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INTRODUCTION

Shipwrecks are recognized as a risk to the marine environment
(Michel et al., 2005; NOAA, 2013; Ventikos et al., 2013) and
the substantial costs associated with remediation of shipwrecks
(Etkin et al., 2009) imply that it is not economically viable to take
action for all wrecks. In Swedish waters only, it is estimated that
2700 wrecks pose a potential environmental threat (Larsson et al.,
2011) and similar situations are reported from many parts of the
world (Michel et al., 2005). Each wreck is unique in terms of time
since it sank, the potential volume of hazardous substances still
on board, and the proximity to sensitive environments. There
are most often also major uncertainties regarding speci�c wreck
conditions. The probability of discharge of hazardous substances
and their potential e�ects and consequences thus di�er from
one wreck to another. Decision support is needed, properly
taking into account the risks and uncertainties, in order to make
well-informed decisions concerning prioritization and e�cient
remediation measures for these potentially polluting shipwrecks.

Risk can be de�ned as severity combined with the probability
of e�ects from a certain action (Suter, 2007). It is well-known that
proper and well-structured routines for identifying, analyzing,
and evaluating risks are essential for an e�cient management
of risks. The purpose of risk management is to provide decision
support regarding future uncertain events (Burgman, 2005; Aven,
2012). The concept of risk management is used in a number
of areas in society today and therefore a variety of frameworks
describing the process exists (IEC, 1995; The Swedish Civil
Contingencies Agency, 2003; AZ/NZS, 2004a,b; ISO, 2009). Risk
management includes risk assessment where risk is identi�ed,
analyzed, and evaluated as well as treatment of risk (ISO, 2009).
A number of risk assessment methods have been developed
speci�cally for shipwrecks. Landquist et al. (2013) presents a
review and comparison of the majority of these methods to,
in the case of shipwrecks, relevant parts of the ISO standard
for risk management (ISO, 2009). Two more methods have
been described after the review by Landquist et al. (2013),
Ventikos et al. (2013), and NOAA (2013) but we can nevertheless
conclude that there are still no comprehensive methods for risk
assessment and management of shipwrecks. Existing methods
for risk assessment of shipwrecks fail to provide a holistic and,
most importantly, probabilistic risk assessment of wrecks and
thus do not provide the means for incorporating all uncertainties
involved (SPREP and SOPAC, 2002; Idaas, 2005; Michel et al.,
2005; Alcaro et al., 2007; Etkin et al., 2009; Louzis et al., 2009;
NOAA, 2009, 2013; Ventikos et al., 2013). Landquist et al.
(2013) found that none of the analyzed methods present a
truly quantitative risk assessment and in most methods no
uncertanity or sensitivity analyis was included. Risk evaluation
was not fully developed in any of the approaches. Further
examination of NOAA (2013) and Ventikos et al. (2013) not
included in the review in Landquist et al. (2013) did to some
extent include uncertainty analysis and NOAA (2013) also
incorporates a quantitative method for consequence assessment.
However, there is no aspect of probability estimation regarding a
potential discharge. In summary, there is still no fully holistic risk
assessment approach for potentially polluting shipwrecks.

Landquist et al. (2013) suggest a framework (Figure 1)
for risk management of shipwrecks that encompasses all
the important aspects of risk assessment. The link between
risk management and decision-making is emphasized and
the framework suggests a combined structure and generic
description of risk management for shipwrecks in a decision-
making context. It stresses the importance of risk assessment
results for decision support and forms the basis for the
development of VRAKA (short for shipwreck risk assessment
in Swedish; Figure 2). The framework also emphasizes the
importance of considering uncertainties.

VRAKA is a method for probabilistic risk assessment of
shipwrecks and has been developed based on the framework
in Landquist et al. (2013). The main focus of VRAKA is risk
analysis and risk evaluation, which are not possible without
thorough risk identi�cation. The methods consists of three
parts: (1) A tool for estimating the probability of discharge; (2)
Approaches required for making a consequence assessment of
such a discharge with a particular emphasis on Swedish and
Baltic waters; (3) Risk evaluation. A draft structure for (1), with
a basic Tier 1 consequence assessment approach, is presented in
Hassellöv et al. (2015) and Landquist et al. (2015) and a more
detailed description can be found in Landquist et al. (2014).
The aim of the work presented here was to further develop (2)
and present a holistic risk assessment method for potentially
polluting shipwrecks by combining earlier research of a method
for estimating probability of release (1) with a consequence
assessment. The risk evaluation (3) is a future development and
will thus not be commented on in detail in the present paper.

VRAKA�PROBABILISTIC RISK
ASSESSMENT OF SHIPWRECKS

Within VRAKA it is possible to perform quantitative
probabilistic risk assessment of shipwrecks and an uncertainty
analysis of the results. The method comprises three parts: (1)
A tool for estimating the probability of discharge of hazardous
substances from a shipwreck; (2) Approaches for estimating the
consequences of such a discharge; (3) Risk evaluation (Figure 3).

Part 1, the assessment of the probability of discharge
is performed using fault tree analysis, thus facilitating
quanti�cation of the probability with regard to a set of identi�ed
hazardous activities and site-speci�c and wreck-speci�c
properties. This approach enables a structured assessment to be
made, providing transparent uncertainty and sensitivity analyses.
The model also facilitates quanti�cation of the uncertainties in
the input data and results. This facilitates identi�cation of the
parameters that need to be investigated further to reduce the
uncertainties in the risk calculations (Landquist et al., 2014,
2015; Hassellöv et al., 2015).

In Part 2, consequences can be assessed at three levels
of ambition (tiers) based on available resources. In a Tier 1
assessment, the probability of discharge is combined with the
expected volume still contained in the shipwreck to arrive at
an annual expected amount of discharged substance. A Tier 2
assessment provides a consequence matrix in which proximity to
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FIGURE 1 | Generic risk management framework for shipwrecks.

shore and a proxy for shipwreck status are also included. In Tier
3, consequences are assessed based on the estimated discharge
of oil from shipwrecks into the marine environment, the type
of end-point receptors and the vulnerability of each receptor.
This is done by modeling the contaminant load on speci�c
end-point receptors using the Seatrack Web tool developed by
the Swedish Meteorological and Hydrological Institute (SMHI,
2015) and maps of sensitivity to oil spills in the Swedish Digital
Environmental Atlas (The County Administrative Board of
Västra Götaland, 2015). The vulnerability is ranked further based
on knowledge about the physical and biological characteristics of
these features.

METHODS

The following section provides an overview of the tools applied
in VRAKA: fault tree analysis, the Digital Environmental Atlas
and Seatrack Web.

Fault Tree Analysis
Fault tree analysis is a logic tree model applied to estimate
the probability of the occurrence of an event. This estimate
is based on the occurrence or non-occurrence of underlying
intermediate and basic events. Figure 4 contains an example
of a generic fault tree where four basic events de�ne two
intermediate events, which in turn de�ne whether the top
event will occur or not. The occurrence and non-occurrence
of the events are expressed using Boolean algebra and the
two types of gates used are the AND gate and the OR gate.
The AND gate describes the outcome of an event if the input
events occur simultaneously, while the OR gate describes the
outcome if at least one input event occurs (Bedford and Cooke,
2001). The mathematical description is presented in Equations
(1) and (2).

POccurence_OR D 1 �

Y

i

(1 � Pi) (1)

Frontiers in Environmental Science | www.frontiersin.org 3 July 2016 | Volume 4 | Article 49

http://www.frontiersin.org/Environmental_Science
http://www.frontiersin.org
http://www.frontiersin.org/Environmental_Science/archive


Landquist et al. Probabilistic Risk Assessment of Shipwrecks

FIGURE 2 | VRAKA in the risk management process.

POccurence_AND D

Y

i

Pi (2)

Parts of the information needed to perform a risk assessment
using VRAKA are available or can be retrieved with reasonable
e�ort. Other parts are obtained by expert elicitation and a
Bayesian approach was applied to formally incorporate these
di�erent types of data into the model. The lack of information
gave rise to the adoption of a probabilistic approach to facilitate
relevant and transparent uncertainty analysis. Monte Carlo
simulation was applied in order to incorporate the uncertainty
of input variables into the model. This presents the possibility of
applying input information as a distribution rather than a point
value, implying that the result is estimated as a distribution that
captures the uncertainty of the assessment (Bedford and Cooke,
2001).

The Digital Environmental Atlas
The Digital Environmental Atlas (DEA) is a GIS-based map
tool comprising information for areas along the Swedish
coast that are particularly sensitive to oil discharge. The
information is provided by the various Swedish county
administrative boards and is administered by the Västra
Götaland County Administrative Board. This online tool is
in the public domain (The County Administrative Board
of The County Administrative Board of Västra Götaland,
2015) and the shoreline is mapped according to physical
characteristics (Kulander et al., 2010). The sensitivity
estimations provided in the DEA to some extent take
into account ecological aspects but are mainly based on
the di�culty of remediating the speci�c shore type. The
sea�oor and water surface are ranked analogously by the
authors.

FIGURE 3 | Schematic structure of VRAKA.

Seatrack Web
Seatrack Web provides the possibility of modeling an oil spill
trajectory in 3D based on a location and an amount of potential
discharge. The models facilitate the modeling of the trajectory
based on the weather for the dates chosen, which is in turn
based on meteorological and hydrological data. It is possible to
extract information about how much of the discharged substance
is deposited on beaches, the sea�oor and the water surface. The
tool is used by some 80 organizations around the Baltic Sea,
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FIGURE 4 | Example of generic fault tree with a top event dependent

on basic events 1�4 and intermediate events A and B.

making it a powerful means for cooperating on the discharge of
oil into the sea (SMHI, 2015). Seatrack Web is a web-based tool
with maps within a user-friendly GIS interface. The tool is not in
the public domain and permission must be sought from SMHI
(2011).

Seatrack Web is founded on three main parts: forcing
(forecasts of wind and �ow �elds), the oil drift model (Particle
Dispersion Model, PADM), and a graphical user interface. The
forcing �elds are based on the weather and ocean forecasts at
SMHI, i.e., High Resolution Local Area Modeling (HIRLAM)
for weather models, and the High Resolution Operational Model
for the Baltic (HIROMB) for ocean forecasts. Forcing �elds
covering longer periods are derived from the European Centre
for Medium-Range Weather Forecasts. The PADM has been
developed jointly by the Danish Maritime Administration and
SMHI and the graphical user interface has been developed by
SMHI. The main area covered is the Baltic Sea extending to
Kattegat, Skagerrak and the North Sea up to around 3� east.
For detailed information about the computational algorithms, see
Liungman and Mattson (2011).

PART 1�ESTIMATION OF PROBABILITY
OF DISCHARGE

In the �rst part of VRAKA the probability each year that an
opening will occur in the shipwreck is combined with the
probability that the wreck still contains hazardous substances.
The result is a yearly probability of a discharge of hazardous
substances into the marine environment. An opening in the
wreck is assumed to occur due to certain activities and also
depends on the status of the wreck, which is a�ected by wreck-
speci�c and site-speci�c indicators, such as bottom water oxygen
concentration and how the wreck is lying on the sea�oor
(Landquist et al., 2014, 2015; Hassellöv et al., 2015).

To acquire information regarding the extent to which certain
activities (e.g., trawling, diving, and shipping tra�c) might a�ect
a wreck and how wreck-speci�c and site-speci�c indicators (e.g.,
water depth, water salinity, and age of the wreck) in�uence how
harmful these activities are, expert elicitation took place in March
2015. Obtaining actual values for the probability of an opening in
a wreck is di�cult due to the signi�cant uncertainties involved
and the broad body of knowledge that is required. Consequently,
over 20 experts with a wide range of expertise were brought

together. The SHELF method (O’Hagan and Oakley, 2010) for
elicitation of probabilities from expert judgment was used for the
workshop. The results from the workshop provided estimations
of the probability of an opening in a randomly selected wreck in
the Swedish wreck population due to a number of activities and
in�uencing indicators. The elicited probabilities are used as input
data for the VRAKA tool.

The experts assigned a generic probability of an opening as
a result of each of the identi�ed activities and they provided
estimates of how these probabilities are conditioned by di�erent
indicators. An assessor, i.e., a user of VRAKA, estimates site-
speci�c and wreck-speci�c indicator values for the wreck in
question and the generic probabilities are updated using a
Bayesian approach (see e.g., Bedford and Cooke, 2001) with
regard to the site-speci�c and wreck-speci�c information about
indicators. The assessor also estimates the annual rate of
hazardous activities. The probabilities and rates for each activity
are combined in a logic tree model (fault tree; Figure 5).
The assessments can, if preferred, be made as intervals rather
than point values, allowing potential uncertainties regarding the
absolute value of a model variable to be taken into account. This
implies that results can be presented as probability distributions
rather than point values, which means that the sensitivity of the
end result to uncertainties in di�erent input data can be assessed.
This provides useful information about where to direct further
studies in order to make a risk assessment with a higher degree of
reliability.

In the fault tree in VRAKA, the top event is de�ned as the
discharge of a hazardous substance, which is assumed to occur
due to one or a number of underlying events. According to
VRAKA, an opening must occur while there is still a hazardous
substance in the wreck in order to cause the top event. The
two events are combined by an AND gate. These underlying
events are in turn de�ned by further events, shown in the fault
tree in Figure 5, e.g., trawling, diving, and shipping tra�c. For
a more detailed description of the method used for estimating
probability of discharge, see Landquist et al. (2014).

PART 2�CONSEQUENCES ASSESSMENT
AND RISK CALCULATION

The second part of VRAKA�consequence assessment and risk
calculation�presents the means for estimating the e�ects of the
expected discharge in Part 1. The assessment can be performed
in three tiers depending on the purpose of the assessment
and available resources. The suggested means for consequence
assessment in VRAKA are based mainly on available tools and
methods.

Tier 1
In Tier 1, risk is expressed as a product of the probability
of an opening in the wreck, the probability that hazardous
substances are still contained in the wreck and the expected
volumes of the hazardous substances that are still contained. The
risk is then interpreted as an annual expected level of discharge
(Equations 3, 4).
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FIGURE 5 | Fault tree adapted to VRAKA. The top event “Discharge of hazardous substance” is de�ned bythe two underlying events “Opening in the wreck” and
“Hazardous substance is present.” The latter is assumed to only occur if both “Cargo/Bunker is hazardous” and “Hazardousbunker/cargo is still contained.” “Opening
in the wreck” is assumed to occur due to the fault tree-de�ned activities, which are in turn de�ned by a speci�c probability ofcausing an opening and how often these
activities occur for the current wreck position.

RiskTotal D POpening � PHazardous substance contained

� VExpected amountor; (3)

RiskTotal D PDischarge� VExpected amount (4)

WhereP is probability andV is volume. The estimated risk can
be used to rank shipwrecks for e.g., mitigation measures.

Tier 2
A more detailed analysis of consequences may include simpli�ed
estimations of e�ects on potential receptors. The consequence

is assessed according to a matrix where the amount of
oil discharged is combined with the distance to shore and
the sensitivity of the receptor (Table 1). The consequence is
suggested to be high if at least two boxes are red, as moderateif
at least two boxes are yellow or if each box displays a di�erent
color. Otherwise the consequence is low. The volume �gures
are retrieved from VRAKA Part 1. The probability of discharge
of a hazardous substance and the consequence category (high,
moderate, low) form the basis for a shipwreck comparison.
The probability of discharge and the consequence estimation
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