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MANAGING OIL TRANSPORTATION RISK IN PRINCE WILLIAM SOUND

ABSTRACT

The grounding of the Exxon Valdez caused public and government concern about the safety

of oil transportation in the Prince William Sound, Alaska. As a result, a large number of

proposals and recommendations were made to improve safety, but stakeholders could not

achieve a consensus on their effectiveness at reducing risk. A steering committee representing

all local stakeholders, including the Prince William Sound Shipping Companies, the Prince

William Sound Regional Citizens Advisory Committee, the Alaska Department of Environ-

mental Conservation, and the U.S. Coast Guard, was formed to address the issue of risk

intervention effectiveness. The Steering Committee hired a team of consultants who were

charged with assessing the current risk of accidents involving oil tankers operating in the

Prince William Sound and evaluating measures aimed at reducing this risk. The team created

a detailed model of the Prince William Sound oil transportation system, using system

simulation, data analysis, and expert judgment, capable of answering the majority of the

questions posed by the Steering Committee. The success of the project has been demon-

strated by the acceptance of the major recommendations by all stakeholders and has, to date,

resulted in multi-million dollar investments. © 2000 John Wiley & Sons, Inc. Syst Eng 3:

128�142, 2000
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1. INTRODUCTION

The grounding of the Exxon Valdez on Bligh Reef in

1989 led to the spilling of 11 million gallons of crude

oil into the Prince William Sound (PWS), Alaska. Af-

fected were 1,500 miles of shoreline with both imme-

diate and lingering impacts on fish and wildlife

resources and the lives of people in coastal communi-

ties. It has been estimated that the cleanup operations

cost Exxon Corporation $2.2 billion (Exxon Corpora-

tion, 1999). The accident focused national attention on

ways to reduce the risk of oil spills from tankers,

culminating in the Oil Pollution Act of 1990 (US Fed-

eral Law, 1990). Regionally, the state of Alaska�s oil

pollution prevention and response statutes (State of

Alaska, 1991) created a large body of prevention and

response regulations, with specific escort vessel re-

quirements included in the state of Alaska�s oil dis-

charge prevention and contingency plans (Alaska

Department of Environmental Conservation, 1995).

Questions concerning the effectiveness and benefits

of existing prevention regulations and concerns about

many of the regulations still under consideration sur-

faced in the PWS community in early 1995, with par-

ticular attention focused on escort vessel operations and

design. A joint industry/government/citizen study, the

Disabled Tanker Towing Study (Glosten Associates,

1994) was funded to determine appropriate design

specifications for such vessels to meet the state�s re-

quirements. Even with information learned from this

study, the role of escorts and their purpose in the PWS

oil transportation system were neither well defined nor

accepted by all stakeholders. Answers to questions

about the effectiveness, mission, performance, and op-

eration of escort vessels needed to be clarified.

With the escort issue, and the lingering concerns of

the PWS community about the benefits of other existing

and proposed risk intervention measures, the PWS

Shipping Companies proposed a risk assessment study

to the Alaska Department of Environmental Conserva-

tion (ADEC), the U.S. Coast Guard (USCG), and the

Regional Citizens� Advisory Council (RCAC). The

RCAC and the PWS Shipping Companies agreed to

fund the project, and the Coast Guard contributed fund-

ing for peer review to insure objectivity of the study. As

a first step, a steering committee was formed repre-

senting all stakeholders to address these issues and

concerns. Members of the Steering Committee in-

cluded ship�s captains, fishing industry experts, senior

corporate managers, environmental regulators, the

USCG Captain of the Port, experts in prevention sys-

tems, and community representation.

The Steering Committee recognized the need for a

structured and rational method to evaluate the merits of

risk intervention measures for improved allocation of

resources and to avoid implementing measures that

would adversely affect system risk. In addition, the

Steering Committee also wanted the project to be used

as a forum to build trust among stakeholders and to

foster a better and more common understanding of risk

and oil transportation for all interested parties. The

Steering Committee engaged a consultant team from

Det Norske Veritas, Rennslaer Polytechnic Institute and

the George Washington University to assist them in

their risk assessment effort.

The PWS study team took a systems approach to risk

assessment and management by a detailed analysis of

the sub-systems and their interactions and depend-

encies. This required combining Probabilistic Risk As-

sessment (PRA) techniques with the use of expert

judgment elicitation methods and system simulation.

This paper reviews the need for system simulation and

expert judgment in a systems level approach to risk

assessment and presents an overview of the techniques

used. Readers interested in a complete, technical de-

scription are referred to the report of the Prince William

Sound Steering Committee, 1996. A subset of the

study�s results are given that demonstrate the need for

the systems approach with specific examples of risk

intervention measures that, while successful at reducing

the risk of targeted scenarios, increase the overall risk

in the system.

The objectives and scope of the study are discussed

in Section 2. An overview of the modeling approach

used and the probability model developed for maritime

risk is given in Section 3. In Section 4, the necessity of

simulation for modeling the dynamic properties of

maritime risk and the building of the system simulation

is discussed. The use of expert judgment to extend the

scope of available data and the expert judgment elicita-

tion method is discussed in Section 5. Section 6 reviews

the results of the analysis for a selected subset of risk

interventions that demonstrate the need for a systems

approach. Section 7 presents some conclusions from the

study.

2. OBJECTIVES AND SCOPE OF THE PWS
RISK ASSESSMENT

The involvement of all local stakeholders in the man-

agement of the project provided unique access to indi-

viduals and information in an attempt to ensure that all

viewpoints were considered in construction of the ob-

jectives and scope. The study scope consisted of the

risks of marine oil transportation from the Valdez Ma-

rine Terminal to 20 miles outside of Hinchinbrook

Entrance (Fig. 1). Causal and contributory factors such
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as marine traffic, weather, external environmental vari-

ables, human error, and mechanical failure were all to

be addressed. In addition, the study was to include both

technical and operational aspects of the tanker fleet, as

well as regulatory requirements and operating company

management. Excluded from the scope of the study

were events that could occur within the terminal itself

or events caused by certain low probability natural

phenomena (e.g., a lightning strike or earthquake). Spe-

cifically, the Steering Committee established three pri-

mary objectives for the study:

• to identify and evaluate the risks of oil transpor-

tation in PWS,

• to identify, evaluate, and rank proposed risk in-

tervention measures, and

• to develop a risk management plan and risk man-

agement tools hat could be used to support a risk

management program.

To achieve the first objective, the risk associated with

the accident types listed in Table I was to be considered.

The measure of system risk requested by the Steering

Committee was the average oil outflow per year in the

PWS oil transportation system, a measure of both the

probability and the severity of accidents. To understand

the distribution of system risk, this measure was re-

quested for each accident type in Table I and location

in Figure 1. In addition, the Steering Committee wanted

to know whether a high average oil outflow was due to

high frequency/low consequence or low frequency/high

consequence accidents.

In considering the second objective, it is important

to note that some risk interventions attempt to reduce

exposure to specific causal contributory factors that

elevate system risk, while other risk interventions at-

tempt to intervene in the sequence of events leading to

an accident and its subsequent consequences. Thus,

achieving the second objective required a detailed

model of system risk that incorporates the effect of

causal contributory factors, the frequencies of acci-

dents, their precursors, and the severity of their conse-

quences.

The third objective could be achieved only after the

completion of the first two. This required the Steering

Committee to be involved in a group decision process

incorporating not only the information obtained in the

consultant team�s study but also cost, feasibility, and

social acceptability information. This is a separate

topic, outside the scope of this paper.

3. A PROBABILISTIC MODEL FOR
SYSTEM RISK IN THE PRINCE WILLIAM
SOUND

An accident is not a single event but the culmination of

a series of cascading events (Garrick, 1984). The imme-

diate precursor of the accident is termed a triggering

incident. In this model, triggering incidents were fur-

ther categorized as mechanical failures or human errors.

The specific classifications of mechanical failures and

human errors used in the study are listed in Tables II and

III, respectively. Furthermore, accidents and triggering

incidents occur within the context of a system state. In

terms of accident risk, the system state is defined by

combinations of organizational factors (OF) and situ-

ational factors (SF). The organizational and situational

factors included in the model are listed in Table IV.

Figure 2 summarizes the accident probability model

used in the study, including both the time sequence of

Figure 1. The Prince William Sound divided in to seven

locations.
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                 Table II. Mechanical Failures

               Table I. Accident Types

                Table III. Human Errors
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the accident event chain and the influence of organiza-

tional and situational factors on this chain. To simplify

the probability model, it was assumed that organiza-

tional factors influence the occurrence of triggering

incidents and that situational factors influence the oc-

currence of accidents, whereas both affect the conse-

quences of an accident.

The accident probability model discussed herein

was based on the notion of conditional probability. The

levels of conditional probability reflected in Figure 2

are

• P(OF,SF): the probability that a particular set of

organizational and situational factors occur in the

system.

• P(Incident| OF): the probability that a triggering

incident occurs given the organizational factors.

• P(Accident| Incident, SF): the probability that

an accident occurs given that a triggering incident

has occurred.

• P(Consequences| Accident, OF, SF): the prob-

ability of an oil spill of a particular level given

that an accident has occurred.

The probability of an accident with given consequences

occurring in the system follows by summing the prod-

uct of the conditional probabilities over all accident

types in Table I, all triggering incidents in Tables II and

III, and all combinations of organizational and situ-

ational factors in Table IV.

To perform an assessment of the risk of an accident

using this model, each term in the probability model

needs to be estimated. In Section 4, the use of system

simulation in assessing the exposure to combinations of

organizational and situational factors, i.e., assessing

P(OF,SF), is discussed. The use of expert judgment is

discussed in Section 5 to assess the effect of organiza-

tional and situational factors on the frequency of trig-

gering incidents and accidents, i.e., P(Incident|OF)

and P(Accident|Incident,SF). The severity of the con-

                    Table IV. Organizational and Situational Factors

Figure 2. The accident probability model.
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sequences, P(Consequences|Accident,OF,SF), were

estimated using an oil outflow model provided by DNV

(Prince William Sound Steering Committee, 1996).

4. SYSTEM SIMULATION OF THE PRINCE
WILLIAM SOUND OIL TRANSPORTATION
SYSTEM

The frequency of occurrence of each system event

defined by a combination of organizational and situ-

ational factors, specifically P(OF,SF), is determined

using a systems simulation to count the annual numbers

of each such event. In Section 4.1, the need for system

simulation in estimating these frequencies is discussed;

the specifics of building the PWS System Simulation

are discussed in Section 4.2.

4.1 The Need for System Simulation in
Assessing Risk in Prince William Sound

System risk is dynamic in nature, due to the dynamic

variation of situational and organizational factors as

different vessels pass through the system. Weather-

based closure restrictions shut down transits through the

Valdez Narrows and Hinchinbrook Entrance during

periods of high winds and lead to periods of traffic

congestion following prolonged closure. The specific

closure conditions depend on the size of the tanker and

whether the tanker is laden or unladen. A one-way zone

in Valdez Narrows for deep-draft vessels further com-

plicates the dynamic pattern in this area, increasing the

frequency of vessel interactions on either side of the

special navigation zone. Additionally, there is a limita-

tion on dock space and the number of escort vessels,

with escort vessel requirements based on the size of the

tanker and the wind speed in Valdez Narrows.

The term P(OF, SF) is the probability of a system

state defined by the 23 factors in Table IV. Although

data is collected individually on specific vessel arrivals

and environmental conditions, data on the combina-

tions of these events is not collected. If vessel arrivals

and environmental conditions were independent proc-

esses, then P(OF,SF) could be found by simple multi-

plication of marginal frequencies of each factor from

Table IV. In fact, traffic rules in place lead to complex

interdependencies between the vessel arrivals and

movements and the environmental conditions. The

complexity of the traffic rules described above and the

manner in which data is gathered necessitates the use

of systems simulation to estimate P(OF,SF); the simu-

lation counts the frequency of system states (OF, SF)

and estimates P(OF,SF) directly.

In addition to enabling the estimation of P(OF,SF)

in the current system, the use of a systems simulation is

important for system-wide evaluation of risk interven-

tions. The closure restrictions in the Valdez Narrows

migrate risk from this targeted area to the Port and

Valdez Arm locations, in the form of increased traffic

congestion. Similar to these closure restrictions already

in place, proposed risk interventions may also have the

potential to migrate risk. The system-wide effects of

such risk interventions will result in a risk reduction

only if the positive effect in the targeted area outweighs

the adverse effects of risk migration in other areas. The

use of a system simulation captures the complex dy-

namic nature of the PWS oil transportation system and

allows for the system-wide evaluation of risk interven-

tion measures.

4.2 Building a System Simulation of Prince
William Sound

The first step in creating a simulation representative of

the PWS oil transportation system was to collect data

on the traffic movement and environmental conditions.

Numerous data sources from the PWS community were

used in the traffic model. The United States Coast

Guard Vessel Traffic System (VTS) provided both pa-

per logs of vessel transits by vessel types, date, and

time, along with graphical printouts of the transit

routes. Visual printouts of typical routes taken by the

different vessels from VTS plots were entered into the

simulation program as routes and all vessels were as-

signed to one of 125 different routes programmed into

the simulation. The VTS data was the sole data source

for the Barge, Cruise, and Tour vessel arrival models.

The Ship Escort/Response Vessel System (SERVS)

maintains logs for tanker escort transits that provide

information on the total number of tanker transits per

year. Fishing vessel information was provided through

a survey format from the fishing industry. All Fishing

vessels, including tenders and floating processors, were

included in the survey. State Ferry traffic was modeled

directly from published schedule information.

Using these data sources, traffic inter-arrival distri-

butions were estimated for each of the traffic types, and

a traffic arrival generator was created. The organiza-

tional factors were attributes of the tankers in the simu-

lation and were obtained from a management survey of

each company running tankers in the PWS and from

physical descriptions of each of the tankers.

A weather model was created to simulate the change

in wind and visibility and the presence of ice in the

traffic lanes. The weather model used a Markov Chain

approach with parameters estimated using data from

meteorological observations taken periodically by

SERVS� escort tugs and four moored weather buoys in
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PWS maintained by the National Oceanographic and

Atmospheric Administration.

Vessels transiting PWS between the Valdez Ma-

rine Terminal and Cape Hinchinbrook are required to

participate in the USCG VTS and therefore, are,

required to follow a set of defined traffic rules. Clo-

sure restrictions at Valdez Narrows and Hinchinbrook

Entrance, one-way zone restrictions in Valdez Nar-

rows, escort requirements for oil-laden tankers, dock

availability, and anchorage rules were programmed

into the simulation for accurate system repre-

sentation. For verification of the simulation, summary

statistics were recorded, for example counts of the

number of trips to anchorage. VTS personnel verified the

realism of the simulation through comparison of these

summary statistics to actual observations. Simulated traf-

fic behavior was also presented visually to VTS person-

nel (Fig. 3), who verified that observations from the

simulation were in agreement with actual traffic pat-

terns observed at the VTS center.

Within the simulation, the system state was calcu-

lated once every 5 minutes based upon traffic arrivals,

environmental conditions, and the previous system

state. The simulation was used to count the occur-

rence of combinations of organizational and situ-

ational factors. For each tanker in the system at any

given time, a system event was counted that included

the organizational and situational factors for that

tanker. A system event was also counted for each

vessel considered to be interacting with the tanker.

The simulation was run for 25 years of simulation

time and for each 5-minute period the system events

that occurred were counted. Thus, the average yearly

frequency of particular combinations of organiza-

tional and situational factors could be estimated us-

ing the simulation.

5. THE USE OF EXPERT JUDGMENT TO
ASSESS SYSTEM RISK

The next step in the estimation of accident frequency

was to estimate the two levels of conditional probability

of triggering incidents and accidents. These are the

conditional probability of a triggering incident occur-

ring given the organizational factors of the vessels

involved, P(Incident|OF), and the conditional prob-

ability of an accident given that a triggering incident has

occurred under a given set of situational factors, P(Ac-

cident|Incident,SF). In Section 5.1, the need for expert

judgment in the assessment of these probabilities is

discussed, with the specific techniques used outlined in

Section 5.2.

Figure 3. A visual representation of the PWS system
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5.1 The Need for Expert Judgment

The preferred method for estimating the above prob-

abilities is through the statistical analysis of accident

data. However, the Steering Committee required that

only PWS specific data should be used in the analysis.

In the history of the PWS oil transportation system,

there have been only two accidents involving oil tank-

ers, the well-known Exxon Valdez grounding and the

collision of the Overseas Ohio with ice. Clearly, this

data is insufficient to estimate the effect of the factors

in Table IV on accident and incident frequency. Thus

analysis had to rely, at least in part, on expert judgment

solicited from the PWS community.

Expert judgment elicitation is often crucial in per-

forming risk analyses (Cooke, 1991; Moslesh et al,

1988) and has been used in areas as diverse as aerospace

programs, military intelligence, nuclear engineering,

evaluation of seismic risk, weather forecasting, eco-

nomic and business forecasting, and policy analysis.

The approach developed was built on the premise that

the judgments of experts that have a deep understanding

of the system would provide a basis for the assessment

of risk, see the article by Paté-Cornell, 1996. It must be

noted, however, that when applicable all available data

was used in this approach.

5.2 The Expert Judgment Method

Experts may be classified in three categories (DeWis-

pelare et al., 1995):

• Normative experts who have the analysis back-

ground to quantify the judgments of the substan-

tive experts and combine their judgments.

• Generalists who have a thorough understanding

of the project and play a role in defining the issues

addressed and communicating with the experts

• Substantive experts who have the deep knowl-

edge and experience of a system that allow them

to provide information about the functioning of

that system.

Certain members of the risk assessment team were

normative experts, with knowledge of decision theory,

probabilistic reasoning, and expert elicitation tech-

niques. Other members were generalists with both

maritime experience, knowledge of maritime risk is-

sues, and systems engineering techniques.

The parameters of the model were based only on the

responses of substantive experts. A total of 162 substan-

tive experts with significant years of experience were

drawn from the oil company fleets, the pilots associa-

tion, the Ship Emergency Response Vessel System

(SERVS), the local fishing industry, and the US Coast

Guard. Only people with a deep and current knowledge

of the situations being posed were given questionnaires

specific to their area of expertise. For example, the

experts answering the questionnaire on mechanical fail-

ures were primarily Chief Engineers working in the

PWS tanker calling fleet. Stakeholders took the surveys

to familiarize themselves with the expert elicitation

process, but their responses were not used in the esti-

mation of model parameters. A large number of experts

answered each questionnaire to maximize the pool of

available information (Clemen & Winkler, 1999).

The key to good expert judgment elicitation is to

define both a methodology and an instrument that can

be easily comprehended by the experts and yet is pow-

erful enough to be useful in the analysis. As discussed

by Cooke, 1991, indirect elicitation of probabilities is

preferable to direct probability elicitation, especially

when the experts are unfamiliar with probability assess-

ments. The expert judgments in the PWS Risk Assess-

ment were elicited indirectly using pairwise

comparisons (Bradley and Terry, 1952) with an ex-

tended scale (Saaty, 1977). The pairwise comparisons

presented to the experts were at a level of detail defined

by the organizational and situational factors in Table IV.

This level of detail was necessary for the questions to

reflect actual situations observed by the experts.

Figure 4 is a pictorial representation of one of the

pairwise comparisons in the questionnaires. In each

situation in this comparison there is an inbound tanker

greater than 150,000 DWT that has just had a propul-

sion failure in the Central Prince William Sound. It is

within 2 to 10 miles of a tug with tow, in winds over 45

miles per hour blowing on shore (to the closest shore

point) and with the visibility greater than half a mile.

The situation on the left includes an iceberg in the traffic

lanes and on the right the iceberg is omitted.

The question being asked of the expert is which of

the two situations is more likely to result in a collision.

In each question, only one attribute is changed to enable

the experts to more easily compare the difference in

relative likelihood of collision between the two situ-

ations. Figure 5 shows the format of the question in

Figure 4 as it was presented to the experts. The ques-

tionnaire booklets contained 100�150 questions in the

format of Figure 5. Note that all attributes for the

situation on the left are completely defined. Only the

attribute that has changed is shown for the situation on

the right. If the attributes are left blank they are identical

to the situation on the left.

If the expert feels the situation on the left (right) is

much more likely to cause an accident he or she would

circle a larger number (e.g., 7, 8, 9) on the left (right).

Circling a 1 indicates indifference between the two

situations. The scale was left to the judgment of the

expert and later calibrated to the available data. The
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magnitude of the number is related to the relative im-

portance that a particular expert puts on the attribute that

was changed. Thus only the relative magnitude of the

probabilities of an event in different scenarios can be

obtained from this expert judgment technique, requir-

ing a baseline multiplicative constant to achieve abso-

lute probabilities.

The questions in the books were randomized to

reduce response bias and the results statistically tested

to ensure meaningful responses. The results of each

subgroup were plotted to show if significant differences

in the judgments of experts were present in the re-

sponses. No substantial disagreement was observed

between the different groups of substantive experts,

which indicates absence of group-specific motivational

biases (Cooke, 1991). At the end of each pairwise

comparison questionnaire, a series of open-ended ques-

tions were asked concerning completeness and comfort

level. Most experts responded favorably with respect to

the completeness of the model and their comfort level

with answering the pairwise comparison questions.

The aggregation of multiple experts� responses is a

complex problem. Numerous techniques exist, includ-

ing simple averaging techniques, such as the linear

opinion pool and the logarithmic opinion pool (Clemen

& Winkler, 1999), techniques for weighting the judg-

ments of the experts (Cooke, 1991), and Bayesian tech-

niques that require the decision maker to express

judgments concerning the abilities of the experts (Cle-

men and Winkler, 1990; Mendel and Sheridan, 1989).

However, the results from experimental comparisons do

not show a clear advantage for the more complex tech-

niques over simple averaging techniques (Clemen and

Winkler, 1999). In this study, the experts are giving ratio

estimates; thus a geometric average of the expert re-

sponses was taken (Moslesh and Aspostalakis, 1983)

with equal weighting of each expert. The aggregated

responses were used to estimate the parameters of the

Figure 5. The form of the actual questionnaires.

Figure 4. An example of a scenario pictured in the questionnaires.
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relative incident and accident probability models

through a log-linear regression.

The relative incident probability model was cali-

brated to actual mechanical failure data and using the

assumption that 80% of all accidents are caused by

human error because there were no data to directly

estimate this proportion for the PWS. This assumption

is based on risk analysis studies from the United Sates

Coast Guard (USCG, 1995) and was accepted by the

Steering Committee.

6. RISK INTERVENTION MEASURES
CAUSING RISK MIGRATION

For a complete discussion of results, the reader is re-

ferred to the study�s final report (Prince William Sound

Steering Committee, 1996). In this section, a discussion

of the importance of considering system-wide risk is

emphasized through selected analysis of those interven-

tion measures that exhibited risk migration, specifically

• Weather closure restrictions.

• Tanker and fishing vessel coordination.

• Escort procedures.

• Ice transit restrictions.

A baseline simulation was created that represented the

operation of the PWS oil transportation system in 1996.

This base case was used as the basis for comparison of

the effectiveness of all intervention measures.

As discussed in Section 3.1, weather-based closure

restrictions were implemented to reduce the risk of drift

and power groundings in the Valdez Narrows and

Hinchinbrook Entrance, by not allowing transit through

these locations in high wind speeds. A simulation run

was performed without the closure restrictions to test

their effect on system risk. Figure 6 shows that the

closure restrictions were effective at reducing the risk

of oil outflow in the targeted locations, but increased

the risk in the Valdez Arm and Central PWS. The overall

effect was a small reduction in the average oil outflow.

A further scenario was considered that tightened the

closure restrictions at Hinchinbrook Entrance and Val-

dez Narrows by reducing the maximum wind speed in

which transits were allowed. Tightened closure restric-

tions at Hinchinbrook Entrance were motivated by con-

cerns about the escort capability for saving a tanker in

adverse weather in this location. Tightened closure

restrictions were motivated at Valdez Narrows due to

limited maneuverability and response time concerns for

a tanker in adverse weather conditions in this location.

Figure 6 shows that the effect of this tightening is to

increase risk in all locations apart from the Valdez

Narrows, thus the migration of risk away from the

targeted locations leads to an overall increase in risk.

Further analysis of the baseline scenario revealed an

interesting result. Figure 7 shows the breakdown of

collision frequency by the type of the other vessel. The

highest collision frequency is with fishing vessels. Fish-

ing vessels operate in large numbers during the summer

months when the State of Alaska allows �fishing open-

ers.� This leads to a high number of interactions with

tankers. Although the majority of the fishing vessels are

not large enough to damage the hull of a tanker and

cause an oil spill, these interactions were of concern to

the Steering Committee in terms of overall safety. A

scenario was created in the simulation that included

rules to delay openers until a tanker had passed through

the area or to delay a tanker until the end of an opener.

Figure 7 shows that the collision frequency with fishing

Figure 6. The migration of risk amongst locations due to closure restrictions.
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vessels was significantly reduced by these rules, and

there was no migration of risk to other vessel types or

indeed to other accident types.

As mentioned previously, the Oil Pollution Act of

1990 and the State of Alaska�s oil discharge prevention

and contingency plans put in place specific escort vessel

requirements. The purpose of an escort vessel is to stop

a drift or powered grounding accident by attaching a

line to a tanker in risk of grounding and pulling it away

from shore. The escort system implemented included

continuous escorting of all outbound, oil-laden tankers

from the port to the Gulf of Alaska. Two or three escorts

were used depending on the wind speeds in Valdez

Narrows and the size of the tanker. The escort vessels

returned to port following an escort assignment.

The escort system was removed from the baseline

simulation, and the risk for a system with no escorts was

compared to the system with the baseline escort

scheme. Figure 8 shows that the escort system was

successful in reducing the average oil outflow from drift

and powered groundings, but it increased the average

oil outflow from collisions as the escort vessels return-

ing from an escort assignment interacted with the tank-

ers in the system. In fact, Figure 7 shows that the second

highest collision frequency in the base case is collisions

with escort tugs, and a further analysis showed that

escort tugs are the highest cause of oil outflow from

collisions. Despite the migration of risk from grounding

accidents to collisions, the overall effect of the escort

system was estimated to be a 43% reduction in the

average oil outflow.

However, the risk migration raised the question of

whether the reduction in grounding accidents could be

maintained, while minimizing the additional collision

Figure 7. The migration of collision frequencies amongst vessel types due to fishing vessel rules.

Figure 8. The migration of risk amongst accident types due to escort schemes.
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risk. The first escort scheme that was tested reduced the

number of escorts from two or three to one or two,

depending on the wind speed in Valdez Narrows. The

idea behind this is to reduce the total number of escort

transits and thus reduce interactions between tankers

and escort vessels. Figure 8 shows that this system

would reduce the average oil outflow from collisions,

but migrates risk back to drift and powered grounding

accidents. This is because the accident probability

model indicated an increased probability of grounding

with only one escort as opposed to two. Thus although

these changes to the escort system achieved their goal

of reducing collisions, the total average oil outflow was

increased by 8%.

The final escort scheme tested used two escort tugs

to escort outbound, oil-laden tankers from port through

the Valdez Arm and Hinchinbrook Entrance, where the

tanker is closest to shore, but used only one close escort

and multiple pre-positioned, standby escorts through

the Central PWS. Figure 8 shows that this escort scheme

Figure 9. The migration of risk amongst accident types due to ice transit restrictions.

Figure 10. Estimated risk reduction for inbound tankers by intervention.
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is as or more effective than the original escort scheme

at reducing drift and powered grounding risk, but re-

duces the migration of risk to collisions, thus achieving

the goal of reducing average oil outflow from collisions

without migrating risk to other accident types.

In the two historical accidents involving oil tankers

in Prince William Sound, the grounding of the Exxon

Valdez was caused by errors in navigation while at-

tempting to steer around icebergs in the traffic lanes,

and the Overseas Ohio collided with ice. With these

events in mind, the Steering Committee proposed tran-

sit restrictions that limited nighttime outbound transits

while ice was present in the traffic lanes. This case was

programmed into the simulation and compared with the

base case. It should be noted that in the baseline simu-

lation, one shipping company had already made a uni-

lateral decision to implement these rules.

Figure 9 shows that the implementation of nighttime

ice transit restrictions successfully reduces the total

collision frequency, particularly with ice, while there is

no migration of risk to other accident types. This can be

partly explained by the scarcity of non-tanker related

traffic during the periods of the year when ice can be

present in the traffic lanes.

Figure 10 shows a tornado diagram for a summa-

rized list of the risk interventions discussed thus far.

Further major reductions indicated by the model were

improving the human and organizational performance

through the International Safety Management program

(ISM) and introducing tankers with a second (redun-

dant) propulsion system.

7. CONCLUSIONS

At the conclusion of the study, the contract team deliv-

ered a final report to the Steering Committee (Prince

William Sound Steering Committee, 1996). This re-

port included technical documentation of the meth-

odology used in the study, the results of the modeling

performed, and a set of recommendations based on

these results. Following the project, the Steering

Committee separated into risk management teams

charged with implementing the recommendations in

specific areas of operation. The level of implementa-

tion of the recommendations of a risk assessment

project is one measure of its success. To date the

following risk interventions discussed in this article

have been implemented:

• The Coast Guard VTS manages interactions be-

tween fishing vessels and tankers.

• The improved escort scheme with standby escorts

has been implemented.

• Nighttime transits are restricted when ice is ob-

served in the traffic lanes.

The implementation of these risk interventions and the

avoidance of targeted interventions that had negative

system-wide effects demonstrate the necessity for a

systems approach to managing risk. Other risk interven-

tions implemented include improving the safety man-

agement systems of the shipping companies and the

deployment of new, high-powered escort tugs, the

Nanuq, the Tan�erliq, and the Gulf Service.

Despite the impact of the study, several limitations

should be mentioned. The findings of a quantitative

study must be interpreted with care as uncertainty is

introduced at various level of the analysis (Paté-Cor-

nell, 1996). Sources of this uncertainty include incom-

plete and/or inaccurate data, biased or uninformed

expert judgment, modeling error, and computational

error. Testing for the level of uncertainty in an analysis

requires accounting for both parameter uncertainty and

model uncertainty and their impact on the results and

conclusions. Such an uncertainty analysis was not ap-

proved by the Steering Committee.

Although the use of proper procedures, such as

rigorous data selection and cross validation, structured

and proven elicitation methods for expert judgment,

and use of accepted models, can reduce uncertainty and

bias in an analysis, it can never be fully eliminated. The

reader should recognize that the value of an analysis is

not in the precision of the results per se, but rather in

the understanding of the system through the identifica-

tion of peaks, patterns, unusual circumstances, and

trends in system risk and changes in system risk through

risk migration.

A second major drawback in the study was the

treatment of human error as a triggering incident. A full

discussion of the model used is given in the article by

Harrald et al., 1998. The classifications of human error

used were taken from the UCSG�s Prevention Through

People study (USCG, 1995). However, the modeling

effort was hampered by the current lack of under-

standing of the processes and factors that lead to human

error and the lack of data on the occurrence of human

errors in the maritime field. Some results were drawn

from other fields, such as risk analysis in the nuclear

power industry, but it is not self-evident that these are

directly applicable to maritime risk.

Even with the limitations mentioned above, the risk

assessment was capable of answering the majority of

the questions posed by the stakeholders. The applica-

tion of system simulation, data analysis, and expert

judgment allowed a detailed model of system risk to be

created. The stakeholders started the project with very

different and often opposing points of view. The ability
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to systematically break down the complex decisions

using an understandable framework lead to a better

understanding of the problem. It is important to note

that at the end of the project, the environmental and

local interest groups joined with Oil Company execu-

tives to write press briefings and to discuss implemen-

tation issues.
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