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Transport of different oil types as fuel or cargo varies within the Salish Sea and over time. Although many
studies have focused on the future health of Salish Sea ecosystems under a warming climate, no study has
addressed how market-based dependencies on fossil fuels introduces geographic and temporal variations in
ecosystem vulnerabilities. This paper aims to help address this knowledge gap with details of oil transport
and oil spill risk in the Salish Sea. Part 1 describes the method that we developed to statistically generate
individual oil spill scenarios based on ship traffic data, Washington state oil transfer data, and information
on past oil spill events. We examine a set of these 10,000 random spill scenarios, referred to as “Study Spill
Set,” and we compare this Study Spill Set to other sets of 10,000 spills. The Study Spill Set generated by
this Monte Carlo method is the spill set that was used in the model simulations described and presented in
a second paper in this special issue, Part 2 (Mueller et al., 2025). While Part 1 focuses on the methods and
results from statistically generating 10,000 spill scenarios, Part 2 focuses on the likelihood of oil spill impacts
in the Salish Sea based on the fate and transport of these 10,000, statistically-generated spill scenarios. In this
paper, we explain the development of our Monte Carlo approach and show that Salish Sea oil spill risks are
regionally variable by oil type and spill volume.

1. Introduction

A review of grey literature research related to oil spill risk as-
sessment in other regions highlights the importance of peer-review

The Salish Sea is an estuarine transport corridor located between
Vancouver Island and the mainlands of the United States and Canada
(Fig. 1). Despite hosting 8,300 deep draft vessel transits (Van Dorp and
Merrick, 2017) and around 45 billion liters of oil transported as cargo
each year (Washington State Department of Ecology, 2018), the Salish
Sea has yet to experience a major oil spill. Most peer-reviewed studies
on oil spill impacts since 1968 have occurred in the aftermath of major
spill events that capture public interest (Murphy et al., 2016), with a
focus on the circumstances of those spills. Given the lack of a major spill
event in this region, a majority of oil spill risk assessment in this region
is documented in grey literature rather than peer-reviewed literature.

in assessments of oil spill impacts (Lubetkin, 2020). An example of
misreporting in grey literature is demonstrated by a stochastic mod-
eling study of a potential oil spill just west of our study region that
showed no risk of oiling to Washington state shorelines (NOAA Office
of Response and Restoration, 2013). Further investigation of this case
has confirmed risk to Washington state shorelines during non-winter
seasons using the open source GNOME modeling suite (NOAA Office of
Response and Restoration, 2025), developed by the National Oceanic
and Atmospheric Administration (NOAA) (Mueller et al., in prep.;
NOAA Office of Coast Survey, 2025). The oversight in the previous
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Fig. 1. Location of this study with the boundary for oil spills and oil spill fate shown in
darker brown, which is also the limit of the SalishSeaCast model domain. The seafloor
depth is shown in blue. The yellow dots mark the locations of Non-crude oil transfer
terminals while all other markers show crude oil transfer stations distinguished as:
green triangles for crude export only, a blue square for crude import only, and purple
circles for locations that import and export crude oil. The crude-oil terminals are listed
in Table 1 according to the numbers shown in this graphic. In 2018, Washington crude-
oil terminals reported oil transfers of Bakken, “crude oil”, and/or Bitumen (Washington
State Department of Ecology, 2018). Westridge Marine Terminal, BP Cherry Point
Refinery (2) and Marathon Anacortes Refinery (5) receive light to heavy crude from
the TransMountain pipeline. Westridge primarily exports heavy crude to California and
Asia (Canada Energy Regulator, 2023).

study may have been caused by the use of a model that was not
open source (a term used to describe code that is freely available for
anyone to use, modify, and distribute) and a lack of details about the
model setup. Using numerical models with open source code allows
those who interpret and communicate model output to have access
to model parameterizations, settings, and setup. This access allows for
review and verification of information, which supports a more accurate
representation of results. The research we present here, in advance
of a major spill, is for the purpose of providing critically-evaluated
information that is free and openly accessible, with full access to the
methods, in support of informed decisions on how to best prevent
harmful impacts from a major spill.

Statistically representing oil spill risk in the Salish Sea requires
mapping out local traffic, determining spill risks, and assigning spill
characteristics to each simulated incident (inclusive of oil type and
volume). In this Part 1 paper, we present a method of developing
statistical distributions for spill location, spill times, oil type spilled,
and spilled volumes for the purpose of providing a more comprehensive
and accurate prediction of oil spill impacts in this region. The resulting
impacts from fate and transport modeling of these statistically gener-
ated spill scenarios are presented in a second paper within this special
issue, Part 2 (Mueller et al., 2025). Part 2 also describes the modeling
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framework used to evaluate the fate and transport of the spill scenarios
resulting from the work presented here, in Part 1.

Previous studies in this region have evaluated the prospect of im-
pacts from numerical model simulations at five different locations in
the Salish Sea with fixed volumes of spilled oil (Niu et al., 2017; Page
et al., 2019; Zhong et al., 2018; EBA Engineering Consultants, 2013;
EBA Tetra Tech, 2013); however, pre-selecting spill locations intro-
duces a human bias in assuming where spill accidents will occur, which
does not represent the actual risks of traffic accidents. In addition, these
modeling studies have relied on proprietary software with restricted
access to the code and details of how statistics are generated. They have
also not included statistical variability of impacts across seasons, vessel
traffic, spill locations, and oil types. This paper lays the groundwork for
a different approach that uses statistics derived from ship track data
to determine spill locations and spill volumes in a way that removes
human bias and includes both traffic and environmental variability.

A motivation for using statistics to determine spill characteristics
is the random the nature of past incidents in this region. Those that
have either threatened or resulted in a spill include: (1) a sunken push
tug spilling 110,000 liters of diesel because the one person on the
bridge fell asleep and the safety navigation alarms were not activated
(as near-shore transits that might trigger safety alarms can help reduce
fuel costs), Transportation Safety Board of Canada (2016), Downing
(2021); (2) an uncoupling of a push tug from its oil tank barge carrying
4,000,000 liters of crude oil due to a mechanical failure of the push-
pin coupling that was compromised by wave action (Ship-source oil
pollution Fund, 2017); (3) a gas tank left open after bunkering (Pawson,
2018), resulting in a continuous in-transit spill of 30,000 liters; (4) and
an in-harbor spill of 2,700 liters that was attributed to a faulty valve
and an improperly installed alarm system (Woodward, 2019). None of
these incidents occurred at the locations chosen in previous studies. The
randomness of spill incidents demonstrates a need to adopt an approach
that removes human bias from choices of spill characteristics and relies
instead on statistics derived from marine transportation data. Here, we
demonstrate a statistical approach that removes human bias for the
purpose of providing a more comprehensive evaluation of oil spill risks
in this region.

We do not know of another study anywhere that has considered
both the stochastic nature of where an oil spill may occur as well other
stochastic processes, like spill volume and environmental conditions.
For example, Amir-Heidari et al. (2019) varies time and amount of oil
spilled but not the location of the spill. Other researchers use statistical
models to determine the fate and transport of oil spilled at a single spill
location under differing environmental conditions (e.g. Guo (2017))
or use a Monte Carlo method to simulate the diffusion of oil (Gong
and Pang, 2019; Dabrowska and Kotowrocki, 2020). This study is the
first of its kind for the Salish Sea (and likely for the world) to capture
variability in shipping, environmental conditions, and oil transport.

Salish Sea marine shipping services five oil refineries (Fig. 1 and
Table 1 labels 2, 3, 4, 5, 8) and three oil transfer terminals (Fig.
1 and Table 1 labels 1, 6, 7) that support a range of markets and,
hence, oil types. Ship traffic, cargo oil, and fuel oil vary over time
and space, imposing a dynamic and heterogeneous seascape of oil types
and volumes spilled. Planning and preparing for a response to a major
spill event requires statistics that encompass these variations, including:
types of spilled oil, potential volumes of spilled oil, plausible locations
of spilled oil, and timing of spills. Location and timing matters because
some regions of the Salish Sea have surface currents that are dominated
by tidal fluctuations while other regions have surface currents that
are more dependent on wind forcing and/or river discharge. Tides,
seasonal cycles, and interannual variability affect Salish Sea circula-
tion differently in different regions, and these regional variations will
introduce variations in oil spill fate and transport. In this paper, we
describe a statistical method for including regional differences in oil
types and volumes to include these regional variations in our statistical
representation of spill risks, calculated in Part 2 (Mueller et al., 2025).
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Table 1
Crude-oil transfer terminals in 2018, shown in Fig. 1.
Fig. 1 label Name of marine terminal transfer direction
1 Westridge Marine Terminal export
2 BP Cherry Point Refinery import and export
3 Phillips 66 Ferndale Refinery import
4 Shell Puget Sound Refinery import and export
5 Marathon Anacortes Refinery (formerly Tesoro) import and export
6 Alon Asphalt Company & Refining export
7 SeaPort Sound Terminal & Refining export
8 U.S. Oil import and export
Table 2

AIS identification of “COARSE_TYPE” used to classify the vessel types in this study as
well as the AIS ship type that is designated to each “COARSE_TYPE”. Monte Carlo ship
types with * required tailored modifications, as described in Section 2.1.

AIS ship type COARSE_TYPE

Monte Carlo ship type

Tanker Tanker 8x
Cargo Cargo 7x
Fishing Fishing 30
Cruise* Passenger 6X
Ferry* Passenger 6X
Small Passenger* Passenger 6X
ATB* Tug 31, 32, 52
Barge* Tug 31, 32, 52
Other Pilot Vessel 50
Port Tender 53
Pleasure Craft 37
Sailing Vessel 36
Sear and Rescue 51
Law Enforcement 55
Wing in Ground 2X
High Speed Craft 4X
Anti-pollution 54
Dredger 33
Dive 34
Unknown 100
Military 35
Other 9X
Local vessels 56
Local vessels 57
Medical transport 58
Special craft 59
Reserved 39
Reserved 39

We do not presume to know when or where accidents might occur
and instead capture this regional and temporal variability by modeling
a large set of spills at locations identified by a Vessel Time Exposure
method (VTE) (Van Dorp and Merrick, 2017) that uses AIS ship track
data to determine location, vessel characteristics, and timing of spills.
Oil transfer data (Washington State Department of Ecology, 2018) is
used to match vessel characteristics with oil types and historical spill
data is used to determine the fraction of the ship’s oil capacity that
is spilled in each, separate scenario. We created a method to generate
statistics from this information and to estimate a large set of random
oil spills from which to evaluate likelihood impacts by simulating spills
using a suite of numerical models. In Part 2 (Mueller et al., 2025) (also
published in this special issue), we show the results from one iteration
of 10,000 simulated spill scenarios using this method. We refer to this
set of 10,000 spills as the Study Spill Set. The purpose of the Study Spill
Set was to create a large enough sample size for statistics while also
operating within our computational restraints. In this Part 1 paper, we
show how the Study Spill Set compares to other iterations of 10,000
spills in order to demonstrate the reproducibility of our Monte Carlo
method as well as to provide context for how the Study Spill Set is
similar to or different from other sets of 10,000 spills.

2. Methodology

We statistically generate oil spill characteristics using Spire’s 2018
Automatic Identification System (AIS) ship track data (Spire Maritime,
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Table 3
ArcMap line density tool parameters.

ArcMap field

Input value

Population field INVRSPD_KM
Output cell size 1000 (m)
Search radius 707 (m)

Area units SQUARE_KILOMETERS

2018) to determine the VTE and, thus, the probability of spill incident
from vessel tracks to determine spill location, timing, vessel type, and
vessel length. Vessel type and length are then used to identify oil type
and fuel tank and/or cargo tank capacity using statistics generated
from a combination of Washington State Department of Ecology oil
transfer data (Washington State Department of Ecology, 2018) and
other information sources (described further down in this section).
Section 2.1 describes the grouping of vessel types in the AIS data into
nine vessel categories. Section 2.2 describes the method for creating
maps of the amount of time that vessels spent in each grid cell,
which was used to weight probabilities on spill location and month.
Although traffic and seasonal variation are determined by the 2018
AIS ship track data, we allow spill time, day, and year to be randomly
selected within the time frame of available hydrodynamic model output
(1/1/2015-12/31/2018), using 4 years to capture inter-annual circu-
lation changes. The specific latitude and longitude within a given cell
was chosen uniformly. The vessel type was then selected according to
the VTE weighting within the cell, and a specific vessel track was then
chosen. The selected AIS ship track provided information on vessel type
and length. Section 2.3 explains the method used to stitch together
AIS ship tracks of vessels carrying oil as cargo (referred to as “tank
vessel traffic”) to identify origins and destinations for a more accurate
determination of oil type. These “tank vessel traffic” vessels included
a selection of articulated tug barges (ATBs), tank barges, and tankers.
As explained in Section 2.4, vessel length was used to attribute spill
capacity for all vessels except Handymax tankers and ATBs. Section 2.5
describes the attribution of oil type.

2.1. AIS vessel categories

AIS “coarse type” was used to group vessels into the nine categories
of tanker, ATB, barge, cargo, cruise, ferry, fishing, small passenger,
and other. An overview of AIS coarse types attributed to our nine
ship type classifications is shown in Table 2; however, some addi-
tional refinements were needed. The cruise, ferry, and small passenger
classifications required hand-editing because they all share the same
coarse type (6X). Details of the MMSI attributed to each vessel type
can be found in the Oil_capacity.xlsx spreadsheet in our data repository
(Mueller et al. (2018)). ATB and barge types also required hand-editing
because the tugs in these systems-rather than the barges-are tracked
by AIS. Using the information contained in the Department of Ecology
oil transfer data (Washington State Department of Ecology, 2018),
we estimated the dedicated oil-carrying ATB and barge vessels and
what proportion of time they are carrying oil (Appendix). Section 2.4
provides more details on how the spill volume is derived from fuel and
cargo tank oil capacities as well as our method of accounting for empty
cargo vessels.

2.2. AIS Vessel Time Exposure (VTE) by vessel category

Ship transit time density (referred to as “VTE”, Van Dorp and
Merrick (2017)) was mapped according to the month and the type of
vessel using Automated Identification System (AIS) data provided by
Spire Maritime. ArcMap’s Line Density tool was used to map ship track
density in hours per square kilometer. The NEMO-based SalishSeaCast
model, used in Part 2 (Mueller et al., 2025) for hydrodynamic forcing,
has a horizontal grid spacing of approximately 0.5 km by 0.5 km in the
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Fig. 2. Total hours for vessel traffic in 2018 (Vessel Time Exposure, h/km?), shown by vessel classifications used in this study, specifically showing traffic time for: (a) tankers,

(b) ATBs, (c) barges, (c) cargo vessels, (d) ferry vessels, and (e) other vessels.

horizontal directions, and we used this grid when generating the raster-
ized GeoTIFFS of AIS ship tracks. For each grid cell within this grid, the
lengths (km) of vessel tracks within a 1 km radius were multiplied by
the inverse vessel speed (hr/km), summed, and divided by the search
area (km?). The resulting grid units are hr/km? and were exported to
GeoTIFF (see Table 3 for the ArcMap tool parameters used for this
calculation). Our VTE calculation has two sources of error: (1) Smearing
from interpolation, and (2) sampling area mismatch with grid. These
errors are in addition to AIS errors, which are discussed in Section 4.1.
Smearing from interpolation occurs when grids are projected from
lat/lon coordinates. The length of decimal degrees varies with latitude
and vessel track density is calculated in a cartographic projection with
map units in meters. Vessel track density is also calculated within
a radius from the center of the cell (i.e. the density reported in a
square grid cell is calculated from a circular area). Because the search
radius encompasses the grid cell, some vessel tracks included within
the radius might fall outside the cell boundary. Both of these errors
are inherent in all grid cells and not of concern in biasing results. The
output coordinate system used was WGS_1984.

Fig. 2 shows the resulting 2018 Vessel Time Exposure (VTE) maps.
We use these maps of VTE to statistically determine vessel type, vessel
length, spill location, and spill month. Given that VTE reflects the
length of time a vessel type is in a grid cell, our method assumes that
the risk of an incident increases with the amount of time that a vessel is
in the water and that all incidents represent a potential oil spill. We do
not account for vessel drift away from incidents and the role of vessel
drift on spill scenarios (e.g. grounding) and hope that future studies
will advance algorithms for spill risk attributions.

2.3. Attributing tank vessel origins and destinations

We created two different shapefile products that are referred to as
a comprehensive shapefile and a voyage shapefile. The comprehensive
file includes all of the 2018 ship tracks received from Spire Maritime
and has features that represent individual ship track segments. A ship
track segment is a line connecting two consecutive AIS pings. The

comprehensive dataset was used to generate the VTE maps used for the
statistics of spill location and timing (Section 2.2). The voyage shapefile
contains voyage information for the sub-sample of ship tracks with
unique vessel IDs (Maritime Mobile Service Identity, typically referred
to as MMSI) that we classified as tank vessels, or vessels that carry oil
as cargo. These are tankers, ATBs, and barges.

A voyage refers to a joined series of track segments that make up any
given shipping route. We created voyages as polyline features that join
ship track segments from those within 100 m of an oil transfer terminal
origin to the end destinations (Hilliard, 2019). Ship tracks with the
same MMSI were joined if (a) the subsequent ship track is within 4 h of
the previous ship track and (b) the vessel speed was less than 80 knots
between the two ship tracks. If either of the criteria were not met, then
the voyage was ended. The result yielded both voyages that appear
complete from origin to destination as well as voyages that appear
to represent segments of a complete origin-to-destination voyage. For
example, if the criteria were satisfied for all AIS pings during a voyage
between Vancouver and Seattle, then the voyage would be represented
as a single feature; if, however, somewhere along the route the AIS
transmitter turned off for over 4 h or the ship track spuriously jumped
to a non-local location then the voyage is represented by two or more
features (depending on the number of interruptions). These errors are
discussed in more detail in Section 4.1.

Origin and destination attributes were added to each voyage ac-
cording to location. If the origin or destination fell within a certain
distance from an oil transfer terminal then the voyage was attributed
with the given terminal as either the origin or destination (depending
on the export or import heading of the vessel). This distance criteria
was specific to each marine transfer terminal because some terminals
are closely grouped or in close proximity to non-oil marine terminals.
We used visual inspection of satellite imagery and clustering of AIS ship
tracks to tailor the distance for each location. The search radius of each
facility is listed in the archived Oil_Transfer_Facilities.xlsx spreadsheet
Mueller et al. (2018). If an endpoint was not located near an oil transfer
facility the voyage tracks were given a generic origin/destination value
of “Canada”, “US”, or “Pacific”.
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The comprehensive dataset was joined with the voyage dataset to
add origin/destination attributes to the comprehensive dataset. For
each voyage feature, the comprehensive dataset was queried to identify
track segments corresponding to the voyage MMSI. Start/end times
and the origin/destination attributes were joined to the identified track
segments. Voyages less than 1 km were not attributed.

Track segments that lack origin/destination attributes are given a
generic oil attribution if the corresponding AIS pings could not be
strung together to form voyages longer than 1 km or if the vessel was
identified in AIS as “local vessel” or “other” types (coarse type 56/57
for local vessels and 9X for other). Four of the 18 ATBs are classified as
these “local vessel” or “other” types (namely: Dublin Sea, Min Zidell,
Emery Zidell, and Nancy Peterkin).

2.4. Generating tank vessels spill volume

Tank vessels are not always full of oil cargo. We use different
probabilities of full or empty for each of the three tank vessel types
in order to leave open the possibility that different vessel types are
used in different ways for imports and exports. AIS data was used to
identify tank vessels and to query import and export behaviors using
Washington State Department of Ecology oil transfer data (Washington
State Department of Ecology, 2018). In the category of tanker vessel
type, the Handymax size class had the highest count of AIS ship tracks
in the Salish Sea in 2018 (Fig. 3a) and is a relatively small tanker,
by volume (Fig. 3b). Twenty Handymax tanker MMSI (out of the 140
identified by AIS) account for 58% of the Salish Sea Handymax traffic
(Fig. 3c). These tankers participated in 227 oil cargo transfers in 2018
(Washington State Department of Ecology, 2018), 93 of which were
transfers in which the deliverer and receiver were swapped in consecu-
tive entries (indicating a two-way transfer of product) and 134 of which
had different deliverers and receivers in consecutive entries (indicating
a one-way transfer, see Fig. 3c). We did not account for time between
consecutive entries when tallying the 93 two-way transfers. Fifty-four
of these paired transfers occurred within 24-hours while 21 had a gap of
more than a week between transfers. We include all paired transfers in
our two-way transfer estimate. We estimate that 93 Handymax voyages
were linked to two-way transfers (import and export) and 134 were
linked to one-way transfers (either import or export), resulting in a 63%
probability of Handymax traffic pings containing cargo. We use a 50%
probability of carrying oil as cargo for all other tanker size classes as
well as ATBs and tank barges. We consider the 50% of cases selected
as not carrying fuel to be fuel oil spill scenarios. For all cases that
are determined to be carrying cargo in addition to fuel, we impose a
20% probability of a fuel spill, an 80% probability of a cargo spill and
no possibility of both. Volume capacities and oil types are attributed
according to the type of spill (fuel versus cargo).

0Oil cargo capacities were fixed volumes for all oil tank vessels ex-
cept ATBs and Handymax tankers. For these vessels, we use probability
weights for volume of oil carried as cargo based on the Washington
State Department of Ecology oil transfer dataset (Fig. 4(a), Washington
State Department of Ecology (2018)). The oil cargo capacity most likely
for ATBs is less than the fuel capacity of 18,000 TEU container ships,
e.g. Benjamin Franklin, cf. Fig. 4(a) and (b). The percentage of oil
capacity that becomes a simulated spill volume is determined by a
probability of percent-spilled based on the historical record of oil spills.
Historic data from ten oil spills greater than 100,000 liters (see Table
4) were used to create a probability function for percent of oil capacity
attributed as spill volume for each spill scenario. The function is shown
in Fig. 5 and demonstrates that most of the spills in our study are a
small fraction of the attributed spill capacity.
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2.5. 0Oil type attribution according to tank vessel type

Washington State and British Columbia handle oil transfers and oil
cargo shipping in different ways. In Washington State, marine terminals
are required to record oil transfers greater than ~40 liters, with access
to this information through Washington State Department of Ecology’s
public records. British Columbia does not require this documentation.
In 2018, most marine terminal imports to Washington State were crude
oil from tankers and most exports were refined oil to tankers, albeit
ATBs and tank barges , combined, exported nearly twice the volume as
tankers (Fig. 6). Bunker-C was the persistent oil type most commonly
transported as cargo within the Puget Sound and Alaska North Slope
crude (ANS) was the most commonly transported persistent oil type
as cargo across Washington waters north of the Puget Sound (Fig. 6).
Given that the volume of oil types being transported varies by region,
transport vessel, and direction of transport (Fig. 6), our attribution
method allowed us to better capture these regional variations.

Even with Washington State Department of Ecology data (Wash-
ington State Department of Ecology, 2018), we still needed additional
information to attribute which type of crude oil would best represent
transported cargo in this area. To do so, we considered the data on
total transport and remove the volumes transported by rail and/or
pipeline. Washington Research Council (2019) delineates net crude
imports as 34.4% ANS crude, 23.8% Conventional-sourced Canadian,
10.4% Tar Sands, and 23.3% North Dakota. We assumed that all of
the North Dakota crude is transported by rail and/or pipeline and
that most of the Canadian-sourced oils are transported by rail and/or
pipeline to the Washington refineries in this study. The only reported
marine transport of Canadian Oil to the U.S. refineries in this study
is 305,104 liters/year of oil sands diluted bitumen (hereafter referred
to as Dilbit) transported by 1-3 tug and tank barges per month from
Westridge Marine Terminal in Burnaby, B.C., to U.S. Oil refining in
Tacoma (Washington State Department of Ecology, 2019). This amount
of marine transport would account for only 2% of Dilbit processed by
U.S. Oil (Washington State Department of Ecology, 2019); however, we
did not find any evidence of Dilbit transfers to U.S. Oil in the 2018
Washington State Department of Ecology data either because (a) these
oil transfers were classified as “CRUDE” instead of “BITUMEN OIL
(DIL OR SYN)” or (b) shipping trends were different in 2018. In 2018,
the Washington State Department of Ecology data shows six export
transfers that were classified as “BITUMEN OIL (DIL OR SYN)” from
Seaport Sound Terminal and Alon Asphalt Company to tank barges,
with a total transfer volume of 11,700,000 liters (Mueller, 2021a,b).

We assume that ANS crude is the majority of the approximately
18.5 billion liters/year of crude oil that was shipped to Washington
State marine terminals in 2018. This assumption is consistent with
the reporting on page 94 of Washington State Department of Ecology
(2019). We use Washington State Department of Ecology (2018) to
create oil-type probabilities for all tank vessels with voyages connected
to the Washington marine terminals included in this study via origins
and destinations (MIDOSS research team (2019)). These probabilities
were based on grouping oil types in Washington State Department of
Ecology data into 5 different oil groups: ANS, Bunker-C, Diesel, Dilbit,
and Other (Table 5). This grouping was necessary because we could
only run a limited number of spill simulations and wanted to have
a sufficient number of spills in each oil type classification to get a
reasonable coverage. We further simplified this grouping by running
“Other” spills as Bunker-C because this oil type seemed the most
reasonable to represent the major fraction of this group, which was Cat
Feed/VGO (Table 5). Most spills in this study are Diesel with Bunker-C
following as second with around half of the spill count of Diesel (Table
6). The “Other’” grouping only accounts for less than 1% of spills (Table
6).

Most crude oil exported from Canada is transported by Aframax
tankers from Westridge Marine Terminal to markets outside of the
Salish Sea. The Transmountain pipeline servicing Westridge Marine
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Fig. 3. Oil tanker transport characteristics. (a) 2018 AIS ship track count by tanker vessel size class, (b) cargo volume capacity for each size class with light green bar or range
showing the volumes (ML) used in this study, and (c) the fraction of AIS ship tracks accounted for based on the N number of MMSI used to identify one-way transfers (black
line) and two-way transfers (yellow line) in Washington State Department of Ecology (ECY) oil transfer data.
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Fig. 4. Oil capacities used ATB and Handymax oil cargo tanks as well as container (cargo) ship fuel tanks. (a) Weights used to determine cargo volumes (ML) for ATBs (light
green) and Handymax Tankers (dark green) based on Washington State Department of Ecology (ECY) transfer data (Washington State Department of Ecology, 2018). These are the
only two vessel types that had cargo volumes determined by a weighting function. All non-Handymax tanker capacities were fixed by tanker size class and other vessel types had
oil capacities set by a length-based function based on line fits to data. (b) Line fit used to determine container ship fuel capacities (ML) based on vessel length (m). Dots represent
the data points used to inform line fits. The gray lines show the minimum and maximum allowed capacities.

Table 4

Spills greater than 100,000 liters used to establish probability function for percent of oil capacity attributed as spill volume, as shown in Fig. 5.
Spill event Oil type Approx. spill volume (ML) Oil on board (ML) Percent spilled
COSCO Busan Bunker .203 3.800 5%
MV New Carissa Bunker-C .230 1.500 15%
Bouchard No. 120 Bunker-C .370 15.500 2%
Summer Wind/Miss Susan RMG 380 .636 3.785 17%
Athos 1 Crude 997 50.000 2%
DM932 Bunker-C 1.020 1.587 64%
MV Selendang Ayu IFO and Diesel 1.300 1.688 77%
Eagle Otome Crude oil 1.700 91.714 2%
Westchester Crude oil 2.100 8.300 25%
DBL 152 Bunker-C and Diesel 7.200 19.000 38%
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Fig. 5. Probability function for percent of oil capacity spilled in major spill events
(greater than 100,000 liters). The spill data used to create this function is shown in
Table 4.

Table 5

Oil-type classification used to identify oil types for this study together
with the corresponding oil types represented in Washington State
Department of Ecology (2018). Cat Feed/VGO is most similar to
Bunker-C and is transferred in the largest volume of oil types
represented in “Other”.

Oil-type classification Ecology’s transfer name (s)

ANS Crude
Bakken
Bunker-C Bunker Oil/HFO
Diesel Gasoline,
Jet Fuel/Kerosene,
Biodiesel,

Diesel/Marine Gas Oil

Diesel Low Sulphur (ULSD)
Dilbit Bitumen Oil (DIL OR SYN)
Other Cat Feed/VGO,

Ethanol,

Cutter Stock,

Naptha,

Z-Other,

Decant Oil,

Edible/Vegetable Oil,

Oily Waste,

Nonene,

Waste Oil,

Asphalt/Creoseote

Lube Oil/Motor Oil,

Hydraulic Oil,

Used Oil

Terminal (in addition to Washington marine terminals) is used to
transport refined products and crude oils, including Dilbit (Kanjilal,
2019). We assume that tankers leaving Westridge have a 50% chance
of being either Dilbit or Conventional Canadian crude. ANS is the most
similar to Canadian Conventional crude of the oil types used in our
study, so we use ANS as a proxy for Canadian Conventional crude in
our Monte Carlo simulation and simplify the attribution of Dilbit as
Cold Lake Blend (Environment and Climate Change Canada, 2013). All
other terminals are attributed with the Washington cargo probabilities
if the voyages have an origin or destination from/to the Washington
marine terminals included in this study. If the voyages and destinations
are not linked to the Washington marine terminals included in this
study then we attribute Diesel as the oil type to/from all non-Westridge
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Table 6

Number of spills simulated in each oil-type classification, with the oil-
type attribution used in this study represented in parentheses. See Table
5 for lists of oil types represented by each oil-type classification. Spill
counts in this table represent spills greater than three liters. Percent of
spills shows the percent of spills in each oil-type classification across the
10,000 spills represented in this study. This value is shown next to the
value of percent spills when increasing the sample size to 90,000 spills.

Oil type (simulated as) spill percent percent of
count of total 90,000 spills

ANS (ANS) 66 0.67 0.58
Bunker-C (Bunker-C) 3378 34.06 33.82

Diesel (Diesel) 6303 63.54 63.82
Gasoline (Diesel) 76 0.77 0.75

Jet Fuel (Diesel) 26 0.26 0.24

Other (Bunker-C) 69 0.70 0.75

terminals in Canada except the two for which we were able to gain
more specific information. Suncor Nanaimo (Petro-Canada, 2020b) was
attributed with a 25%/75% split between Diesel and Bunker-C, and
ESSO Nanaimo Departure Bay (Petro-Canada, 2020a) was attributed
with a 50% split between Diesel and Gas, which in this study is
represented as 100% likelihood of Diesel.

3. Results

Using the methods described in Section 2, we generated a set of
10,000 spill scenarios (referred to as Study Spill Set) to evaluate oil
spill risks in the Salish Sea. Table 6 shows the number of spills by
oil grouping for Study Spill Set, the impacts of which are evaluated
in Part 2 (Mueller et al.,, 2025). In addition to creating Study Spill
Set, we repeated our Monte Carlo method to generate 9 more sets of
10,000 spills. Here, we compare the Study Spill Set with these other
sets of 10,000 spills using heat maps on a 2.5 km x 2.5 km grid. Fig.
7a represents a map of spill counts for Study Spill Set while Fig. 7b
and 7c show the average spill count and the standard deviation across
9 iterations of 10,000 spills. This figure demonstrates that the Study
Spill Set captures the general pattern of spills across 9 iterations. It also
shows that there are limited regions in which the standard deviation of
spill count across all iterations is on the order of 10% of the spill count
of the iteration used in Part 2 (Mueller et al., 2025).

Across each vessel type, the spill count is also consistent for each
of the Oiterations, Fig. 8a shows a level reproducibility of spill count
that demonstrates a robust estimate of total spill count by vessel type.
In contrast, the total volume spilled by vessel varies across these
9iterations (Fig. 8b), with some vessel types showing a greater spread
in total volume by vessel type than others. Vessels with a larger spill
capacity (like ATBs, barges, and tankers) have a greater spread because
the spill volume is a fraction of the spill capacity, as determined by the
probability function in Fig. 5. This spread in volume is also seen in the
“Other” category because of an AIS misclassification error with 18,000
TEU vessels (as discussed in Section 4.1). Overall, the number of spills
by vessel types is robust while the spill volumes show a greater spread
for vessel types.

The spill volume comparison shown in Fig. 9 shows more variation
than spill count. Although the pattern of spill volume for 10,000 spills
(Fig. 9a) is similar to the average across 9 iterations of 10,000 spills
(Fig. 9b), the standard deviation across the 9 iterations (Fig. 9c) is
greater than the mean value in some places. Fig. 10 shows spill count
and volume by oil type for the Study Spill Set and demonstrates that
spill counts are larger within focus vessel tracks (cf. Fig. 2) and that the
majority of spill volumes that are well below 10 ML. These are the spill
counts and spill volumes represented in Part 2 (Mueller et al., 2025).
Fig. 11 shows the standard deviations of spill count and spill volume
by oil types across all 9 iterations of 10,000 spills.



R.D. Mueller et al. Marine Pollution Bulletin 222 (2026) 118452

1,148 million liters 2,832 million liters 14,559 million liters ﬁ' %"Ses
50°N N Bunker-C
(a) (b) (C) I Dilbit
B Diesel
- Gasoline
@ Jet Fuel
8. atb barge tanker = Other
IS
- 49°N
4,261 million liters 4,237 million liters 5,161 million liters
(d) (e) (f) 48°N
£
o atb barge tanker
%
X
5}
47°N

123°W 122°W

Fig. 6. Fraction of oil cargo volumes imported (upper row) and exported (lower row) by ATBs (a,d), barges (b,e), and tankers (c,f) based on department of Ecology transfer
data (Washington State Department of Ecology, 2018), shown in million liters (ML). [right] Map of SalishSeaCast surface salinity (range 0-32.18 [g/kg] on 08/14/2020) and
the marine terminals used to show fractions of oil types transferred in regions using Ecology’s 2018 transfer data (Washington State Department of Ecology, 2018), [far right
pie-charts]: (top pie chart and circles on map) BP Cherry Point Refinery and Phillips 66 Ferndale Refinery; (middle-triangles) Shell Puget Sound Refinery and Marathon Anacortes
Refinery; and (lower-squares) Shell Oil LP Seattle Distribution Terminal, Maxum Petroleum - Harbor Island Terminal, Nustar Energy Tacoma, SeaPort Sound Terminal, Phillips 66
Tacoma Terminal, U.S. Oil & Refining, Naval Air Station Whidbey Island (NASWI), NAVSUP Manchester, Alon Asphalt Company (Paramount Petroleum), Kinder Morgan Liquids
Terminal - Harbor Island, and TLP Management Services LLC (TMS).
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Fig. 7. Spill density maps of (a) spill count for the 10,000 spills evaluated in the companion Part 2 manuscript (Mueller et al., 2025), referred to as the Study Spill Set, (b)
average spill density over 9 iterations of 10,000 spills, (c) standard deviation (SD) of spill count across 9iterations of 10,000 spills. Only locations with greater than three spills
are shown.

4. Discussion Other publications go into more detail on AIS errors, and we refer
readers to those publications if more in-depth information is needed
4.1. AIS (d’Afflisio et al. (2018), Wolsing et al. (2022), Stach et al. (2023)).

Here, we explain how errors in this data affects our results. These errors
A goal of this study was to determine spill locations, types, and include: mis-identifying vessel types, on-off switching, and kinematic

volumes from statistics derived from AIS ship tracks. AIS in this region deviation.
captures focus vessel oil transport and is well suited for evaluating risks An example of mis-identification error in our study is the classi-
from large oil spills (O’Hara et al., 2023); however, AIS data has errors. fication of a 18,000 “20-foot equivalent unit” (TEU) container ship
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Fig. 8. (a) [left axis, gray lines] Number of spills by vessel types with different lines representing 9 different iterations of 10,000 spills; and [right axis, black line] the fraction
of maximum spill volume by vessel type to largest total spill volume across 90,000 spill iterations. (b) Total volume by vessel type for each of the 9 iterations of 10,000 spills.
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Fig. 9. A companion graphic to Fig. 7 showing 2D histograms of spill volumes (a) for the 10,000 spills used as the Study Spill Set evaluated in the companion Part 2
manuscript (Mueller et al., 2025), (b) averaged over 9 iterations of 10,000 spills, (c) as a standard deviation (SD) of spill volume histograms across 9 iterations of 10,000

spills. Only locations with greater than 3 spills are shown.

as “Other”, with a COARSE_TYPE of 9X instead of the Cargo vessel
classification of 7X. This AIS error results in our “Other” vessel type
classification having larger spills than it would otherwise (as shown
in Fig. 8). Liang et al. (2021) estimate that 9% of AIS ship tracks are
either missing vessel type classification (6%) or have the vessel type
mis-classified as “ship” or “other”(3%). Our method does not include

the 6% of vessels that are absent any classification and the 3% error
in mis-classifying vessel type, as described above, is relatively benign
because the oil spill characteristics are still represented in our study,
just with a different ship-type label.

The 2018 AIS data used in this study (Spire Maritime, 2018) has two
main causes for missing vessel tracks: (1) Signal gaps that appeared to
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Fig. 10. 2D histograms of (a-c) spill count and (d-f) spill volume (ML) for the three oil classifications evaluated in the Study Spill Set, which are: (a,c) Bunker-C, (b,e) Diesel, and

(c,f) ANS.

show AIS being turned off and then back on again; and (2) A “kinematic
deviation” caused by the AIS signal intermittently jumping to a non-
local location. These two data irregularities show up in the 2018 record
as two or more separate ship tracks that are interrupted by a space of
no data in between, and transit gaps in space and time that can look
like a series of shorter ship track segments (see Fig. 12). The error from
missing vessel tracks due to on-off switching or kinematic deviation is
a more insidious problem than misidentifying vessel types. Regions in
which data gaps are more common (e.g., Haro and Rosario Straits) will
be biased toward under-representing actual spill likelihood with our
spill algorithm. O’Hara et al. (2023) show that 84%-97% of tanker,
tug, and cargo traffic is represented by AIS around Boundary Pass,
which gives us confidence that this bias is a small one. Both signal gaps
and kinematic deviations affect our method of oil attribution because
voyages that terminated in US or Canada waters were attributed using
our generic oil attribution rather than the attribution tailored to a
specific origin or destination. See Supplementary Document S1 for more
details on the number of ship tracks affected by this AIS error.

As demonstrated in this study, AIS has the potential to be useful
tool for evaluating oil spill risks; however, AIS data errors compromised
the efficacy of this tool. Harm reduction that relies on AIS could
benefit from more consistency in vessel tracking and identifications in
the AIS record, which include addressing the technical problem and
motivations for introducing gaps and discontinuities between vessel
tracks. We strongly encourage new approaches that will reduce or
eliminate these AIS inconsistencies and errors such that this resource
is a more reliable asset that can be used in future harm reduction.
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4.2. Spill location and magnitude

Oil spills can result from a variety of incidents that include: colli-
sions, allisions, and groundings as well as losses of propulsion, steering,
or electrical power (Washington State Department of Ecology, 2019).
Globally, about 30% of tanker oil spills are caused by allision/collision,
and 32% are caused by grounding (ITOPF, 2023). Within the Salish
Sea, Washington State Department of Ecology estimates that ~27% of
oil spills by tug escort traffic (inclusive of tankers, ATBs, and tank
barges) are caused by collisions, second only to the “other” category
(as reported by Suchar et al. (2024) on results from the traffic risk
study reported in Washington State Department of Ecology (2023b)).
Our study most closely represents in-transit and stationary spills not
caused by a loss of propulsion (e.g. grounding of a larger vessel). These
include collisions and allisions. We do not capture grounding accidents
from tankers and other larger vessels. However, smaller vessels with
AIS that traffic in areas where larger vessels might ground contribute
to spill risks in these regions such that our results do include near
shore spills from smaller vessels. We provide the first comprehensive
evaluation of oil spill risks across the Salish Sea from marine traffic,
using statistics from traffic data.

Moving away from human biases that are created by past inci-
dents and toward a traffic-informed approach is important because the
locations of previous spills do not determine the locations of future
spills. In addition, evaluating spill risk by focusing on one particular
region, e.g. Turn Point, neglects the complex pathways and distances
of spill fate that winds, waves, and hydrodynamics can cause. The
information presented here on potential spill magnitude and location
of larger spills is important because small doses over longer time will
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Fig. 11. Standard deviation of 2D histograms across all iterations of 10,000 spills for (a-c) spill count and (d-f) spill volume (ML) for the three oil classifications evaluated in this

study: (a,c) Bunker-C, (b,e) Diesel, and (c,f) ANS.

have a different ecosystem impact than a large dosage and higher
exposure over a shorter time, especially among endangered popula-
tions. Currently, background sources from land runoff and marinas
are the greatest sources of oil in the marine environment (Serra-Sogas
et al., 2014; Berry et al., 2018; O’Hara et al., 2023). The spill locations
and magnitudes presented here are representative of risks from larger
oil spills that would amplify the dosage and exposure well beyond
background sources.

We use a probabilistic approach to calculating spill volume based
on a vessel’s carrying capacity and a likelihood of percent spilled
from historical data between 1999 and 2014 (see Section 2.4) . It is
important to consider that oil spill volumes between 2010-2019 were
92% less than those between 1978-1987 and 56% less than those
between 1998-2007 (National Academies of Sciences, Engineering, and
Medicine, 2022). In other words, our spill volumes reflect probabilities
from a period in which spill volumes are higher than today. Even so,
our spill volume estimates are reasonable. The worst case scenario used
in the Trans Mountain Expansion application was 16,500,000 million
liters. Other studies use scenarios that range from 3,785,412 to as
much as 39,746,824 liters (Page et al., 2019). Based on 90,000 spills
generated using our spill generation algorithm, our method produces
5.21% of spill volumes between 950,000 liters and 132,489,000 liters,
80.18% of spills between 450 liters and 946,000 liters, 14.61% of spills
less than 450 liters (Mueller, 2019b). A very small fraction of our spills
(0.0033%) are greater than Washington State Department of Ecology’s
“most likely” scenario (Mueller, 2019b). Our method moves away from
a fixed volume spill evaluation and toward a probabilistic approach,
using the best available data, with resulting spill volume scenarios that
are reasonable.
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This regional variability across nine different 10,000 spill iterations
overlays a body of water that is distinguished by regions of unique
circulation. The tide-dominated circulation in Haro Strait is different
than the Fraser River and wind-driven circulation in the Strait of
Georgia, and we ought to expect that wind-forcing will have different
influences on oil spill outcomes depending on time of year and location
of spill. Evaluating these regional characteristics and how they might
affect spill trajectory will require a more in-depth and separate study
but is included in the Monte Carlo results as we sample across all
seasons and across multiple years.

Another source of error is that our method for generating spill
volumes does not take into consideration the type of incident or hull.
The requirement for double hulled tank vessels was phased in starting
1992. Since 2015, all tank vessels that are 5,000 DWT have been
required to be double hulled (National Academies of Sciences, Engi-
neering, and Medicine, 2022). Similarly, the International Maritime
Organization has mandated that large cargo ships built after 2007 have
double hulls for fuel tanks (MARPOL Annex I Reg. 12 A) and 50% of
the world’s cargo ships were built after 2007 (National Academies of
Sciences, Engineering, and Medicine, 2022). The Benjamin Franklin is
a cargo ship with a double-hull bunker tank that services the Salish
Sea and was included in this study. Double hulls reduce the likelihood
of bunker spills by 60% (National Academies of Sciences, Engineering,
and Medicine, 2022) and reduce the size of tank vessel cargo spills
by 20%-62% (Yip et al., 2011). Some incidents-like those caused by
engine fires, bunkering or cargo transfer errors, mechanical defects,
or operational mishaps-are more difficult to influence through regu-
lations. In addition, oil spills from between-vessel transfers (referred
to as "lightering”) tend to be smaller. 90% of lightering spills are less
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Fig. 12. An example of AIS ship traffic data that is complete (blue line) and AIS ship
traffic data that is interrupted by sections where the AIS signal is dropped (green line).
If the signal is picked up within 4 hours of being dropped, the ship track may extend
through land (as shown for the barge, around Turn Point). We do not correct for these
on/off patterns in our VTE maps. The VTE maps shown in Fig. 2 will under-represent
traffic risks if there are regions where off-switching is habituated. We are not aware
of habituated off-switching in certain regions.

than 160 liters while 62% of tank vessel spills overall are less than
160 liters (National Academies of Sciences, Engineering, and Medicine,
2022). In our study, we do not differentiate spill volume probability by
spill scenario because we do not define spill scenario.

4.3. Oil types

Two major regulatory changes have affected oil transport over the
past decade. The first was in 2015, when a forty-year ban on crude oil
export from U.S. marine terminals was lifted. Over eight years, crude
oil exports from U.S. marine terminals rose around 200 billion liters
per year, from around 26 billion liters in 2015 to 239 billion liters
in 2023 (US Energy Information Administration, 2023c). This trend is
largely driven by crude oil export in the Gulf of Mexico (US Energy
Information Administration, 2023a). At the time of this study, in 2018,
U.S. crude export was around 118 billion liters per year. Within the
Salish Sea, total crude oil export from Washington terminals in 2018
was around 0.7 billion liters per year, varying between 0.1-0.7 billion
liters per year from 2015 to 2022 (Washington State Department of
Ecology, 2018).

The second regulatory change was global and affected both U.S. and
Canadian shipping. Starting 2020, the International Maritime Organi-
zation (IMO) reduced the amount of sulfur allowed in ship fuels from
3.5% to 0.5% in international waters and from 1% to 0.1% in Sulfur
Emission Control Areas (see, e.g., Clear Seas (2020)). This regulation
is often referred to as IMO2020. The main purpose of this regulation
was to reduce sulfur emission such that ships may use an exhaust
gas cleaning systems (also known as scrubbers) to achieve this goal

12

Marine Pollution Bulletin 222 (2026) 118452

rather than switching to a lower sulfur fuel alternative. The advan-
tage of scrubbers is that they allow ships to continue to use cheaper
bunker fuels. A disadvantage of scrubbers is that they produce a highly
acidic and polluted byproduct that is disposed of in seawater, with
consequences to the marine environment (Lunde Hermansson et al.,
2024). For ships that do not use scrubbers, the lower sulfur bunker
fuel alternatives include: Liquid Natural Gas (LNG), Marine Gas Oil
(MGO), Very Low-Sulfur Fuel Oils (VLSFOs, 0.5% sulfur), and Ultra Low
Sulfur Fuel Oils (ULSFO, 0.1% sulfur), Biofuels, Hydrogen, Methanol,
and Ammonia. All of these fuel types carry different risks for response
and environmental impacts. We discuss LNG, MGO, and VLSFOs in a bit
more detail because these are the predominant fuel types used today.

LNG is a methane product that is cooled into a liquid state. If
spilled, LNG will quickly evaporate and/or ignite, reducing the marine
oiling impacts of traditional fuels but adding risks like methane to the
atmosphere, which has 28 times the greenhouse gas heating potential as
carbon dioxide. Increased methane emissions due to LNG fuel includes
methane slip during combustion at a rate of 3.7-25.5 g/kWh (Aakko-
Saksa et al., 2023). The use of LNG fuel grew 30% between 2012
and 2018 with a corresponding increase in methane emissions from
international shipping of 150% over this same time period (Faber et al.
(2020) in Comer et al. (2024)). Comer et al. (2024) asserts that
IMO has underestimated methane slip in LNG combustion engines and
highlights the uncertainty of this estimate given this underestimation.
Methane emissions from this fuel will likely continue to increase in the
coming years due to an increase in the number of LNG vessels, with
LNG marine fuels currently predicted to increase 300% between 2019
and 2030 (Comer and Sathiamoorthy, 2022).

Unlike LNG, MGO is liquid at ocean temperatures and similar to
diesel. It is in the category of distillate fuels, which are higher in the
aromatic or volatile compounds. These fuels are less persistent than
crude oils but have a higher fraction of components that dissolve in
seawater, which leads to a higher toxicity. Aromatics are important in
fuels, however, because they help to stabalize fuel mixtures by keeping
the chemical components in solution.

VLSFOs are made from the heavier fractions of fuels that are left
when the lighter fractions have been removed by distillation, and they
have a lower fraction of aromatic compounds. As a result, a challenge
with this fuel type is stability. Making this fuel product is a chemical
balancing act that can be upset when bunker oils are mixed, with a po-
tential outcome of asphaltenes precipitating out of solution. In general,
VLSFOs have a significantly higher wax content than pre-2020 heavy
fuel oils and a higher pour point, which can add additional challenges
to cleanup and recovery. In addition, there is a wide variety of densities
and viscosities under the label of VLSFO, which complicates response
operations. At the time of this study, VLSFO was not a commonly used
fuel and was not included in Washington State Department of Ecology’s
oil transfer database. IMO 2020 has made this fuel more prominent in
marine shipping and it has since been added.

Bunker oil types are changing in response to regulations like IMO
2020; however, all fractions of oil are potential sources of income
and are, hence, transported. Crude oil has all four fractions (saturates,
aromatics, resins, and asphaltenes) and some of these fractions (like
asphaltenes) are more persistent, with longer term impacts; whereas
refined oils have higher concentrations of aromatics, which pose more
of an immediate threat of toxicity and death upon exposure. A part
of mitigating risks from spills is understanding where and how these
products are transported.

In total, the Salish Sea waterfront includes 5 Washington oil refiner-
ies, 17 Washington marine transfer terminals (separate from refineries),
and 10 Canadian marine transfer terminals (Fig. 1 and Table 1). Accord-
ing to Washington Research Council (2019), the five Washington State
refineries along the Salish Sea coastline (listed here with their 2017
oil refining capacities) are: BP Cherry Point (37,524 liters/day, [2]
in Fig. 1 and Table 1), Shell Oil (23,691 liters/day, [4] in Fig. 1
and Table 1), Marathon Petroleum (19,875 liters/day, [5] in Fig.
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1 and Table 1), Phillips 66 (17,570 liters/day, [3] in Fig. 1 and
Table 1), and U.S. Oil (6678 liters/day, [8] in Fig. 1 and Table
1). According to Washington Research Council (2019), the combined
total crude oil and feedstock received by all five of these refiner-
ies in 2017 was 96,608 liters/day of which 44.8% was transported
by marine shipping, amounting to 43,000 liters/day or 15,797,200
liters/year. For comparison, Washington State Department of Ecology
(2019) estimates that 18,548,509 liters/year of crude oil are trans-
ported to these refineries by tank vessels. According to the data we
received from Washington State Department of Ecology (2018), the
twenty-two Washington marine terminals included in this study (all of
which are land-based) transferred 38 billion liters of oil, 99% of which
was crude oil. Washington marine terminals not included in this study
are floating fuel docs or land-based terminals outside the Salish Sea
(e.g. along the Columbia River and Lake Washington). These marine
terminals that were not included in our study account for 3.2 billion
liters of oil transferred with only 25% of these transfers being crude oil
transfers.

U.S. consumption is the primary driver of Washington State oil
refining with 53% of oil refined in Washington consumed in Washing-
ton and 81% of this Washington oil consumption being used by the
transportation sector (c.f. 69% for all U.S. petroleum consumption (US
Energy Information Administration, 2023b)). Within the transportation
sector, 46% is used for “motor gasoline” (Washington Research Coun-
cil, 2019). 40% of refined product goes to domestic out-of-state and
7% goes to foreign markets (Washington Research Council, 2019). U.S.
consumption is also a primary driver of Canada’s oil-cargo transport
across the Salish Sea via the TransMountain Pipeline supply through
Westridge Marine Terminal. Currently, 90% of tar sands’ Dilbit exports
to U.S. refineries (Oil Sands Magazine, 2023).

BP and Marathon marine terminals (Table 1) receive crude from
Canada’s TransMountain pipeline (the same pipeline that services
Westridge marine terminal) while other Washington marine terminals
receive North Dakota crude by rail and pipeline (see, e.g., Oil Spill
Task Force (2022)). Exports of Bitumen from Washington State marine
terminals is documented as being a negligible amount compared to
total exports (Washington State Department of Ecology, 2018); how-
ever, it is possible that Bitumen transfers may have been recorded
as “CRUDE” instead of “BITUMEN OIL (DIL OR SYN)” (pers. comm.
Washington State Department of Ecology Spills Program, November 9,
2023). Washington State Department of Ecology put in place a new
requirement (effective July 7, 2023) to record the origin, gravity (API
or specific), sulfur content, and viscosity for all crude oil transfers,
which may help reduce the inconsistency in the reported data (Wash-
ington State Department of Ecology, 2023a). This information on oil
transfers is critical for understanding the geospatial landscape of oil
transport by oil type, which in turn helps inform response needs. We
encourage other countries and states to adopt this practice in support
of preparation and planning.

4.4. The future of oil in the Salish Sea

The spatial variation in oil type impacts is a natural consequence of
the geographic variations in oil transfers at marine terminals (partially
shown in Fig. 6) as well as the different traffic patterns of vessels with
different oil capacities (Fig. 2, Fig. 8). Oil transfers and traffic patterns
vary with changes in regulations and terminal expansions. Here, we
discuss how regulatory changes will affect the transport of persistent
oils across the Salish Sea.

Prior to the marine terminal expansion in 2024, Canada’s Westridge
Marine Terminal exported 60 Aframax tankers (~7.2 billion liters) of
Canada Conventional crude and Dilbit each year (Kanjilal, 2019). The
projected volume export after the expansion was to increase export
to 408 Aframax tankers a year, or ~49 billion liters per year. To
our knowledge, Parkland Refinery (the only Canadian refinery in our
study domain) does not import crude by marine transport (pers. comm.
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Bikramjit Kanjlal, June 18, 2020). We estimate that Washington refin-
ing accounts for 72% of crude oil transported across the Salish Sea in
2018 and that Canada’s export of crude oil accounted for 28%. Assum-
ing that Washington refining has remained similar, crude oil transport
across the Salish Sea is shifting toward 27% Washington transport and
73% Canada export (albeit presumably to U.S. markets). This traffic
shift accounts for an increase in Westridge Marine Terminal export of
around 41.8 billion liters per year (Trans Mountain Corporation, 2023),
corresponding to a ~7-fold increase in Aframax tankers servicing this
terminal (Kanjilal, 2019).

Terminal expansions will also change the landscape of risk. These
expansions are being planned for a variety of reasons in response to
supply and demand across different industries. As we have explained
in this paper, different fuel and cargo types carry different risks as does
an increase in vessel traffic, which could also increase the amount of
polluted byproduct from scrubbing. Fuels like LNG, Hydrogen, Ammo-
nia, and Methanol are being developed as alternatives to oil and may
reduce marine impacts due to oil but carry different risks to human
health and to global warming. Using Washington State Department
of Ecology’s requirement to document product transfers together with
AIS ship track data is an example of how monitoring the transport of
these products can be used to help facilitate effective preparation and
planning throughout ongoing changes.

5. Conclusion

A goal of this study was to support informed decision-making in
advance of a major spill by evaluating the risks from a major oil spill in
the Salish Sea, with a particular interest in the possible impacts from a
major crude oil spill. Crude oil spills have unique response and recovery
challenges in addition to causing more persistent impacts (Zhong et al.,
2022; NOAA Office of Response and Restoration, 2023). A couple of
challenges around crude oil spills include the sinking of weathered
crude to unrecoverable depths and the emulsification of crude into
recovery volumes that can be up to 4 times the spill volume. The
unique challenges of responding to a crude or large oil spill motivate
comprehensive planning to help mitigate potential impacts. Our results
highlight potential risks from 2018 marine oil transport with crude oil
modeled as Alaska North Slope crude (ANS) and other persistent and
non-persistent oils represented as Bunker-C and Diesel, respectively. We
show that AIS ship track data can be combined with oil transfer data
to more precisely identify oil transport and regional risks from spills of
different oil types in the Salish Sea.

Based on 2018 traffic data, crude oil spills are most likely in the
traffic corridors between Juan de Fuca Strait and the 5 Washington
refineries. This area is also the region of greatest variability in potential
spill volume for crude oils. Bunker-C and Diesel oil types are trans-
ported more broadly across all regions within the Salish Sea. For these
oil types, the number of spills increases where focus vessels (e.g. ferries)
are more prevalent. Across all oil types, regional differences in oil spill
risk and uncertainty overlay regional heterogeneity of ecosystem dy-
namics, ranging from migratory pathways of upper trophic levels (like
whales) to larvae incubation beds for lower trophic levels (like smelt).
This combination of heterogeneity in oil spill risks and heterogeneity in
ecosystem risks adds complexity to the challenge of accurately assessing
oil spill impacts in the Salish Sea.

Here, we provide a comprehensive view of the statistical spills used
in Part 2 (Mueller et al., 2025) and highlight the areas in which spill
count and spill volumes are most variable between different itera-
tions of 10,000 spills using the method described here. Our method
is consistent in replicating number of spills (Fig. 8a), but varies in
volume of spills (most greatly with large cargo or fuel vessels, Fig.
8b) due to the statistical nature of our method. Our study highlights
the importance of coupling AIS ship track data with oil transfer data
in the evaluation of oil spill risks in the Salish Sea. More research is
needed to quantify how the regional impacts by oil type may vary by
season and shipping or regulatory changes. Seasonal changes in the
likelihood of oil type, location, and volume spilled may have important
consequences to ecosystem dynamics that are not captured here.
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Appendix A. Barge and ATB types

In 2018, Spire Maritime recorded 50 unique tug MMSI. We as-
sumed that all ATB oil tank barges are “married”’-meaning that the
AlS-tracked tug is only used to transport cargo for a particular oil
barge-and we curated a list of 18 MMSI that we attributed as “married”
ATBs that exclusively transport oil cargo. Fourteen ATB-tug MMSI
were identified by the Washington State Department of Ecology oil
transfer dataset (Washington State Department of Ecology, 2018) and
4 additional ATB MMSI were determined by online searches. Details of
ATB attribution are in the data files archived at Mueller et al. (2018).
The remaining 32 tug MMSI not included in our ATB category are
assumed to transport either oil or non-oil cargo barges and comprise
our “barge” traffic. The risk of a barge oil spill being a fuel spill versus
an oil cargo spill was estimated by the ratio between the number of AIS
pings associated with the 18 ATB MMSI and the number of oil cargo
transfers with “ATB” or “ITB” in the “Receiver” or “Deliverer” name.
The median ATB track distance is 6,321 km compared to 2,179 km for
all other tug traffic. We scaled the ATB ping-to-transfer ratio by the
track length ratio to estimate ~430 oil tank barge AIS vessel pings for
every oil cargo transfer. The number of AIS pings associated with oil
cargo was estimated as the product of the ping-to-transfer ratio and the
total number of transfers, with the likelihood of a tug being attributed
as a barge transporting oil cargo determined by the ratio of this product
to the total number of AIS ship tracks (Mueller, 2019a).

Appendix B. Open research section

Data is archived with Canada’s Federated Research Data Repository
at https://doi.org/10.20383/103.01353. Our code is open access and
available on GitHub (MIDOSS research team, 2018). Python 3.6 -
3.12 was used to pre- and post-process model output. Figures were
made with Matplotlib version 3.8.2 (Hunter, 2007), available under
the Matplotlib license at https://matplotlib.org/. The Miniconda cod-
ing environment can be replicated using https://github.com/MIDOSS/
MuellerEtAl MIDOSS_paper/blob/main/environment.yaml. Maps were
created with Cartopy 0.22.0 (Met Office, 2010). Code for this project
is licensed under either Apache 2.0 (https://en.wikipedia.org/wiki/
Apache_License.in) or GNU licenses(https://www.gnu.org/licenses/old-
licenses/gpl-2.0.en.html#SEC1), as specified on the repositories.

Appendix C. Supplementary data

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.marpolbul.2025.118452.
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Access to our research code is available on GitHub at https://github.
com/MIDOSS/MuellerEtAl MIDOSS paper (MIDOSS research team,
2018) and data is archived with Canada’s Federated Research Data
Repository at https://doi.org/10.20383/103.01353 (Mueller et al.,
2018).

References

Aakko-Saksa, P.T., Lehtoranta, K., Kuittinen, N., Jarvinen, A., Jalkanen, J.-P., John-
son, K., Jung, H., Ntziachristos, L., Gagné, S., Takahashi, C., et al., 2023. Reduction
in greenhouse gas and other emissions from ship engines: Current trends and future
options. Prog. Energy Combust. Sci. 94, 101055.

Amir-Heidari, P., Arneborg, L., Lindgren, J.F., Lindhe, A., Rosén, L., Raie, M., Axell, L.,
Hassellov, 1.-M., 2019. A state-of-the-art model for spatial and stochastic oil spill
risk assessment: A case study of oil spill from a shipwreck. Environ. Int. 126,
309-320.

Berry, S., Baron, N.L., Serra-Sogas, N., 2018. Spatio-temporal analysis of oil pollution
in Canadian Pacific exclusive economic zone (EEZ), with an emphasis on pollution
associated with marinas. CORAL Group, University of Victoria.

Canada Energy Regulator, 2023. Pipeline Profiles: Trans https:
//www.cer-rec.gc.ca/en/data-analysis/facilities-we-regulate/pipeline-profiles/oil-
and-liquids/pipeline-profiles-trans-mountain.html#throughput.

Clear Seas, 2020. What is IMO 2020?. Clear Seas, https://clearseas.org/insights/what-
is-imo-2020/.

Comer, B., Beecken, J., Vermeulen, R., Sturrup, E., Paschinger, P., Osipova, L.,
Gore, K., Delahaye, A., Verhagen, V., Knudsen, B., et al.,, 2024. Fugitive and
unburned methane emissions from ships (FUMES): Characterizing methane emis-
sions from LNG-fueled ships using drones, helicopters, and on-board measurements.
International Council on Clean Transportation, Washington DC.

Comer, B., Sathiamoorthy, B., 2022. How updating IMO regulations can promote
lower greenhouse gas emissions from ships. International Council on Clean
Transportation.

Dabrowska, E., Kotowrocki, K., 2020. Monte Carlo simulation approach to determina-
tion of oil spill domains at port and sea water areas. TransNav: Int. J. Mar. Navig.
Saf. Sea Transp. 14 (1).

d’Afflisio, E., Braca, P., Millefiori, L.M., Willett, P., 2018. Maritime anomaly detection
based on mean-reverting stochastic processes applied to a real-world scenario.
In: 2018 21st International Conference on Information Fusion. FUSION, IEEE, pp.
1171-1177.

Downing, E., 2021. Nathan E. Stewart Oil Spill: Five Years After. Technical Report,
Clear Seas, URL https://clearseas.org/en/blog/nathan-e-stewart-oil-spill-five-years-
after/.

EBA Engineering Consultants, 2013. Modelling the fate and behavior of marine oil spills
for the TransMountain Expansion Project. Technical Report, Tetra Tech Company.

EBA Tetra Tech, 2013. Stochastic and Deterministic Oil Spill Numerical Modelling for
the Trans Mountain Expansion Project. Technical Report, Organizational Quality
Management Program, URL https://transmountain.s3.amazonaws.com/application/
V8C_TR_8C_12_TR_S13_TO_TR_8C_16_TERMPOL_RPTS.pdf.

Environment and Climate Change Canada, 2013. Properties, Composition and
Marine Spill Behaviour, Fate and Transport of Two Diluted Bitumen Products
from the Canadian Oil Sands. Technical Report, Environment Canada, ISBN:
978-1-100-23004-7 URL  https://s3-us-west-2.amazonaws.com/transmountain-
craftcms/documents/1403235206-federal-study-dilbit-technical-report.pdf?mtime=
20170721171803.

Faber, J., Hanayama, S., Zhang, S., Pereda, P., Comer, B., Hauerhof, E., van der
Loeff, W.S., Smith, T., Zhang, Y., Kosaka, H., et al.,, 2020. Reduction of GHG
emissions from ships—Fourth IMO GHG study 2020—Final report. IMO MEPC 75
(7), 15.

Gong, J., Pang, L., 2019. Application of marine oil spill model based on Monte
Carlo method in laoshan bay. In: IOP Conference Series: Earth and Environmental
Science, vol. 371, (no. 4), IOP Publishing, 042003.

Guo, W., 2017. Development of a statistical oil spill model for risk assessment. Environ.
Pollut. 230, 945-953.

Hilliard, C., 2019. Tides and currents. https://github.com/casey-h/MEOPAR_AIS/blob/
master/02_Segment_Development/1_generate_tracks_from_AIS_DB_vectorized.py.
Hunter, J.D., 2007. Matplotlib: A 2D graphics environment. Comput. Sci. Eng. 9 (3),

90-95. http://dx.doi.org/10.5281/zenodo.10150955.

ITOPF, 2023. Oil Tanker Spill Statistics 2022. ITOPF Ltd, London,
https://www.itopf.org/fileadmin/uploads/itopf/data/Photos/Statistics/Oil_Spill_
Stats_brochure_2022.pdf.

Kanjilal, B., 2019. Trans mountain expansion project. Salish Sea Shared Waters Fo-
rum, URL https://oilspilltaskforce.org/docs/2019-salish/Bikram-Kanjilal Salish-Sea-
Forum_111319_FINAL[1].pdf.

Liang, M., Zhan, Y., Liu, R.W., 2021. MVFFNet: Multi-view feature fusion network for
imbalanced ship classification. Pattern Recognit. Lett. 151, 26-32.

Mountain.

UK,

15

Marine Pollution Bulletin 222 (2026) 118452

Lubetkin, S.C., 2020. The tip of the ICEBERG: Three case studies of SPILL risk
assessments used in environmental impact statements. Marine Poll. Bull. 152,
110613.

Lunde Hermansson, A., Hassellov, 1.-M., Gronholm, T., Jalkanen, J.-P., Fridell, E.,
Parsmo, R., Hassellov, J., Ytreberg, E., 2024. Strong economic incentives of ship
scrubbers promoting pollution. Nat. Sustain. 1-11.

Met Office, 2010. Cartopy: A cartographic Python library with a Matplotlib interface.
Exeter, Devon, URL https://scitools.org.uk/cartopy.

MIDOSS research team, 2018. Source code for: A statistical representation of oil
spill fate in the Salish Sea. http://dx.doi.org/10.5281/zenodo.10939120, https:
//github.com/MIDOSS/MuellerEtAl MIDOSS_paper/blob/main/README.md.

MIDOSS research team, 2019. Random_oil spills.py. https://github.com/MIDOSS/
MuellerEtAl_ MIDOSS_paper/blob/main/moad_tools/random_oil_spills.py.

Mueller, R.D., 2019a. https://github.com/MIDOSS/MuellerEtAl MIDOSS_paper/blob/
main/notebooks/oil_attribution.ipynb.

Mueller, R.D., 2019b. QAQC_monte_carlo_spills.ipynb. https://github.com/MIDOSS/
MuellerEtAl MIDOSS _paper/blob/main/notebooks/Part1_discussion QAQC_spills.
ipynb.

Mueller, R.D., 2021a. https://github.com/MIDOSS/MuellerEtAl MIDOSS_paper/blob/
main/notebooks/ECY_transfers/ECY _transfers.ipynb.

Mueller, R.D., 2021b. https://github.com/MIDOSS/MuellerEtAl MIDOSS_paper/blob/
main/notebooks/ECY_transfers/make_cargo_AllUS.ipynb.

Mueller, R.D., Allen, S.E., Chang, S., Niu, H., Latornell, D., Li, S., Bagshaw, R.,
Bhudia, A., Do, V., Forysinski, K., Moore-Maley, B., Power, C., 2018. Files used
in a Monte Carlo analysis of oil spill risks in the Salish Sea. Federated Research
Data Repository, http://dx.doi.org/10.20383/103.01353.

Mueller, R.D., Allen, S.E., Chang, S., Niu, H., Latornell, D., Li, S., Bagshaw, R.,
Bhudia, A., Do, V., Forysinski, K., Moore-Maley, B., Power, C., 2025. A statistical
representation of oil spill fate and transport in the Salish Sea (Part 2). Marine Poll.
Bull. 221, 118410.

Mueller, R.D., Duran, R., Blanken, H., Hennen, J., Herborg, L., Kachook, G., Ku-
rapov, A., MacFadyen, A., Righi, D., 2025. Characterizing risk and uncertainty in
ensemble modeling of oil spill fate and transport. (in prep.).

Murphy, D., Gemmell, B., Vaccari, L., Li, C., Bacosa, H., Evans, M., Gemmell, C.,
Harvey, T., Jalali, M., Niepa, T.H., 2016. An in-depth survey of the oil spill
literature since 1968: Long term trends and changes since Deepwater Horizon.
Marine Poll. Bull. 113 (1-2), 371-379.

National Academies of Sciences, Engineering, and Medicine, 2022. Oil in the Sea
IV: Inputs, Fates, and Effects. The National Academies Press, Washington, DC,
ISBN: 978-0-309-27429-6, http://dx.doi.org/10.17226/26410, URL https://nap.
nationalacademies.org/catalog/26410/oil-in-the-sea-iv-inputs-fates-and-effects.

Niu, H., Li, S., Li, P, King, T., Lee, K., 2017. Stochastic modeling of the fate and
behaviors of an oil spill in the Salish Sea. Int. J. Offshore Polar Eng. 27 (04),
337-345.

NOAA Office of Coast Survey, 2025. Coast Survey’s Operational Forecast System informs
shipwreck oil spill scenarios. URL https://nauticalcharts.noaa.gov/updates/coast-
surveys-operational-forecast-system-informs-shipwreck-oil-spill-scenarios/.

NOAA Office of Response and Restoration, 2013. Screening level risk assessment
Package Coast trader. National Oceanic and Atmospheric Administration,
https://nmssanctuaries.blob.core.windows.net/sanctuaries-prod/media/archive/
protect/ppw/pdfs/coast_trader.pdf.

NOAA Office of Response and Restoration, 2023. Oil fact sheets for spill
responders. URL https://response.restoration.noaa.gov/oil-and-chemical-spills/oil-
fact-sheets-spill-responders.

NOAA Office of Response and Restoration, 2025. GNOME suite for oil spill mod-
eling. URL https://response.restoration.noaa.gov/oil-and-chemical-spills/oil-spills/
response-tools/gnome-suite-oil-spill-modeling.html.

O’Hara, P.D., Serra-Sogas, N., McWhinnie, L., Pearce, K., Le Baron, N., O’Hagan, G.,
Nesdoly, A., Marques, T., Canessa, R., 2023. Automated identification system for
ships data as a proxy for marine vessel related stressors. Sci. Total Environ. 865,
160987.

Oil Sands Magazine, 2023. https://www.oilsandsmagazine.com/technical-index.

Oil Spill Task Force, 2022. https://oilspilltaskforce.org/wp-content/uploads/2022/10/
OSTF_2021-Crude-Transport-Report-June-2022-with-MAP.pdf.

Page, R., Van Deren, M., Soares, J., Kerr, N., 2019. San Juan County Oil Spill
Risk Consequences Assessment. Technical Report, Earth Economics, URL
https://www.sjcmrc.org/media/fukkvpda/spill-conseq-assmnt-and-ertv-cost-eval-w-
factsheet-sjc-final.pdf.

Pawson, C., 2018. Canadian navy ship spills 30,000 litres of fuel in Strait of Georgia.
CBC News, https://www.cbc.ca/news/canada/british-columbia/hmcs-calgary-fuel-
spill-1.4551467.

Petro-Canada, 2020a. Coastal Mountain Fuels: Marine fuel docks. https://cmfuels.ca/
marine-fuel-docks/.

Petro-Canada, 2020b. Petro-Canada website. URL https://www.petro-canada.ca/en/
business/industry-support.

Serra-Sogas, N., O’Hara, P.D., Canessa, R., 2014. Modeling the distribution of illicit
oily discharges detected by aerial surveillance in western Canadian marine waters.
Marine Poll. Bull. 87 (1-2), 76-87.


https://github.com/MIDOSS/MuellerEtAl_MIDOSS_paper
https://github.com/MIDOSS/MuellerEtAl_MIDOSS_paper
https://github.com/MIDOSS/MuellerEtAl_MIDOSS_paper
https://doi.org/10.20383/103.01353
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb1
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb1
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb1
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb1
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb1
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb1
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb1
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb2
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb2
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb2
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb2
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb2
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb2
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb2
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb3
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb3
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb3
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb3
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb3
https://www.cer-rec.gc.ca/en/data-analysis/facilities-we-regulate/pipeline-profiles/oil-and-liquids/pipeline-profiles-trans-mountain.html#throughput
https://www.cer-rec.gc.ca/en/data-analysis/facilities-we-regulate/pipeline-profiles/oil-and-liquids/pipeline-profiles-trans-mountain.html#throughput
https://www.cer-rec.gc.ca/en/data-analysis/facilities-we-regulate/pipeline-profiles/oil-and-liquids/pipeline-profiles-trans-mountain.html#throughput
https://www.cer-rec.gc.ca/en/data-analysis/facilities-we-regulate/pipeline-profiles/oil-and-liquids/pipeline-profiles-trans-mountain.html#throughput
https://www.cer-rec.gc.ca/en/data-analysis/facilities-we-regulate/pipeline-profiles/oil-and-liquids/pipeline-profiles-trans-mountain.html#throughput
https://clearseas.org/insights/what-is-imo-2020/
https://clearseas.org/insights/what-is-imo-2020/
https://clearseas.org/insights/what-is-imo-2020/
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb6
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb6
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb6
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb6
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb6
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb6
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb6
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb6
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb6
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb7
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb7
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb7
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb7
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb7
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb8
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb8
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb8
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb8
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb8
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb9
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb9
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb9
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb9
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb9
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb9
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb9
https://clearseas.org/en/blog/nathan-e-stewart-oil-spill-five-years-after/
https://clearseas.org/en/blog/nathan-e-stewart-oil-spill-five-years-after/
https://clearseas.org/en/blog/nathan-e-stewart-oil-spill-five-years-after/
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb11
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb11
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb11
https://transmountain.s3.amazonaws.com/application/V8C_TR_8C_12_TR_S13_TO_TR_8C_16_TERMPOL_RPTS.pdf
https://transmountain.s3.amazonaws.com/application/V8C_TR_8C_12_TR_S13_TO_TR_8C_16_TERMPOL_RPTS.pdf
https://transmountain.s3.amazonaws.com/application/V8C_TR_8C_12_TR_S13_TO_TR_8C_16_TERMPOL_RPTS.pdf
https://s3-us-west-2.amazonaws.com/transmountain-craftcms/documents/1403235206-federal-study-dilbit-technical-report.pdf?mtime=20170721171803
https://s3-us-west-2.amazonaws.com/transmountain-craftcms/documents/1403235206-federal-study-dilbit-technical-report.pdf?mtime=20170721171803
https://s3-us-west-2.amazonaws.com/transmountain-craftcms/documents/1403235206-federal-study-dilbit-technical-report.pdf?mtime=20170721171803
https://s3-us-west-2.amazonaws.com/transmountain-craftcms/documents/1403235206-federal-study-dilbit-technical-report.pdf?mtime=20170721171803
https://s3-us-west-2.amazonaws.com/transmountain-craftcms/documents/1403235206-federal-study-dilbit-technical-report.pdf?mtime=20170721171803
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb14
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb14
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb14
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb14
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb14
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb14
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb14
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb15
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb15
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb15
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb15
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb15
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb16
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb16
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb16
https://github.com/casey-h/MEOPAR_AIS/blob/master/02_Segment_Development/1_generate_tracks_from_AIS_DB_vectorized.py
https://github.com/casey-h/MEOPAR_AIS/blob/master/02_Segment_Development/1_generate_tracks_from_AIS_DB_vectorized.py
https://github.com/casey-h/MEOPAR_AIS/blob/master/02_Segment_Development/1_generate_tracks_from_AIS_DB_vectorized.py
http://dx.doi.org/10.5281/zenodo.10150955
https://www.itopf.org/fileadmin/uploads/itopf/data/Photos/Statistics/Oil_Spill_Stats_brochure_2022.pdf
https://www.itopf.org/fileadmin/uploads/itopf/data/Photos/Statistics/Oil_Spill_Stats_brochure_2022.pdf
https://www.itopf.org/fileadmin/uploads/itopf/data/Photos/Statistics/Oil_Spill_Stats_brochure_2022.pdf
https://oilspilltaskforce.org/docs/2019-salish/Bikram-Kanjilal_Salish-Sea-Forum_111319_FINAL[1].pdf
https://oilspilltaskforce.org/docs/2019-salish/Bikram-Kanjilal_Salish-Sea-Forum_111319_FINAL[1].pdf
https://oilspilltaskforce.org/docs/2019-salish/Bikram-Kanjilal_Salish-Sea-Forum_111319_FINAL[1].pdf
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb21
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb21
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb21
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb22
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb22
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb22
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb22
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb22
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb23
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb23
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb23
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb23
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb23
https://scitools.org.uk/cartopy
http://dx.doi.org/10.5281/zenodo.10939120
https://github.com/MIDOSS/MuellerEtAl_MIDOSS_paper/blob/main/README.md
https://github.com/MIDOSS/MuellerEtAl_MIDOSS_paper/blob/main/README.md
https://github.com/MIDOSS/MuellerEtAl_MIDOSS_paper/blob/main/README.md
https://github.com/MIDOSS/MuellerEtAl_MIDOSS_paper/blob/main/moad_tools/random_oil_spills.py
https://github.com/MIDOSS/MuellerEtAl_MIDOSS_paper/blob/main/moad_tools/random_oil_spills.py
https://github.com/MIDOSS/MuellerEtAl_MIDOSS_paper/blob/main/moad_tools/random_oil_spills.py
https://github.com/MIDOSS/MuellerEtAl_MIDOSS_paper/blob/main/notebooks/oil_attribution.ipynb
https://github.com/MIDOSS/MuellerEtAl_MIDOSS_paper/blob/main/notebooks/oil_attribution.ipynb
https://github.com/MIDOSS/MuellerEtAl_MIDOSS_paper/blob/main/notebooks/oil_attribution.ipynb
https://github.com/MIDOSS/MuellerEtAl_MIDOSS_paper/blob/main/notebooks/Part1_discussion_QAQC_spills.ipynb
https://github.com/MIDOSS/MuellerEtAl_MIDOSS_paper/blob/main/notebooks/Part1_discussion_QAQC_spills.ipynb
https://github.com/MIDOSS/MuellerEtAl_MIDOSS_paper/blob/main/notebooks/Part1_discussion_QAQC_spills.ipynb
https://github.com/MIDOSS/MuellerEtAl_MIDOSS_paper/blob/main/notebooks/Part1_discussion_QAQC_spills.ipynb
https://github.com/MIDOSS/MuellerEtAl_MIDOSS_paper/blob/main/notebooks/Part1_discussion_QAQC_spills.ipynb
https://github.com/MIDOSS/MuellerEtAl_MIDOSS_paper/blob/main/notebooks/ECY_transfers/ECY_transfers.ipynb
https://github.com/MIDOSS/MuellerEtAl_MIDOSS_paper/blob/main/notebooks/ECY_transfers/ECY_transfers.ipynb
https://github.com/MIDOSS/MuellerEtAl_MIDOSS_paper/blob/main/notebooks/ECY_transfers/ECY_transfers.ipynb
https://github.com/MIDOSS/MuellerEtAl_MIDOSS_paper/blob/main/notebooks/ECY_transfers/make_cargo_AllUS.ipynb
https://github.com/MIDOSS/MuellerEtAl_MIDOSS_paper/blob/main/notebooks/ECY_transfers/make_cargo_AllUS.ipynb
https://github.com/MIDOSS/MuellerEtAl_MIDOSS_paper/blob/main/notebooks/ECY_transfers/make_cargo_AllUS.ipynb
http://dx.doi.org/10.20383/103.01353
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb32
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb32
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb32
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb32
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb32
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb32
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb32
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb33
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb33
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb33
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb33
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb33
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb34
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb34
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb34
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb34
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb34
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb34
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb34
http://dx.doi.org/10.17226/26410
https://nap.nationalacademies.org/catalog/26410/oil-in-the-sea-iv-inputs-fates-and-effects
https://nap.nationalacademies.org/catalog/26410/oil-in-the-sea-iv-inputs-fates-and-effects
https://nap.nationalacademies.org/catalog/26410/oil-in-the-sea-iv-inputs-fates-and-effects
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb36
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb36
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb36
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb36
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb36
https://nauticalcharts.noaa.gov/updates/coast-surveys-operational-forecast-system-informs-shipwreck-oil-spill-scenarios/
https://nauticalcharts.noaa.gov/updates/coast-surveys-operational-forecast-system-informs-shipwreck-oil-spill-scenarios/
https://nauticalcharts.noaa.gov/updates/coast-surveys-operational-forecast-system-informs-shipwreck-oil-spill-scenarios/
https://nmssanctuaries.blob.core.windows.net/sanctuaries-prod/media/archive/protect/ppw/pdfs/coast_trader.pdf
https://nmssanctuaries.blob.core.windows.net/sanctuaries-prod/media/archive/protect/ppw/pdfs/coast_trader.pdf
https://nmssanctuaries.blob.core.windows.net/sanctuaries-prod/media/archive/protect/ppw/pdfs/coast_trader.pdf
https://response.restoration.noaa.gov/oil-and-chemical-spills/oil-fact-sheets-spill-responders
https://response.restoration.noaa.gov/oil-and-chemical-spills/oil-fact-sheets-spill-responders
https://response.restoration.noaa.gov/oil-and-chemical-spills/oil-fact-sheets-spill-responders
https://response.restoration.noaa.gov/oil-and-chemical-spills/oil-spills/response-tools/gnome-suite-oil-spill-modeling.html
https://response.restoration.noaa.gov/oil-and-chemical-spills/oil-spills/response-tools/gnome-suite-oil-spill-modeling.html
https://response.restoration.noaa.gov/oil-and-chemical-spills/oil-spills/response-tools/gnome-suite-oil-spill-modeling.html
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb41
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb41
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb41
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb41
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb41
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb41
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb41
https://www.oilsandsmagazine.com/technical-index
https://oilspilltaskforce.org/wp-content/uploads/2022/10/OSTF_2021-Crude-Transport-Report-June-2022-with-MAP.pdf
https://oilspilltaskforce.org/wp-content/uploads/2022/10/OSTF_2021-Crude-Transport-Report-June-2022-with-MAP.pdf
https://oilspilltaskforce.org/wp-content/uploads/2022/10/OSTF_2021-Crude-Transport-Report-June-2022-with-MAP.pdf
https://www.sjcmrc.org/media/fukkvpda/spill-conseq-assmnt-and-ertv-cost-eval-w-factsheet-sjc-final.pdf
https://www.sjcmrc.org/media/fukkvpda/spill-conseq-assmnt-and-ertv-cost-eval-w-factsheet-sjc-final.pdf
https://www.sjcmrc.org/media/fukkvpda/spill-conseq-assmnt-and-ertv-cost-eval-w-factsheet-sjc-final.pdf
https://www.cbc.ca/news/canada/british-columbia/hmcs-calgary-fuel-spill-1.4551467
https://www.cbc.ca/news/canada/british-columbia/hmcs-calgary-fuel-spill-1.4551467
https://www.cbc.ca/news/canada/british-columbia/hmcs-calgary-fuel-spill-1.4551467
https://cmfuels.ca/marine-fuel-docks/
https://cmfuels.ca/marine-fuel-docks/
https://cmfuels.ca/marine-fuel-docks/
https://www.petro-canada.ca/en/business/industry-support
https://www.petro-canada.ca/en/business/industry-support
https://www.petro-canada.ca/en/business/industry-support
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb48
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb48
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb48
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb48
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb48

R.D. Mueller et al.

Ship-source oil pollution Fund, 2017. Zidell Marine 277 & Jake Shearer (2017).
URL https://sopf.gc.ca/wp-content/uploads/pdf/2018-2019%20Incident%20and%
20Claims%20Portfolio/Zidell%20Marine%20277%20%20Jake%20Shearer%20-
%20120-732-R%20-%20EN%20-%202019-05-03.pdf.

Spire Maritime, 2018. URL https://spire.com/.

Stach, T., Kinkel, Y., Constapel, M., Burmeister, H.-C., 2023. Maritime anomaly
detection for vessel traffic services: A survey. J. Mar. Sci. Eng. 11 (6), 1174.
Suchar, V.-A., Leahy, J., Hess, A., Murphy, J., Byrd, A., 2024. Estimation of marine
incidents and oil spills: Counts and probabilities for coastal waters of US and

Canada. In: International Oil Spill Conference Proceedings, vol. 1, Allen Press.

Trans Mountain Corporation, 2023. Trans mountain corporation provides up-
date on the expansion project. https://www.transmountain.com/news/2023/trans-
mountain-corporation-provides-update-on-the-expansion-project.

Transportation Safety Board of Canada, 2016. Marine Transportation Safety Investiga-
tion Report M16P0378. Technical Report, URL https://www.tsb.gc.ca/eng/rapports-
reports/marine/2016/m16p0378/m16p0378.html.

US Energy Information Administration, 2023a. Supply and disposition of petroleum
and other liquids. https://www.eia.gov/dnav/pet/PET_SUM_SND_A_EPCO_MBBLPD_
M_CUR.htm.

US Energy Information Administration, 2023b. U.S. energy consumption by source
and sector, 2022. https://www.eia.gov/totalenergy/data/monthly/pdf/flow/total_
energy_2022.pdf.

US Energy Information Administration, 2023c. U.S. Exports of Crude Oil. https://www.
eia.gov/dnav/pet/hist/LeafHandler.ashx?n=PET&s=MCREXUS2&f=M.

Van Dorp, J.R., Merrick, J., 2017. VTRA 2015 Final Report updating the VTRA 2010: A
POTENTIAL Oil Loss Comparison of Scenario Analyses by Four Spill Size Categories.
Washington State Department of Ecology report 17-08-009, George Washington
University and Virginia Commonwealth University.

16

Marine Pollution Bulletin 222 (2026) 118452

Washington Research Council, 2019. The Economic Contribution of Washington
State’s Petroleum Refining Industry in 2017. Technical Report, Washing-
ton Research Council, URL http://researchcouncil.org/wp-content/uploads/2018-
Refinery-Report-final.pdf.

Washington State Department of Ecology, 2018. 2018 Public Record P000735-043020.
Washington State Department of Ecology, https://ecology.wa.gov/Footer/Public-
records-requests, FRDR, https://doi.org/10.20383/103.01353.

Washington State Department of Ecology, 2019. Report of Vessel Traffic and Vessel
Traffic Safety: Strait of Juan de Fuca and Puget Sound Area. Technical Report
19-08-002, Washington State Department of Ecology.

Washington State Department of Ecology, 2023a. Chapter 173-180 WAC
and Chapter 173-184 WAC. Washington State Department of Ecology,
https://ecology.wa.gov/regulations-permits/laws-rules-rulemaking/closed-
rulemaking/wac-173-180-173-184.

Washington State Department of Ecology, 2023b. Risk modeling. https://ecology.
wa.gov/Spills-Cleanup/Spills/Oil-spill-prevention/Safety-of-Oil-Transportation-
Act/Risk-modeling.

Wolsing, K., Roepert, L., Bauer, J., Wehrle, K., 2022. Anomaly detection in maritime
AIS tracks: A review of recent approaches. J. Mar. Sci. Eng. 10 (1), 112.

Woodward, P., 2019. Cargo ship acquitted of charges relating to 2015 oil spill.
https://www.cbc.ca/news/canada/british-columbia/marathassa-acquitted-charges-
2015-0il-spill-1.5010021.

Yip, T.L., Talley, W.K., Jin, D., 2011. The effectiveness of double hulls in reducing
vessel-accident oil spillage. Marine Poll. Bull. 62 (11), 2427-2432.

Zhong, X., Li, P., Lin, X., Zhao, Z., He, Q.S., Niu, H., Yang, J., 2022. Diluted
bitumen: physicochemical properties, weathering processes, emergency response,
and recovery. Front. Environ. Sci. 10, 910365.

Zhong, X., Niu, H., Wu, Y., Hannah, C., Li, S., King, T., 2018. A modeling study on the
oil spill of M/V Marathassa in Vancouver harbour. J. Mar. Sci. Eng. 6 (3), 106.


https://sopf.gc.ca/wp-content/uploads/pdf/2018-2019%2520Incident%2520and%2520Claims%2520Portfolio/Zidell%2520Marine%2520277%2520%2520Jake%2520Shearer%2520-%2520120-732-R%2520-%2520EN%2520-%25202019-05-03.pdf
https://sopf.gc.ca/wp-content/uploads/pdf/2018-2019%2520Incident%2520and%2520Claims%2520Portfolio/Zidell%2520Marine%2520277%2520%2520Jake%2520Shearer%2520-%2520120-732-R%2520-%2520EN%2520-%25202019-05-03.pdf
https://sopf.gc.ca/wp-content/uploads/pdf/2018-2019%2520Incident%2520and%2520Claims%2520Portfolio/Zidell%2520Marine%2520277%2520%2520Jake%2520Shearer%2520-%2520120-732-R%2520-%2520EN%2520-%25202019-05-03.pdf
https://sopf.gc.ca/wp-content/uploads/pdf/2018-2019%2520Incident%2520and%2520Claims%2520Portfolio/Zidell%2520Marine%2520277%2520%2520Jake%2520Shearer%2520-%2520120-732-R%2520-%2520EN%2520-%25202019-05-03.pdf
https://sopf.gc.ca/wp-content/uploads/pdf/2018-2019%2520Incident%2520and%2520Claims%2520Portfolio/Zidell%2520Marine%2520277%2520%2520Jake%2520Shearer%2520-%2520120-732-R%2520-%2520EN%2520-%25202019-05-03.pdf
https://spire.com/
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb51
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb51
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb51
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb52
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb52
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb52
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb52
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb52
https://www.transmountain.com/news/2023/trans-mountain-corporation-provides-update-on-the-expansion-project
https://www.transmountain.com/news/2023/trans-mountain-corporation-provides-update-on-the-expansion-project
https://www.transmountain.com/news/2023/trans-mountain-corporation-provides-update-on-the-expansion-project
https://www.tsb.gc.ca/eng/rapports-reports/marine/2016/m16p0378/m16p0378.html
https://www.tsb.gc.ca/eng/rapports-reports/marine/2016/m16p0378/m16p0378.html
https://www.tsb.gc.ca/eng/rapports-reports/marine/2016/m16p0378/m16p0378.html
https://www.eia.gov/dnav/pet/PET_SUM_SND_A_EPC0_MBBLPD_M_CUR.htm
https://www.eia.gov/dnav/pet/PET_SUM_SND_A_EPC0_MBBLPD_M_CUR.htm
https://www.eia.gov/dnav/pet/PET_SUM_SND_A_EPC0_MBBLPD_M_CUR.htm
https://www.eia.gov/totalenergy/data/monthly/pdf/flow/total_energy_2022.pdf
https://www.eia.gov/totalenergy/data/monthly/pdf/flow/total_energy_2022.pdf
https://www.eia.gov/totalenergy/data/monthly/pdf/flow/total_energy_2022.pdf
https://www.eia.gov/dnav/pet/hist/LeafHandler.ashx?n=PET&s=MCREXUS2&f=M
https://www.eia.gov/dnav/pet/hist/LeafHandler.ashx?n=PET&s=MCREXUS2&f=M
https://www.eia.gov/dnav/pet/hist/LeafHandler.ashx?n=PET&s=MCREXUS2&f=M
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb58
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb58
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb58
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb58
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb58
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb58
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb58
http://researchcouncil.org/wp-content/uploads/2018-Refinery-Report-final.pdf
http://researchcouncil.org/wp-content/uploads/2018-Refinery-Report-final.pdf
http://researchcouncil.org/wp-content/uploads/2018-Refinery-Report-final.pdf
https://ecology.wa.gov/Footer/Public-records-requests
https://ecology.wa.gov/Footer/Public-records-requests
https://ecology.wa.gov/Footer/Public-records-requests
https://doi.org/10.20383/103.01353
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb61
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb61
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb61
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb61
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb61
https://ecology.wa.gov/regulations-permits/laws-rules-rulemaking/closed-rulemaking/wac-173-180-173-184
https://ecology.wa.gov/regulations-permits/laws-rules-rulemaking/closed-rulemaking/wac-173-180-173-184
https://ecology.wa.gov/regulations-permits/laws-rules-rulemaking/closed-rulemaking/wac-173-180-173-184
https://ecology.wa.gov/Spills-Cleanup/Spills/Oil-spill-prevention/Safety-of-Oil-Transportation-Act/Risk-modeling
https://ecology.wa.gov/Spills-Cleanup/Spills/Oil-spill-prevention/Safety-of-Oil-Transportation-Act/Risk-modeling
https://ecology.wa.gov/Spills-Cleanup/Spills/Oil-spill-prevention/Safety-of-Oil-Transportation-Act/Risk-modeling
https://ecology.wa.gov/Spills-Cleanup/Spills/Oil-spill-prevention/Safety-of-Oil-Transportation-Act/Risk-modeling
https://ecology.wa.gov/Spills-Cleanup/Spills/Oil-spill-prevention/Safety-of-Oil-Transportation-Act/Risk-modeling
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb64
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb64
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb64
https://www.cbc.ca/news/canada/british-columbia/marathassa-acquitted-charges-2015-oil-spill-1.5010021
https://www.cbc.ca/news/canada/british-columbia/marathassa-acquitted-charges-2015-oil-spill-1.5010021
https://www.cbc.ca/news/canada/british-columbia/marathassa-acquitted-charges-2015-oil-spill-1.5010021
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb66
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb66
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb66
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb67
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb67
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb67
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb67
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb67
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb68
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb68
http://refhub.elsevier.com/S0025-326X(25)00927-0/sb68

	A statistical representation of oil spill fate in the Salish Sea (Part 1)
	Introduction
	Methodology
	AIS vessel categories
	AIS Vessel Time Exposure (VTE) by vessel category
	Attributing tank vessel origins and destinations
	Generating tank vessels spill volume
	Oil type attribution according to tank vessel type

	Results
	Discussion
	AIS
	Spill location and magnitude
	Oil types
	The future of oil in the Salish Sea

	Conclusion
	CRediT authorship contribution statement
	Funding
	Declaration of competing interest
	Acknowledgments
	Appendix A. Barge and ATB Types
	Appendix B. Open Research Section
	Appendix C. Supplementary data
	Data availability
	References


