2)

n =  ሺ ݊ ሻ




where n is the overall SoE value for the node and ݊ is the individual SoE for
each aspect, with i = 1, 2, 3, and 4 denoting MV, MS, MD, and MP respectively;
and j = 1, 2, 3, and 4 representing ED, EM, EJ, and EA respectively. It firstly
takes the maximum value from each row, meaning that the corresponding individual SoE for each model feature is determined by the strongest evidence, regardless of its evidence type (ED, EM, EJ, EA). Then it takes the minimum value
from the four BN modelling features, i.e. considering that the weakest feature
determines the final overall SoE rate. The minimum approach for model features is regarded as a more conservative treatment. In addition to this approach,
the average and weighted approaches are also compared in the discussion section in PIV.
Table 5. Example of SoE matrix results. ݊ is a number 0–4, representing the quantified fivelevel classifications: low, low-medium, medium, medium-high, and high. (PIV)
MV
MS
MD
MP

ED
n11
n21
n31
n41

EM
n12
n22
n32
n42

EJ
n31
n23
n33
n43

EA
n14
n24
n34
n44

In this way, the overall SoE index for each node in BN model can be obtained.
After incorporating the sensitivity index, which can be calculated through the
in-built algorithm in the BN software (Coupé and van der Gaag, 2002), the most
critical factors can be identified accordingly by following the principles in Table
2.
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3. COOR system modelling

This chapter addresses Objective 2 and Objective 3, as described in Section 1.3.
Section 3.1 focuses on Objective 2, aiming to develop a new oil spill response
and recovery model for estimating oil recovery effectiveness in ice conditions
for one response vessel. Section 3.2 analyses the recovery effectiveness outcomes. Sections 3.3 and 3.4 target Objective 3. Section 3.3 establishes the COOR
system model, and Section 3.4 identifies the most critical factors in the system
by applying the framework and method developed in Section 2.2.

3.1

Oil spill response and recovery model development

As mentioned in Section 2.1.2, Bayesian Networks (BNs) are selected as a risk
modelling tool because they have many favourable features. One feature is that
BNs can present relatively complex problems and cope with uncertain and unobserved variables, while also having a graphical dimension. This makes BNs
suitable for modelling complex problems, with the additional benefit of being
able to incorporate different types of evidence in the model construction. In addition, the ability to explicitly handle uncertainty and to communicate about evidence strength is a vital part of risk management of complex risks (Parviainen
et al., 2021). Therefore, it is applied here for the modelling of oil spill response
and recovery in ice conditions.
In mathematical terms, BNs represent a class of probabilistic graphical models, defined as a pair ' = ^G(V, A), P` (Koller & Friedman, 2009), where G(V, A)
is the graphical component and P the probabilistic component of the model.
G(V, A) is in the form of a directed acyclic graph (DAG), where the nodes represent the variables V = ^V1, …, Vn` and the arcs (A) represent the conditional
(in)dependence relationships between them. P consists of a set of conditional
probability tables (CPTs) P(Vi|Pa(Vi)) for each variable Vi, i = 1, …, n in the network. Pa(Vi) signifies the set of parents of Vi in G: Pa(Vi)=^Y  V|(Y, Vi)`. A BN
encodes a factorization of the joint probability distribution (JDP) over all variables in V (Goerlandt and Montewka 2015):
n

P V

 P V | Pa V
i

i

(3)
In a BN model, the variable V is considered as the model variable, and G(V, A)
composes the model structure. These are the qualitative part of the BN model.
i 1
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P is the quantitative part, including discretization and parameterization, which
converts the various evidence to CPTs and complete the BN model.
The qualitative modelling starts with exploring the background knowledge
(PI) and systemizing it for use as the basis for building an initial model. After
the creation of the initial model, oil spill and response experts are invited and
interviewed separately in three sessions to evaluate the model content and
structure. The session is organized systematically, based on documented model
information where each variable is allocated an ID card, showing the contents
and definition of the variable and its links to other variables, i.e., parent node(s)
and child node(s). A tentative model is generated after each session for the following evaluation. Therefore, a mature qualitative model is formed after three
sessions, i.e. M4 in Figure 6.

Figure 6. Detailed BN modelling procedure in terms of model content and structure. (PII)

The quantitative modelling includes an analysis of available evidence, as well
as utilizing, processing, and discretizing the evidence and translating it into conditional probability tables (CPTs), creating the finite number of mutually exclusive states of the consequences where corresponding probabilities are applied.
The evidence utilized is from the four main categories, as in Table 3. For example, in term of CPT for variable Oil Layer Thickness on Surface, oil weathering
and transport data simulated by the SeaTrack Web model is utilized and processed. The variable is firstly discretized into eight states for its CPT and then
the simulated data is classified according to the states of its parent nodes. The
probability of the data falling into each discretized state of the variable is then
calculated under each parent node states. More detailed quantitative modelling
procedures for each variable are presented in Section 4 in PII.
The established model includes eight sub-models, as shown in Figure 7. One
of them is the sub-model for output, i.e., Recovery Effectiveness. The other
seven represent the main bodies of the BN model, covering various interconnected clusters representing system and situational characteristics that affect
recovery effectiveness: Oil Spill, Response, Forcing Representative Scenarios,
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Weathering and Transport, Atmospheric Environment, Sea Ice Environment,
and Recovery.

Figure 7. BN sub-model structure, reflecting the general stage and process. The detailed BN
model is shown in Figure 8. (PII)

Figure 8. Full BN model for oil spill response and recovery in ice conditions. (PII)

The division of the BN sub-models is based on the general stage and process
from oil spill to recovery. The Oil Spill sub-model represents the beginning of
the oil spill and contains variables corresponding to oil spill-related characteristics that affect subsequent oil drifting conditions. When an oil spill occurs, oil
spill response will start accordingly. The Response sub-model contains the essential elements to reflect the operability of a response vessel and the time required to arrive at the spill location in the ice conditions under each forcing representative scenario. The Forcing Representative Scenarios sub-model consists
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of representative sea ice and relevant forcing conditions for very mild, mild, average, and severe winter seasons. Likewise, when the response vessel is traveling to the spill site, the spilled oil is also in the process of weathering and
transport under representative forcing scenarios. The Weathering and
Transport sub-model gives the outcomes of oil behaviour with variables important to oil recovery. When the response vessel arrives at the spill area, the
recovery operation begins. Local atmospheric and sea ice environment conditions will affect the recovery operation. These aspects are considered in the submodels Atmospheric Environment and Sea Ice Environment. Recovery effectiveness is assessed in the Recovery sub-model by focusing on the external factors of the recovery system, i.e., environmental and operation conditions and
the internal impactors affecting the recovery system, i.e., oil behaviour and
properties. The full model is shown in Figure 8.

3.2

Recovery effectiveness

After development of the model, oil spill recovery effectiveness in ice conditions
as a model outcome is assessed by setting each state of the input parameters.
Each state of Spill Size, Oil Type, Accident Location, Port Location, and Forcing
Scenario is selected in turn to represent a scenario so that overview of the oil
spill recovery effectiveness can be obtained from the BN model. Those results
can then be used as reference valuess for recovery effectiveness for different oil
spills in different conditions as there currently is no such information available
in the literature. These results are shown in Figures 9–12. Assumed spill location A1 (24.85 Lon, 59.8 Lat) is in the Gulf of Finland, and A2 (22.5 Lon, 64.2
Lat) in the Bay of Bothnia. The spill sizes of 100, 2000, and 20 000 m3 represent
small, medium, and large oil spills, respectively. Port refers to the port location
from which a response vessel leaves to combat the oil. The ‘other’ state means
that the oil area is large and that it takes too much time to apply this recovery
approach, and hence the uncertainty is high.
Figure 9 shows the results in very mild winter conditions. In the figure, recovery effectiveness means the estimated percentage of oil recovered, and probability is the likelihood of occurrence of that corresponding recovery effectiveness. By comparing the left with the right part, it can be seen that there is no
significant difference between the two representative port locations in very mild
winter conditions. By comparing the top with the bottom part, it can be seen
that accident location A2 makes the oil recovery of medium crude oil only marginally possible, i.e., the circles can be seen at different recovery effectiveness
levels. A small drop is seen in the case of medium-spill-size heavy crude oil recovery, which may be caused by the longer distance to travel to A2 compared
with A1. In very mild winter conditions, it is generally possible to recover some
heavy crude oil. The general probability is around 20% for an overall 50% recovery effectiveness in the small-size spill scenario, and the probability and recovery effectiveness decrease with the increase of the spill size.
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Figure 9. Recovery effectiveness comparisons in terms of the variables: Spill Size, Oil Type,
Accident Location, and Port Location, in very mild winter. (PII)

Figure 10 shows the results in mild winter conditions. As in the case of very
mild winter conditions, port location has almost no effect on the results. However, different accident locations lead to quite different results. In location A1,
most probabilities locate in the range 0–30% for heavy and medium crude oil
in small and medium-size spills, and the probability decreases with the increasing spill size. The recovery of large spills is uncertain, i.e., in the ‘other’ state. In
location A2, where the ice condition is more severe than in A1, the probability
narrows to only recover a small spill of heavy and medium crude oil mainly, but
also allows 0–25% recovery effectiveness of large spill of gasoline, light diesel,
or medium crude oil.
Figure 11 shows the results during an average winter. Port location has a small,
but very limited effect. Accident location has some effect, as in the mild winter
condition. Therefore, general recovery effectiveness is quite similar to that in
mild conditions, with some small variations.
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Figure 10. Recovery effectiveness comparisons in terms of the variables: Spill Size, Oil Type,
Accident Location, and Port Location, in mild winter. (PII)

Figure 11. Recovery effectiveness comparisons in terms of the variables: Spill Size, Oil Type,
Accident Location, and Port Location, in average winter. (PII)
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Figure 12. Recovery effectiveness comparisons in terms of the variables: Spill Size, Oil Type,
Accident Location, and Port Location, in severe winter. (PII)

Figure 12 shows the results in severe winter. The port and accident location
effects are similar as in the case of other winter conditions. In location A1, it can
be seen that severe winter conditions lower the probabilities of recovering heavy
or medium crude oil in general. Meanwhile, location A1 gives probabilities for
recovering light diesel and gasoline at very low recovery effectiveness. In the
case of location A2, a severe winter does not have further obvious effect than
average winters. Similar results are seen as in the case of mild and average winters, with a slightly more than 50% probability for 0–25% recovery effectiveness, slightly more than 20% probability for 25–50% recovery effectiveness and
around 10% for 50–75% recovery effectiveness for a small spill of heavy and
medium crude oil.
In general, the overall oil spill recovery effectiveness is low in ice conditions.
The possible recoveries are mainly for small-size spills of heavy and medium
crude oil. Other oil-type and -size spills are less likely to be recovered effectively.
This could already indicate that the response capability for oil spills in ice conditions may be not be sufficient even considering the response fleet. Therefore,
it becomes more crucial to get insights into the whole response system in terms
of potential accidents in ice conditions, into how to manage the risk of oil spill
in the realistic scenarios, and into what are the critical aspects to further control
the risk. This will be further explored in next sections.
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3.3

COOR system model development

An integrated system model representing realistic scenarios is established in
this section so that further explorations into critical factors can be conducted
and risk controls can be implemented later in order to manage oil spill risk in
ice conditions.
As mentioned in Section 1.3, collision accidents are the main potential accident type which may lead to spills in ice conditions in the NBS. Therefore, collision accidents of oil tankers are considered as sources of oil spills, henceforming
a Collision-Oil spill-Oil drift-Response and recovery (COOR) system.
As shown in Figure 13, the COOR system is made up of four main models: an
accident model, a collision damage and oil outflow model, an oil drift model,
and a response and recovery model. The models are applied to particular contexts, which are included in the system model as representative forcing scenarios (RFS) (including atmosphere, current, and ice conditions) and representative accident locations (RAL).

Figure 13. Composition of the COOR system. (PIV)

The accident model here refers to how the two ships collide, which includes
information about the ships and the collision scenarios. The ship information is
based on the Automatic Identification System (AIS) data in the NBS, i.e. according to the ship transportation records in this area. Furthermore, representative
ships are generated based on the dataset and relevant ship types, see details in
Goerlandt et al. (2017b). In total, sixteen tanker sizes are generated as representative struck tankers to cover the range of all the operating tankers recorded
in the NBS. Due to the limitation of the software simulation, four representative
tanker sizes are selected for the simulations here. Table 6 lists the representative
tanker information. Meanwhile, two vessels are selected as representative striking ships: an icebreaker (6 430 DWT) and a large cargo ship (28 429 DWT),
based on an accident analysis by Goerlandt et al. (2017a). The collision scenario
is also based on this accident analysis, and is here simplified to three striking
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speeds, two impact locations, and two impact angles. The simulated accident
locations are chosen based on traffic density maps of winter navigation in the
area (Lensu and Goerlandt, 2019). Detailed coordinates can be found in model
discretization for parameter Representative Accident Location in Appendix A
in PIV.
Table 6. Oil tanker characterizations. (PIV)
ID
[-]
T1
T4
T6
T15

Length
L [m]
83.5
148.0
159.0
243.6

Width
B [m]
13.5
21.6
27.0
42.2

Draught
T [m]
5.3
8.6
10.7
15.2

Depth
D [m]
7.0
11.2
15.7
21.8

Deadweight
DWT [tonnes]
3232
15000
37000
136000

The collision damage and oil outflow model assume that collision accidents
can happen as scenarios set in the accident model. The model by Heinvee and
Tabri (2017) is utilized to identify the penetration depth and the probability of
inner hull breaching. The model is developed for application contexts where
only very limited structural data is available for the ships participating in the
accident, thus making it suitable for the cases here. A simplification is made for
the prediction of damage opening size; it is assumed that the dimensions of the
opening follow the dimensions of the intruding structure at its intersection with
the hull plating. The damage information is then passed to the oil outflow model
proposed by Kollo et al. (2017) based on hydraulic modelling for bidirectional
exchange flow through damage opening. Extensions in Sergejeva et al. (2017) to
account for the effects of heat exchange, which causes oil temperature variation
during outflow, is also applied for oil spill dynamics in winter conditions. The
oil outflow model predicts the oil outflow parameters in terms of spill volume,
duration, and temporal variation.
After the oil has spilled out from the damaged tanker, the simulation of oil
drift in the ice conditions begins, including oil weathering and transport, for the
four representative forcing scenarios (very mild, mild, average, and severe winter). The simulation of the oil drift is based on the SeaTrack Web model PADM,
PArticle Dispersion Model (Ambjörn et al., 2014), including the latest improvements regarding ice parameterization (Arneborg et al., 2017). PADM is a Lagrangian particle tracking model specialized for oil spill modelling. The oil being
simulated is represented as a cloud of particles. Each particle represents a quantity of oil with a common set of properties, e.g. its mass and weathering status.
These properties change over time as oil evaporates, get emulsified, etc. The trajectory of each particle is calculated in three dimensions based on currents,
Stokes’ drift, buoyancy and other processes relevant for oil spill spreading.
PADM is forced by currents, water temperature, water density, ice concentration, and ice thickness from a simulation with NEMO-Nordic (Pemberton et al.,
2017), where sea surface temperature, ice concentration, and ice thickness was
assimilated (Axell and Liu, 2016). PADM also uses winds from the atmospheric
forcing of NEMO-Nordic, which comes from the EURO4M reanalysis data set
(Dahlgren et al., 2016).
The response and recovery model is the model established in Section 3.1.
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Based on the models described above and simulation results, the COOR system model is created as shown in Figure 14. The development of the BN system
model follows a similar process as utilized in Figure 6 in Section 3.1, thus not
repeated here, see details in Figure 7 in PIV. The coherent modelling framework
and procedure ensure that the BK in risk perspective R ~ (C, Q, SoE | BK) is
sufficient and coherent, as well as the modelling procedure. In addition, SoE of
all modelling features are listed and assessed in Appendix A Table 1 in PIV,
which functions as an alternative way instead of an unachievable direct validation against realistic data for the system model. The SoE meanwhile adds transparency to the system model in term of each aspect, which is favorable for risk
management and communication.
The system model is defined under the representative accident locations and
forcing conditions as in the first layer in the model. The next layer forms the
basis of the accident model, which includes information about the collision scenarios, relating to the striking vessel (Operation Type and Striking Vessel), the
struck vessel (Tanker Type, Tanker Size, Load Condition, and In-out-going),
and their collision conditions (Impact Location, Impact Speed, and Impact Angle). Basically, the accident model gives the inputs to the collision damage and
oil outflow model in order to estimate the oil spill in layer III. The oil drift model
uses the forcings defined in Representative Forcing Scenarios in layer I and the
oil spill condition from the oil outflow model. It gives the following outputs: Oil
Layer Thickness on Surface, Water Content, Oil Area, Viscosity, and Oil Locations, as shown in Figure 15. When an oil spill happens, the oil response vessels
also start their response actions, which are described in the response vessel
block, i.e. the response and recovery model, illustrated in Figure 15. Through
the response and recovery modelling, the recovered oil amount for each vessel
is estimated, as shown in layer V in Figure 14.
In this system model, the response and recovery model is applied to eight
Finnish oil spill response vessels (HELCOM, 2018b) as the other Finnish response vessels are relatively small (less than 35 meters) and considered not suitable for ice conditions. Thus, the fleet in focus in this research includes the vessels Seili, Merikarhu, Hylje, Halli, Tursas, Uisko, Louhi, and Turva. The vessels
are allocated to the assumed coastal home ports (Kotka, Helsinki, Hanko,
Turku, Pori, Vaasa, Kokkola and Oulu) to conduct the oil spill response modelling. The condition of oil to be combated, and the local environment conditions
for oil combating for each response vessel, are considered consistent. The total
oiled area to be combated is assumed to be allocated to each response vessel
evenly. Disturbance among the ships and oil are not considered.
All the variables, i.e., the nodes in Figures 14 & 15, are listed in Appendix A
Table 1 in PIV, along with detailed information about the evidence and SoE assessment. The numbers in the dashed box with the nodes in Figures 14 & 15 are
the allocated ID numbers for each variable.
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Figure 14. The Bayesian Network COOR system model; I-RFS and RAL, II-Accident scenario,
III-Oil spill, IV-Oil drift, response and recovery, V-Oil recovery. (PIV)

Figure 15. Response and recovery sub-model for vessel SEILI; I-Oil drift, II-Response, III-Ice
condition environment, IV- Atmospheric environment, and V-Recovery. (PIV)
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3.4

Identified critical aspects

Now that the system model has been established, the framework and method
developed in Section 2.2 are applied to the system model, and the critical factors
are identified by combining the sensitivity analysis and SoE assessment.
The sensitivity results show that Impact Location, Impact Angle, Impact
Speed, Representative Accident Location, and Forcing Representative Scenarios are the most sensitive ones. While Tanker Type, Tanker Size, In-out-going,
Load Condition, Operation Type, Striking Vessel, Oil Type, Oil Area, Recovery
Vessel Operability, Preparation Time, Equipment Type, Theoretical Max Recovery Rate, and Recovery Time are in the medium sensitivity level. The remaining variables are in the low sensitivity category. There are some small differences when setting different target vessels, however, this does not change the
classified results in general. Only the Preparation Time changes from medium
to low sensitivity level for some vessels.
In order to combine SoE assessment and the sensitivity analysis results, a matrix of divided categories of SoE and sensitivity levels of the variables can be
created. By locating the variables according to the results from both sensitivity
analysis and SoE assessment, Table 7 can be produced in order to indicate the
variable locations in the matrix. Node ID numbers are shown instead of variables.
According to the principle in Table 2 in Section 2.2.2, the low- or low-medium
SoE with medium or high sensitivity area in Table 7 are in C1 level, i.e. the most
critical aspects for the COOR system. They include factors relating to collision
aspect: Forcing Representative Scenario, Representative Accident Location,
Impact Speed, Impact Location, Impact Angle, as well as a factor relating to
response aspect: Response Vessel Operability. As the focus of this thesis is on
oil PPR, the most critical factor regarding response, i.e., Response Vessel Operability, will be targeted for further study here, and relevant risk control development on this will be explored in next section.
Table 7. Variables in combined SoE and sensitivity analysis (PIV). Variable name of each node
is in Appendix A Table 1 in PIV with detailed information.
N1, N2, N9,
N10, N11
N29

Sensitivity

High
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Medium

N32, N33

Low
Low

L-M

N3, N4, N5, N7, N8, N18, N28, N35,
N37, N38
N13, N14, N15, N16, N17, N21, N24,
N26, N27, N31, N34, N36, N39
Medium
SoE

N6, N12
N19, N20, N22,
N23, N25
M-H

N30
High

4. Risk control: a model for assessing
response vessel operability

This chapter addresses Objective 4, described in Section 1.3. Section 4.1 focuses
on the development of a transit model for response vessels in dynamic ice, including independent and escort navigations. Section 4.2 develops a response
vessel operability index based on the transit model and discusses the applications of the developed response vessel index in risk control for managing oil spill
risk. Section 4.3 illustrates the validation of the model and index with realistic
cases.

4.1

A model for response vessel transit in dynamic ice

As identified in Section 3.4, response vessel operability is the most critical factor
in the response aspect of managing oil spill risk in ice conditions for PPR in the
NBS. Operability refers to whether a response vessel can navigate in the ice condition and arrive at the oil spill site. Usually, thick level ice, ridged ice and dynamic ice moving perpendicular toward the parallel midship section are considered as severe ice conditions for ship navigations. However, response vessels
besetting in thick level ice or ridged ice have the possibility to reverse and then
ram into ice multiple times to break their ways, which results in a relatively low
risk of getting stuck and of delay for their missions. In contrast, dynamic ice
gives little chance for a ship to continue its movement as the broken channel
behind the ship will close and the dynamic ice on the ship side will pose additional resistance. This phenomenon not only affects the independent navigation
of a response vessel, but also represents challenges even when the response vessel is under escort or convoy operations, i.e., with a response vessel following
the icebreakers at a certain distance (Rosenblad, 2007). When oil spill response
vessels get stuck in dynamic ice, it causes delays and thus influences oil recovery, and can even cause damage to the response vessel hull (Hänninen, 2004).
Therefore, dynamic ice is generally regarded as the most challenging operational condition for response vessels.
As described in Section 1 in PV, there are two main categories of research on
ships in dynamic ice, data-driven approach and engineering modelling approach. However, current approaches have significant limitations for practical
applications to assess ship operability. In addition, there is no specific model yet
for estimating ship performance for escort operation in dynamic ice. Therefore,
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establishing a way to assess ship operability in hazardous dynamic ice conditions for both independent navigation and escort operation is highly needed. To
achieve this, dynamic transit models for the two types of operations are required
firstly.
4.1.1

Independent navigation

Independent navigation in dynamic ice means that a response vessel sails by
itself. In the dynamic ice condition, turning of the ship may lead to loss of ship
speed and a higher risk of getting stuck. Therefore, ship transit here is simplified
so that the ship is travelling in a straight course with the maximum power setting. Similar to the transit model in ridged ice (Kuuliala et al., 2017), the equation of motion for a rigid ship is expressed as in Eq. (4). M is the ship mass, ܽ
is acceleration, ܶ  is the total net thrust concerning the difference between propeller thrust and open water resistance, ܴ  is the total resistance from level ice,
and ܴ  is the additional dynamic ice resistance, at time step j.
ܽܯ ൌ ܶ  െ ܴ  െ ܴ  ሺͶሻ
The acceleration can be calculated when obtaining the ship resistance and net
thrust, and is further used to estimate the ship position and velocity by following
Newmark’s numerical integration method (Newmark, 1959) as in Eq. (5)-(6).
This approach is also adopted by Kuuliala et al. (2017) in the transit modelling
for ships in ridged ice. ݒ and ݔ are speed and position at time step j; dt is the
length of time step.
ͳ
ݒ ൌ ݒିଵ  ൫ܽିଵ  ܽ ൯݀ݐሺͷሻ
ʹ
ͳ
ͳ
ݔ ൌ ݔିଵ  ݒିଵ ݀ ݐ ൬ ܽିଵ  ܽ ൰ ݀ ݐଶ ሺሻ
͵

The resistance and net thrust are dependent on the location and speed; therefore, the acceleration, speed, and location at time j are interdependent. Iterations are conducted within each time step to solve the transit Eq. (5)-(6). In the
current model implementation, a minimum of ten iterations are set, or fewer if
the convergence limit of 0.001 is achieved between two consequent accelerations in the iterations, as also utilized in Kuuliala et al. (2017).
To solve Eq. (4), the level ice resistance, additional dynamic ice resistance and
net thrust are needed. Therefore, the following focuses on calculating those
three components.
The resistance encountered by a response vessel sailing in dynamic ice is divided into resistance from breaking through the level ice sheet and additional
resistance from ice-ship interaction in the parallel midship section, as shown in
Figure 16.
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Figure 16. A ship in dynamic ice, based on Riska et al. (1995)

According to Kämäräinen (1993) and Li et al. (2018), the method for level ice
by Lindqvist (1989) gives a good estimation of level ice resistance. Therefore, it
is applied here for accounting for the level ice resistance, see details in Section
2.1.1 in PV.
The additional resistance caused by the dynamic ice is considered here as additional frictional resistance to the ship, caused by the horizontal ice forces onto
the midship section. When the ship maintains its movement in ice, the horizontal ice force is dominated by the interaction between the ice and vertical midship
hull, where crushing happens. Although bending failure may also occur, it is
considered as a more marginal phenomenon (Li et al., 2019). Kujala and Arughadhoss (2012) studied crushing pressures from model-scale laboratory and
full-scale measurements and suggested following pressure-area relation:
 ൌ ͲǤͶʹିܣǤହଶ ሺሻ
where p is the pressure (in MPa) and A is the contact area, in SI units m2.
Therefore, the additional friction resistance to the ship is expressed as
ܴ ൌ ʹߤ݄ ܮ ሺͺሻ
where ܴ is the additional resistance; ߤ is the friction coefficient between ship
and ice; p represents crushing pressure in Eq. (7), ݄ ܮ together stands for the
contact area, ݄ denotes the ice thickness, and ܮ means the effective contact
length, all in SI units.
The effective contact length between the parallel midship section and dynamic
ice is required in order to calculate the additional resistance. As shown in Figure
16, it is considered that the cusp broken at the bow shoulder determines the
distance between the ice edge and ship. Wang (2001) and Su et al. (2010) applied the following equations to calculate the breaking radius:
 ݎൌ ܥ ݈ ሺͳ  ܥ௩ ݒሻሺͻሻ
ర

݈ ൌ ඨ

݄ܧ ଷ
ሺͳͲሻ
ͳʹሺͳ െ ɋଶ ሻߩ௪ ݃

where r is the breaking radius, i.e., the distance from ice edge to ship, as shown
in Figure 16; ܥ and ܥ௩ are empirical coefficients; v is the ship speed. ݈ is the
characteristic length; E is the elastic modulus of ice, ν is Poisson’s ratio, ݄ is ice
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thickness, ߩ௪ is the density of water, and g is acceleration due to gravity. All
quanties are in SI units.
The effective contact length ܮ is regarded as the contact length between the
ice edge and the parallel midship section, considering that the ice edge is moving
linearly with time, as illustrated in Figure 16. Therefore, the contact length can
be determined in each time step based on the ship speed and ice drift speed so
that the additional dynamic ice resistance can be obtained for the motion equation (Eq. 4).
The net thrust concerns the difference between propeller thrust and open water resistance, and hence represents the thrust available to overcome additional
resistance from ice. The formulas proposed by Riska et al. (1997) are adopted
here, see details in Section 2.1.1 in PV.
Based on the above formulations, the transit modelling for independent navigation of a response vessel in dynamic ice is specified, and the equation of motion (Eq. 4) can be solved. Each time when the ship updates its location in the
modelling procedure, the corresponding ice thickness and drift speed information can be derived from the relevant or preset ice dataset. Furthermore, the
corresponding ship speed which will be used in the ship operability index (see
details in Section 4.2) can be calculated.
4.1.2

Escort operation

Escort operation means that an icebreaker breaks through the dynamic ice field,
and that a response vessel follows the icebreaker at a certain distance (Rosenblad, 2007). The main principle for the numerical transit simulation for this operation is the same as that for independent navigation elaborated in Section
4.1.1. However, this situation involves two ships. The leading icebreaker operates in the same way as an independently navigating ship. The dynamic ice edge
is under the influence of the leading ship, as shown in Figure 17, and the condition of the ice edge after the leading ship influences the assisted response vessel.
Generally, two situations can be distinguished: S1 and S2 as shown in Figure 17.
S1 is the situation that the response vessel navigates in channel ice broken by
the leading ship and the ice edge reaches the response vessel at a position after
the bow shoulder, or that the ice edge does not reach the ship side. S2 is the
situation that the channel broken by the leading ship is closing and has become
narrower than the width of the response vessel so that the response vessel needs
to break ice to go forward.

Figure 17. Escort operation in dynamic ice

In S1, the total resistance is due to two parts: channel ice resistance and additional resistance from dynamic ice. The estimation of the additional resistance
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caused by the dynamic ice can be calculated using Eq. (7) and (8), when the
effective contact length is determined for each time step. If there is no effective
contact, the additional dynamic resistance is zero. The channel ice resistance
estimation uses formulas proposed by Riska et al. (1997), see details in Section
2.1.2 in PV.
In S2, the response vessel needs to break some ice which has drifted in front
of the ship and, meanwhile, overcome some channel ice resistance. At the same
time, the ice breaking at its own shoulder also creates a new ice edge which may
act on its parallel midship section as in the independent navigation. Therefore,
the total resistance is also composed of two parts: the level-channel ice resistance and additional resistance from dynamic ice. There is no formula to calculate this level-channel ice resistance situation yet. Therefore, this situation is
considered as a combination of channel ice and level ice, calculated by combing
the two resistances based on their proportions in front of the ship:
ܴ ൌ ܴ

ʹ݀
ʹ݀
 ܴு ൬ͳ െ
൰ሺͳͳሻ
ܤ
ܤ

where ܴ is the level-channel ice resistance for S2, and ܴு and ܴ are channel
ice resistance and level ice resistance respectively. ݀ is the distance the ice edge
across from the ship sideline to the centre line of the ship, see in Figure 17. B is
ship breadth. They are in SI units. If the channel is totally closed, it is equivalent
to the situation that the response vessel is navigating in level ice.
The calculation of additional resistance from dynamic ice for the response vessel in S2 follows the same principle as independent navigation described in Section 4.1.1.
All the resistances for a response vessel for the two situations (S1 and S2) in
escort operation can be calculated as mentioned above. In addition, the modelling of the net thrust and the motion equation for escort operation remains the
same as in the independent navigation situation elaborated in Section 4.1.1.

4.2

An index for response vessel operability in dynamic ice

In order to provide direct and practical application in the operational risk management to reduce the oil spill risk, an operability index is developed in this section for a response vessel, in both independent navigation and escort operation,
based on the established transit model in Section 4.1.
Each response vessel can have its response operability map, e.g., as in Figure
18, based on simulations of transits in various combinations of ice conditions.
The operability maps of response vessels can be directly used when the environmental forecast is known so that the decision maker can quickly decide whether
to commence the response vessel’s mission through that ice environment, and
which vessel is best to send for the mission. If the individual operability of the
vessel is not enough for the forecasted ice condition, i.e., the ship cannot safely
operate independently, then information about whether escort operation is a
good option or not in the prevailing ice conditions can be obtained from the relevant operability map for the vessel in escort operation mode. In further detail,
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the information regarding which icebreaker should assist the response vessel,
and what speed and distance should be maintained, can also be suggested if a
series of operability maps can be simulated beforehand.
Digitally, the operability information can be integrated into a map layer in
GIS-based software, e.g., NG-SRW (HELCOM, 2018) used for oil spill response
and planning, which can be utilized as the basis to make sure that the most efficient route is planned, and the most suitable operation and vessels are selected
for combating the spilled oil.
Details for establishing the operability index are given in the following sections.
4.2.1

Operability index for independent navigation

For response vessels navigating independently, the relevant parameters are
ship-related parameters and environmental related conditions. The ship-related parameters are relatively constant for a ship with decided navigation status; the ship operability index is primarily based on environmental conditions,
specifically, ice thickness, and ice drift speed. In general, operability can be categorized as favourable, marginal, and unfavourable. Here, favourable is defined
so that ship speed at the end of a defined simulation period is over 2 kn. Marginal is defined here as the condition in which the ship speed drops to the interval between 0 and 2 kn. Unfavourable means that the ship is stopped by the ice,
i.e., that it gets stuck in the dynamic ice. A base operability index is allocated to
each operability category, i.e.,
Ͳǡ
ܱܲ ൌ ൝ ͳǡ
ʹǡ

ݒʹ
Ͳ ൏  ݒ൏ ʹሺͳʹሻ
ݒൌͲ

where ܱܲ is the base operability index and v is ship speed in kn.
The base operability index makes it possible to digitize the three operability
categories. However, it lacks the ability to show the degree of operability within
each category for a more accurate representation of the operability, e.g., reflecting the difference between 1.1 and 1.9 in the marginal category. Therefore, a degree index is introduced as a complement to show how severe it is inside each
category, based on the degree of speed drop:
ܱܲௗ ൌ

ܭ௩ െ ܭ௩
ሺͳ͵ሻ
ܭ௩ೌೣ െ ܭ௩

where ܱܲௗ is the degree index, ܭ௩ is the speed drop rate based on the initial and
final speed for the defined simulation period t, ܭ௩ ൌ ሺݒ௧ െ ݒ ሻȀ ݐ. ܭ௩ and
ܭ௩ೌೣ are the minimum and maximum speed drop rate in corresponding category. ܱܲௗ is in the range of 0–1.
ୠ determines the basic category based on the final ship speed and ୢ reflects the severity degree within each category. By adding degree index ୢ to
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the base index ୠ , the defined ship operability index OP is formulated as expressed in Eq. (14). More specifically, ୠ can be regarded as the integer part of
OP and ୢ can be regarded as decimal part of OP.
Ͳ̱ͳǡ
ܱܲ ൌ ܱܲ  ܱܲௗ ൌ ൝ ͳ̱ʹǡ
ʹ̱͵ǡ

݈ܾ݁ܽݎݒܽܨ
݈ܽ݊݅݃ݎܽܯ
ሺͳͶሻ
ܷ݂݈ܾ݊ܽ݁ܽݎݒ

One OP index can be obtained for each pair of ice thickness and ice drift speed
(݄ ǡ ݒ ), where ݄ influences both level ice resistance and additional added resistance from dynamic ice through its effects in both resistance equations and
ݒ influences the additional added resistance component through its effect in
the effective contact length between the parallel midship section and dynamic
ice in each time step. Therefore, with the variations of ݄ and ݒ , the resistances
change accordingly as well as the transit status, which will be reflected to ship
speed and OP index finally. The obtained OP values will form different regions
as shown in Figure 18. The two separation lines, i.e. the limit edge of the regions
(Favorable, Marginal and Unfavorable), are where OP equals to 1 and 2 respectively. The overall matrix of OP index for a ship can be derived by simulating
various combinations of (݄ ǡ ݒ ).

Figure 18. Response vessel operability index scheme: ship operability index OP over various
ice conditions (݄ ǡ ݒ )

4.2.2

Operability index for escort operation

Escort is different from independent navigation because it relates to not only
the ice condition, but also the operations between the two ships. Therefore, in
addition to the ice thickness and drift speed, the operability is affected by the
escort distance between the two ships and the escort speed. Based on practical
understandings and information from the literature (Zhang et al., 2018; 2019;
Zhang et al., 2017), it is assumed that the escort operation follows a principle,
i.e. the leading ship and assisted ship try to maintain a steady escort distance
and a steady escort speed. If the leading ship and assisted ship cannot maintain
the preset escort speed in a certain ice condition, the assisted ship’s real speed
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will be followed as the escort speed. Detailed implementation features of the
proposed algorithm in this case include:
1) the leading ship closely follows the assisted ship’s speed;
2) when the assisted ship’s speed lowers to less than two knots, the leading
ship increases its speed to avoid getting stuck;
3) when the leading ship cannot maintain its speed, the assisted ship will
try to slow down as well to avoid collision;
4) when the assisted ship cannot fully stop and reaches the leading ship, it
is considered as a potential collision, which is categorized as unfavourable condition.
Based on these, the operability of the ships can be simulated over a set of ice
and operation conditions, (݄ ǡ ݒ ǡ ܦǡ ݒ௦௧ ), following the same procedure as in
Section 4.2.1. A similar mapping as in Figure 18 for both ships can then be obtained, however over the four variables (݄ ǡ ݒ ǡ ܦǡ ݒ௦௧ ). The operability of the
response vessel is in particular focus.

4.3

Validation of transit model and operability index

This section focuses on the validations of the presented transit model and operability index for independent navigation and escort operations. The cases for
validations are determined based on the SAFEWIN project cruise report
(Vedenpää, 2012). The report describes events where the research vessel Aranda
got stuck in severe dynamic ice scenarios and reported other nearby vessels, e.g.,
Envik under escort operation, becoming beset in ice. According to the reported
time and location, the scene is recreated using data from the Automatic Identification System (AIS) in this region for the reported vessel and other nearby vessels, as well as relevant ice information. Two cases for independent navigation
and escort operation are presented here respectively in Figure 19 & 20.

Figure 19. Scenario 1: Aranda ship operability (left) and speed drop (right) comparison. Scale
0-1 represents favourable, 1-2 represents marginal and 2-3 represents unfavourable.

The rectangle, representing ice thickness and ice drift speed range, in Figure
19 (left) extends from the boundary of favourable to the boundary of unfavourable, with the largest part situated in the marginal operability category. Therefore, the simulated operability estimation corresponds well with the observed
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ship operability in this case. Figure 19 (right) shows the speed drop when Aranda begins to get stuck. Because the recorded ice drift speed is in the range of
0.3 to 0.4 kn, the limit values 0.3 and 0.4 are used in the simulation to compare
with the observed AIS data. The simulation using 0.4 kn ice drift speed is quite
close to the trend from AIS, especially in the end period. The change of speed in
the middle period from AIS data may reflect a slight variation in the ice condition. The simulation using 0.3 kn ice drift speed indicates that Aranda is still
able to navigate if ice drifts at this speed. When tracking back to wind records,
it is found that wind speed reaches the maximum of 15.6 m/s at 22:00, i.e., the
time at which Aranda became stuck in ice. It is the daily maximum wind speed,
and is 1 m/s higher than the speed at 21:50. Therefore, the ice drift speed is more
likely to be close to 0.4 kn, thus causing Aranda to become stuck. It also explains
why Aranda can still sail before 22:00. Therefore, the detailed speed from the
transit model also matches relatively well with the AIS speed record.
As there is no direct ice drift speed reported in that time period for escort scenario, the ice speed is estimated based on the wind speed. Based on Uotila
(2001) and Montewka et al. (2015), it is assumed that the ice speed is linearly
affected by the wind. Hence, the ratio of the wind speed reported for scenario 3
and scenario 1 is used as a factor to multiply the ice speed in Aranda case. This
results in an ice drift speed of 0.23–0.29 kn during this period. The rectangle in
Figure 20 (left) covers the marginal and unfavorable parts in the simulated operability map, which means the situation is basically unfavorable for the ship,
which is the right estimation. It should be noted that the interval resolution of
both ice thickness ݄ and ice drift speed ݒ for the ship operability index simulation has an effect on the mapping result, and 0.05 for both is taken here. If a
smaller interval is used, the result is more unfavorable. Figure 20 (right) shows
the speed drop of both simulations and observed AIS data. The speed trend from
the observed case is generally situated between the two bounding simulation
scenarios based on the estimated ice speed. However, it is apparent that Envik
encountered some varying ice conditions, e.g., some ice floes with open water
involved among them.

Figure 20. Scenario 3: Envik ship operability (left) and speed (right) comparison. Scale 0–1 represents favourable, 1–2 represents marginal and 2–3 represents unfavourable.
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5. Conclusions and future work

The overall aim of this thesis is to contribute to advancing the risk management
of oil spills in ice conditions, with focuses on collision induced spills from tankers and corresponding PPR in ice conditions in the NBS.
The risk management process is generally divided into risk assessment and
risk control following ISO 31000:2018. PI to PIV contribute to the risk assessment part, and PV is for risk treatment.
The first focus can be regarded as theoretical development for guiding risk
management, i.e., from a risk-based perspective, framework and method development. More specifically, a risk perspective, in line with state-of-the-art risk
research, is emphasized, and a modelling framework is established in light of it
(PII), which defines an aligned risk perspective and coherent risk modelling approach for the next steps and a coherent system analysis. Based on that, a further risk-based framework and method for identifying the critical factors in a
risk analysis system is developed (PIV).
The second focus is more on modelling, i.e., generating a first model for assessing oil recovery effectiveness and integrated COOR system model. A new oil
spill response and recovery model for estimating oil recovery effectiveness in ice
conditions is created (PII) through diverse background knowledge building
(PI). The estimated recovery effectiveness in ice conditions is relatively low
(PII), which further indicates that risk controll is necessary in critical factors.
Based on the established oil spill response and recovery model, as well as other
models from collision accidents to oil spill and drift, the COOR system model is
generated (PIII, PIV). When applying the developed risk-based framework and
method to the established COOR system model, the most critical factors are
identified (PIV).
The focus moves to risk treatment after the most critical factors are identified.
The factors include collision-related aspects and a response-related aspect. The
most critical factor in the response aspect is the focus of this thesis, i.e., response
vessel operability in ice. Dynamic ice is the most hazardous situation for a response ship and not well researched when compared with other ice conditions,
therefore the treatment focuses on this severe ice condition. A transit model for
a response vessel in dynamic ice, including independent and escort navigations,
is firstly developed (PV), and then a response vessel operability index is developed based on transit model and validated by realistic cases (PV). The potential
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applications of the ship operability index for decision-making in managing oil
spill risk in terms of response are also illustrated, e.g., forming a response vessel
operability map layer in GIS-based software for operational planning, etc.
Future research on risk management of ship-source oil spills in ice conditions
could also take several directions. First, the response vessel operability index
developed here is for the most hazardous dynamic ice condition. This could be
extended for other ice conditions, e.g., level ice and ridged ice, by applying their
transit models. In this way, a more widely applied operability index could be
formed. In addition, the developed operability index could be integrated into
GIS-based software for oil spill response planning.
Second, the fleet response coordination and its dynamic in ice conditions are
of importance in large scale oil spills and may have impacts on the overall recovery efficiency. More studies regarding this are needed, e.g. on decision making considering environment and operations at a fleet level in ice, to make better
risk-based plan and practical guidance for the response fleet.
Third, the other critical factors in the collision aspect, i.e. Forcing Representative Scenario, Representative Accident Location, Impact Speed, Impact Location, and Impact Angle, could be further studied, and corresponding risk control
options could be put forward. This may lead to research on ship traffic analysis
in ice conditions, collision avoidance in ice, and route separation and planning
for winter navigations. Research on these could help put forward and carry out
risk controls on these collision-related critical factors.
Fourth, the developed models and methods could be extended and modified
for risk management of oil spill in the Arctic environment. The lack of experience and data, and the increasing traffic in the Arctic, requires more comprehensive and relevant research.
Finally, the research towards risk-based framework and method for identifying critical factors could be further extended. The current approach has developed the SoE evaluation dimensions based on features of BNs. However, the
scheme to obtain an overall SoE from individual SoE on sub-items can be still
improved, which is also one of main discussions in the fundamental issues in
risk research.
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Polar and sub-polar regions are facing a trend
of ice retreating and correspondingly increasing
maritime trafﬁ c. Consequently, the probabilities
of ship accidents and oil spills in ice conditions
are likely to increase. Therefore, there is a need
to carry out further studies on managing the
relevant oil spill risk in ice conditions. The
Northern Baltic Sea area, as one of the typical
regions with large amount of shipping in ice
conditions, is targeted as the study region.

This thesis thus focuses on managing the oil
spill risk from ships, including mianly four parts:
i) developing a theoretical risk-based framework
and method for guiding risk management for a
system model; ii) establishing a holistic system
model from ship accident to response and
recovery; iii) identifying critical factors in the
system using the developed framework and
method; and iv) providing risk control options.
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