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Abstract

Knowing where an oil-spill would go is crucial to assess explorations and developments
risks and to plan for an optimized and effective clean-up. Having this knowledge is even more
crucial for spills in the harsh climate of the hydrocarbon-rich Beaufort Sea where the dominance
of harsh ice and darkness during colder seasons make detection and clean-up very challenging.
We have modelled and analyzed several in-ice oil spill scenarios for this location and seasons
during which the concentration of ice is very high. A satellite-derived ice drift dataset is
employed as the driver of the in-ice spills with the assumption that oil only moves with ice.
Shallow and deep water spills at different locations, starting at different times and with different
spill durations are modelled. Trajectories were modelled assuming that the ice drift dataset is
and is not error-free. Uncertainties were modelled through a Monte-Carlo approach. Some of the
conclusions follow: (1) the extent of the spill is generally larger when the spill starts on 1 Nov.
than when it starts on 15 Dec. (2) deep water spills extend farther than shallow water spills, and
(3) shallow water, earlier in the colder winter season, and longer-lasting spills are generally
associated with elongated contaminated territorial water boundaries.

1 Introduction

It is estimated that 13% of the world’s undiscovered oil is contained north of the Arctic
Circle (Bailey, 2007; Anonymous, 2008; Mouawad, 2008; Eurasia Group, 2014). A large
majority of this hydrocarbon reserve is believed to reside in the Arctic offshore, a region known
for extremely challenging environment for hydrocarbon exploration and development. Extreme
ice conditions that persist for several months of each year are the main challenge and makes
offshore Arctic exploration and development potentially more risky than many other offshore
locations.

Knowing where a large spill would go is essential for the development of a viable and
optimized remediation plan for ice-covered waters of the offshore Arctic (LOOKNorth, 2014;
Drozdowski et. al, 2011). This plan is required to minimize environmental and economic
damages caused by a large spill, and may include information such as evaluation of the
placement of first response equipment, critical areas of concern, etc.

When an oil slick is in contact with pack ice, the dominant mode of transport could be
considered to be advection with the sea ice. This consideration could be particularly valid when
the ice is rough while water currents (for an under-ice oil slick) or wind speeds (for an on-ice oil
slick) are small (LOOKNorth, 2014; Chen, 1972; Fingas and Hollebone, 2003). As an
approximation, an in-ice spill (either on ice or under ice) will go where the ice goes.
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Most in-ice spill trajectory models rely on strong computational facilities and numerical
ice-ocean model results as their input, for example see (Gearon et al., 2014; Blanken et al., 2015;
Nudds et al., 2013). Presently, major ice-ocean models tend to overestimate ice velocities (Nudds
et al., 2013).

Recent advancements in remote-sensing and image processing technologies have led to
the availability of satellite-derived ice drift datasets. Despite the availability of these datasets,
there is no major research on the application of such datasets for in-ice spill trajectory modeling.
This is the topic of the present paper. The satellite-derived ice drift datasets could be potentially
considered as an alternative source to the numerical ice drift datasets and also as a validation
source for the numerical ice drift datasets.

We used a satellite-derived ice drift dataset as the basis for modeling the trajectory of
hypothetical in-ice spills in the Beaufort Sea during fall and winter. Beaufort Sea ice
concentration is usually very high during this period. This high ice concentration condition is the
main criterion for the validity of the assumption that the motion of the slick is solely tied to the
motion of ice.

2 Polar Pathfinder Version 2 and other Satellite-derived Ice Drift Datasets

Several satellite-derived ice drift datasets are available online. These datasets differ from
each other in spatial and temporal resolution, regional availability, availability period, source
data and satellite sensor(s), techniques to infer ice motion from raw satellite data, and whether
the dataset is gridded (Eulerian) or provides information about motion path of specific ice
features (Lagrangian). Some of the gridded datasets with data for the Beaufort Sea are introduced
in Table 1.

Table 1 Some gridded ice drift datasets with data for the Beaufort Sea region
Product Name Satellite Sensors Highest Spatial Highest Temporal  Availability Period
and other Sources Resolution, km Resolution, day (Public)
AMSR-E, AVHRR,
SMMR, SSM/I,
Polar Pathfinder SSMIS, Dirifting
version 2 (Fowler et Buoys (IABP), 25 1 1978-2012
al, 2013) NCEP/NCAR
(Global Weather
Model Data)
GlobICE (Muir et al, . 2004-2005%*, 2007-
2011: Flocco, 2011)  SAR (Envisat) > ! 2011
- (Kimura et
al. 2013) AMSR-E 37.5 1 2003-2011
OSI-405 (Lavergne SSMIS, ASCAT, . -
et al. 2010) AMSR.2 62.5 2 Since 2006

* Only available for some months in fall, winter, spring period
** Data exists since 2002 but archived data on internet for public use is since 2006

Since the main focus of the present paper is the study of in-ice oil spill trajectory based
on long term historical data, we selected the Polar Pathfinder version 2 dataset (Fowler et al,
2013), referred to as Polar Pathfinder from here on. The Polar Pathfinder dataset provides thirty-
four years (1978-2012) of daily ice motion vectors with a 25 km spatial resolution. To prepare
the Polar Pathfinder dataset, each source data, listed in Table 1, is “weighted” based on the
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accuracy of the source data; the highest weight is given to observed drifting buoy data, if this
data exists nearby. Spatial and temporal error estimates are also provided in the Polar Pathfinder
dataset. Error estimates were not taken into account for most results given in the present paper.
We have, however, included a separate section in the paper in which the effect of errors, given in
the Polar Pathfinder dataset, in trajectories is studied by a Monte-Carlo approach.

(Sumata et al., 2014) has compared different satellite-derived ice drifts datasets, including
the Polar Pathfinder, with each other and also with the observed buoy tracks collected through
the International Arctic Buoy Programme (IABP); it is concluded that the difference between
satellite-derived ice drifts and IABP observations is smaller when the ice concentration is high
and/or when the ice thickness is large. The present study focuses on spills during the fall and
winter seasons when generally ice is thick and highly concentrated.

3 Modelling and Analysis of In-ice Oil Spill Trajectories
3.1 Modelling Trajectories

Spill of oil is modelled by the “injection” of point “droplets™ at the spill location at a
constant frequency. For the present study, this constant frequency is daily which corresponds to
the temporal resolution of the Polar Pathfinder data. Each droplet is, afterwards moved for a
physical day based on the ice drift vector field spatially interpolated to the location of the
droplet. The spatial interpolation is linear and based on the three ice drift vectors at each node of
the triangular Polar Pathfinder dataset grid cell in which the droplet is located. When, and if, the
droplet leaves a cell during the movement, the spatial interpolation is then carried out with the
three ice drift vectors of the new cell. No temporal interpolation is considered for the present
study, i.e., ice drift data at each node is updated daily, temporal frequency of the drift dataset is 1
day, during the modelling period. The “injection” continues throughout the modelled spill
duration. All of the droplets are moved and tracked during the model duration. If a point,
representing an oil droplet, reaches a cell whose any of the three nodes is associated with no
valid ice drift data, e.g. open water, the droplet is stopped at that location; among all modelled
scenarios, introduced later in the paper, the peak proportion of trajectories which are stopped,
because of the above reason, in a scenario is approximately 4%.

As mentioned earlier, in the preparation of the Polar Pathfinder dataset, a higher weight
was given to observed buoy data among the entire source data, see Table 1. This means that the
Polar Pathfinder dataset probably involves less error close to observed IABP buoys. To verify
the present trajectory modelling, we have then modelled the trajectory of a droplet released at the
location of an IABP buoy (namely Buoy90008) and compared the observed and the modelled
trajectories of the 1 November 2008 to 31 March 2009 period. Figure 1 shows this comparison.
The difference between the observed and modelled trajectories could stem from different
sources: (1) Polar Pathfinder has uncertainties, (2) ice drift changes over spatial scales of less
than 25 km, Polar Pathfinder’s spatial resolution, cannot be resolved, (3) ice drift changes over
temporal scales of less than 1 day, Polar Pathfinder’s temporal resolution, cannot be resolved.

Considering all the possible sources of error mentioned above, the overall shape of the
modelled trajectory very closely resembles that of the observed buoy. The approximate
displacement of both observed buoy and the droplet is 950 km. The final location of the droplet
is approximately 40 km away from the buoy. We consider this comparison as a verification of
the present trajectory algorithm.
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Final Locations, 31 March 2009

Beaufort Sea

Start Location, 1 Nov. 2008

13

.Observed Trajectory (IABP-Buoy90008
Modelled Trajectory

Figure 1 Reasonable accuracy of the present trajectory modelling when compared

with an observed IABP buoy track. The distance between the start and the end locations is

approximately 950 km.

)

3.2  Analyzing Trajectories

The total number of trajectories is equal to the number of injected droplets. All droplets
that make a trajectory are considered for the analysis of the results. This means that all
intermediate droplets and the final locations of droplets are considered for the analysis;
intermediate droplets are the locations of droplets before they reach their final locations at the
end of model duration. All analyses are based on all trajectories. All analyses are based on an
analysis grid, different from the Polar Pathfinder grid, composed of square grid cells covering the
Beaufort Sea. If the dimension of the grid cell is very small, many cells will not contain any
droplet which leads to spotty results including contamination probability as a function of
location. If the dimension of the grid cell is very large, however, the results will not capture
regions with high spatial gradients. After some tests, 5 km was found to be an optimum grid cell
size. Note that findings of the present research, given later in section 5, do not depend on the size
of the grid cell; the grid cell size is only adjusted to better visualize results. Unless noted
otherwise, all results are based on thirty-four years of historical Polar Pathfinder ice drifts. The
following lists and explains the analysis of trajectories.
Contamination Probability: This is the probability that oil reaches a location. To calculate the
probability, the total number of years when a cell contained a droplet are counted and divided by
the total number of modelled years, 34 years. A year is not counted more than once if a cell has
more than one droplet in it in that year. For example if a cell “sees” droplets in 5 different years
out of the total 34 years, the contamination probability for the cell is 5/34.
Contamination Intensity: This is a measure of how frequently a location is contaminated. To
calculate the intensity, the total number of droplets in a cell are counted and divided by the total
number of droplets. For example if a cell contains 2000 droplets out of total of 50000 droplets,
the contamination intensity is 2/50.
Contamination Probability of Territorial Water Boundary: Territorial waters of a country
are usually defined as regions whose seaward boundary extends up to 12 nautical miles,
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approximately 22.24 km, from the country’s coastlines. In the present study we calculated the
chance that the length of the seaward contaminated territorial water boundary exceeds different
values (exceedance probability). The territorial water boundary in the present study is defined as
being 25 km offshore of the shoreline. This boundary is shown as a dashed black line in the rest
of the figures. Polar Pathfinder dataset involves high level of uncertainty on nodes immediately
offshore; considering that the spatial resolution of the triangular dataset grid is 25 km, we have
selected the territorial boundary over the actual shoreline to avoid the high uncertainty nodes. To
calculate the exceedance probability, the boundary is intersected with results of contamination
probabilities explained above. Values of contamination probability of cells that contain any
portion of the boundary are then considered to calculate the exceedance values.

Both the deterministic and the probabilistic trajectory modelling were simulated using the
National Research Council of Canada’s proprietary EnSim™ computer software framework.
Analysis and visualization of results were carried out using the open source freeware R and
python. Raw Polar Pathfinder dataset is publically available online. The processed ready-to-use
dataset, which is input to the model, was obtained from the National Research Council of
Canada’s proprietary Beaufort Sea Engineering Database. Note that the developed tools for the
modelling and analysis of in-ice spills are not limited to the shape of the ice drift grid cells, nor
are they limited to the ice drift dataset’s spatial and temporal resolutions.

4 In-ice QOil Spill Scenarios

Several in-ice oil spill scenarios were considered. The scenarios are defined by the spill
location, duration, start date, and the total modelled duration. Scenarios include deep and shallow
water spills in the Canadian Beaufort. Other scenarios include near the Canada-US border deep
and shallow water spills and tanker spills on a Canadian shipping route. Most scenarios involve 2
and 4 week spill durations and ninety days of total modelled duration. For the tanker spills, the
spill, and total modelled durations are 3, and 30 days, respectively. Table 2 provides the details
of the modelled scenarios and Figure 2 shows different spill locations considered in the present
study.
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Figure 2 Different spill locations considered in the present study
Table 2 In-ice Spill Scenarios
Scenario Name Spill Location Coordinates, Spill Start  Spill Duration, Total Modelled
(lat., long.), (water depth, m) Date day Duration, day
SWINOV14 (70.174N, 133.357W), (~30) Nov. 1 14 90
SWINOV28 (70.174N, 133.357W), (~30) Nov. 1 28 90
SW15DEC14 (70.174N, 133.357W), (~30) Dec. 15 14 90
SWI15DEC28 (70.174N, 133.357W), (~30) Dec. 15 28 90
SW_CAN_USINOV14 (70.239N, 141.012W), (~50) Nov. 1 14 90
SW_CAN_USINOV28 (70.239N, 141.012W), (~50) Nov. 1 28 90
SW_CAN_US15DEC14 (70.239N, 141.012W), (~50) Dec. 15 14 90
SW_CAN_US15DEC28 (70.239N, 141.012W), (~50) Dec. 15 28 90
DWINOV14 (71.036N, 136.507W), (~1170) Nov. 1 14 90
DWINOV28 (71.036N, 136.507W), (~1170) Nov. 1 28 920
DWI15DEC14 (71.036N, 136.507W), (~1170) Dec. 15 14 90
DWI15DEC28 (71.036N, 136.507W), (~1170) Dec. 15 28 90
DW_CAN_USINOV14 (70.624N, 140.477W), (> 800) Nov. 1 14 90
DW_CAN_USINOV28 (70.624N, 140.477W), ((> 800) Nov. 1 28 920
DW_CAN_US15DEC14 (70.624N, 140.477W), ((> 800) Dec. 15 14 90
DW_CAN_US15DEC28 (70.624N, 140.477W), ((> 800) Dec. 15 28 90
CSRINOV3 (70.66N, 131.121W), (~45) Nov. 1 3 30
CSR15DEC3 (70.66N, 131.121W), (~45) Dec. 15 3 30
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5 Findings of Modelled In-ice Spill Scenarios

This section summarizes the major findings based on the analysis of the results of the
modelled scenarios. The appendix includes all result figures for scenarios involving a twenty
eight-day long spill duration and the two scenarios involving spills on a Canadian Shipping
route.

Regardless of spill scenario, the dominant direction of spill extent is towards the west.
This is consistent with the well-known clockwise surface currents direction in the Beaufort Sea
known as the Beaufort Gyre.

Note that the following results are based on the above eighteen scenarios and not based
on a detailed parametric study.

Spill Extent as a Function of Spill Start Date

The extent of spills is generally larger when the start date of the spill is Nov. 1% than
when it is Dec. 15™. This is particularly true when the extent of the spill is considered as the
outer edge of regions with contamination probability of 10% and above. This larger extent is
generally along both the east-west and north-south directions, Figure 3. This larger extent of the
spill is associated with a generally larger intensity as defined in the previous section.

Contamination Probability Contamination Probabillity

@ I: o I:

| Scenario: DWINOV28 " Scenario: DW15DEC28

0.7

0.8

ros

04

ros

P
[
{1
£
0.0

185 1800 1asw 140w a8 150w 145 W 240°W 1357
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Figure 3 The extent of the spill is generally larger when the spill starts on 1 Nov. (a),
than when it starts on 15 Dec. (b). The dashed black line is 25 km away from the coastline.
White circles are centered at spill locations and the distances on circles are radii.

Spill Extent as a Function of Spill Location

The extent of spills tends to be larger when the spill is in deep waters than when it is in
shallow waters, Figure 4. This is particularly true when the extent of the spill is considered as the
outer edge of regions with contamination probability of 10% and above. The extent of the spill is
similar between the two deep water spill scenario series, deep water in the Canadian Beaufort
and deep waters close to Canada-US border. The extent of the spill is similar between the two
shallow water spill scenario series, shallow water in the Canadian Beaufort and shallow water
close to Canada-US border.
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Figure 4 Scenario results suggest that deep water spills, (a), extend more than shallow
water spills, (b).

Spill Extent as a Function of Spill Duration

The effect of spill duration on the extent of the spill is as expected: the longer duration is
associated with the extension of the higher contamination probability regions. The extent of
regions with smaller contamination probability values is generally unchanged when the spill
duration is increased from two weeks to four weeks, Figure 5.

(a) (b)

Contamination Probability Contamination Probability

Scenario: SW_CAN_USINOV14 Scenario: SW_CAN_USINOV28

0.8 — 0.8

Latttude
Latttude

Figure 5 For longer lasting spills, the high contamination probability regions extend
more than low contamination probability regions. (a) A 2-week long spill, (b) A 4-week long
Spill. Note that the total modelled duration in both figures is 90 days.

The contamination intensity, as defined in sub-section 3.2., does not necessarily drop
with distance from the spill location; this is seen in one of the modelled scenarios and shown in
Figure 6. Perhaps, depending on the location of the spill, its duration, and the shape of the
coastline, there could be regions where the contamination intensities are of comparable values to
those of the spill location. For the specific scenario associated with Figure 6, clean-up efforts
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could be perhaps both focused at the spill location and the other high contamination intensity

location close to the coastline.
Contamination Intensity

0.14
Scenario: SW_CAN_USINOV28

ro.12

T2°N
0.10
. 71°N | 0.08
0.08

TO°N
r0.04
69N 0.02
150°W 1455W 140°W
Longitude
Figure 6 The contamination intensity is not only high at the location of the spill; it

could be also high in other locations perhaps depending on the spill location and duration
and the shape of the coastline.

Spill Extent as a Function of Elapsed Time

The speed of oil slick motion is not a significant function of elapsed time during the total
modelled duration, which is mainly 90 days except for the modelled tanker spill scenarios for
which the total modelled duration is 30 days, Figure 7. The spill appears to move steadily with
time. See the Appendix for similar results for some other scenarios.
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Contamination Probability as a Function of Elapsed Time
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Figure 7 The speed of the spread of spills is not a strong function of elapsed time.

Each figure above is a snapshot of contamination probability at different elapsed times.

Affected Territorial Waters Boundary

The chance of coastline contamination is expected to be higher when a spill occurs in
shallow waters than when the spill occurs in deep waters. This is because shallow waters are
usually closer to coastlines than deep waters. This expectation is confirmed by visualizing the
exceedance probability of contamination of the territorial water boundary for modelled scenarios.
Figure 8 shows this probability for scenarios involving spills in shallow waters of the Canadian
Beaufort and at a shallow-water location close to the Canada-US border. Figure 8 shows that the
maximum possible length of contamination is higher for the border spill (< 500 km), Figure 8a
than it is for the other case (< 350 km), Figure 8b. Earlier and longer-lasting spills are generally
associated with larger contamination length. The appendix provides similar figures for all the
other scenarios.

Exceedance Probability Exceedance Probability

= - SW_CAN_US15DEC14 — - SW15DEC14
(a) SW_CAN_US15DEC28 SW15DEC28
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Figure 8 Shallow water, earlier, and longer-lasting spills are generally associated with
longer contaminated territorial water boundaries. The exceedance probability of
contamination of the territorial water boundary for shallow water spills: (a) close to
Canada-US border, (b) the Canadian Beaufort. Note that extents of the horizontal axes in

the above figures are different.

6 Effects of Polar Pathfinder Dataset Uncertainty on Modelled Trajectories
Error estimates, root-mean-square of error, of the Polar Pathfinder ice drift calculations
have been provided in the source dataset. In this section we briefly study how the inclusion of
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Polar Pathfinder errors changes the modelled trajectories.

The Polar Pathfinder error estimates are a function of time and location. The mean value
of error, however, has only been reported for the whole dataset’s spatial and temporal extent; it is
reported (Miller et al. 2006) that the mean error in the east-west and the north-south components
of the Polar Pathfinder ice velocity vector are respectively 0.1 cm/s, and 0.4 cm/s.

To model uncertainty, we perturb the raw ice drift data by the spatially and temporally
varying errors. This perturbation assumes a normal distribution of error with the mean values
given above. So a point, representing an oil droplet, is moved based on perturbed ice velocity
vectors as the point passes through the computational domain from one Polar Pathfinder dataset
grid cell to another. With this approach, it is almost certain to have a different velocity field at
the same location in space-time coordinate when the trajectory model is re-run. We then model
the same scenario many times, a Monte-Carlo approach, to gain an understanding about how
uncertainties affect the fate of the in-ice spills.

Two scenarios, DW_CAN _USINOV28, and SWINOV?2S, see Table 2, were selected for
this uncertainty modelling. For each scenario, we identified the season associated with the largest
spill extent and then modelled the uncertainty for that season. The season for the first scenario is
2002-2003 and for the second scenario, it is 2000-2001. Figure 9 compares the trajectories based
on the raw, assuming no error, Polar Pathfinder data and Monte-Carlo modelling. We compared
the Monte-Carlo results based on one hundred and five hundred runs; the extent of the two
modelled spills, particularly the east-west extent of the spill, was only slightly different. Monte-
Carlo results given in Figure 9 are based on one hundred runs.

Uncertainties lead to the expansion of the contaminated region. This expansion tends to
be more seaward than towards the coastline. This is because the mean error and the standard
deviation of the error for the north-south component of ice velocity vectors are in a way that this
vector component usually gains a positive value towards the sea. As a result, the inclusion of
uncertainties does not lead to trajectories which are closer the coastline than they are for the case
when no error is considered.

Along the coastline direction, two different behaviors are seen. When the raw data
trajectories “hit” the coastline, there is a chance that when errors are included, the trajectories
“miss” the coastline. When this happens, the trajectories could move a relatively large distance
beyond the coastline location where raw data trajectories are settled, see the black circle in
Figure 9b. Note that the Polar Pathfinder ice drift dataset is generally less accurate for locations
very close to the coastline compared with other locations. The other behavior happens when the
raw data trajectories do not “hit” the coastline in which case the extension of the trajectories,
when errors are included, are not significantly different from the extent, along the coastline, of
raw data trajectories.
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Scenario: DW_

Beaufort Sea
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America (Alaska) 0 50 100 km
—

(a)

Projection is UTM 7N WGS84,

Scenario: SWINOV28§ Modelled for 2000-2001 only

America

Beaufort Sea
S

25 km away from the coastline

A

.
America (Alaska) Canada (Yukon & North West Terrorities) g 50 100 km
——

Projection is UTM 7N WGS84.

(b)
Results Assuming No Error Exists
Bl Monte-Carlo Results

Trajectories based on raw Data, assuming no error exists, and Monte-Carlo
uncertainty modelling approach. Including uncertainties do not generally lead to closer to
coastline trajectories and depending on whether raw data trajectories ''hit'' the coastline,
the along the coastline extent of the Monte-Carlo trajectories change. (a) A deep water spill

near the Canada-US border for 2002-2003 season, (b) A shallow water Canadian Beaufort
spill for 2000-2001 season.

Figure 9
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7 Concluding Remarks

Several hypothetical scenarios of in-ice oil spill in the Beaufort Sea were modelled and
studied. The start and the temporal extent of the modelled scenarios are within the fall and winter
period during which the concentration of ice is very high. It was assumed that in this period, the
spilled oil only moves with sea ice. The motion of ice is based on a satellite-derived dataset
named Polar Pathfinder version 2.

A model was developed to calculate the spill trajectories of in-ice oil based on the ice
motion dataset in both deterministic, assuming no error is involved, and probabilistic modes. The
observed trajectory of a buoy was compared with the modelled trajectory; the two trajectories
were very similar. An additional tool was developed to analyze and visualize trajectory results
which were based on thirty four years of ice motion vectors.

Contamination probability and intensity and also the time dependence of the spread of
spills were studied. Some of the findings are:

e The extent of the spill is generally larger when the spill starts on 1 Nov. than when it

starts on 15 Dec.

e Scenario results suggest that deep water spills move away from spill location more
than they do for shallow water spills.

e For longer-lasting spills, high contamination probability regions extend more than the
low contamination probability regions.

e The contamination intensity is not only high at the location of the spill; it could be
also high in other locations perhaps depending on the spill location and duration and
the shape of the coastline.

e The speed of the spread of spills is not a strong function of elapsed time.

e Shallow water, earlier, and longer-lasting spills are generally associated with longer
contaminated territorial water boundaries.

Results uncertainties were also modelled by the developed tool’s probabilistic modelling
capability through a Monte-Carlo approach. Trajectories with and without errors in the input ice
drift dataset were studied and compared.

Future efforts will be focused on (1) the comparison of the present in-ice oil spill
trajectory approach with other model results, (2) a detailed parametric approach to study the
effect of different parameters on trajectory of spills, and (3) a more in-depth study of the effects
of uncertainties in the spread of in-ice oil spills.
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10 Appendix

Remaining results of scenarios related to the Canadian shipping route and all other scenarios
involving twenty eight-day long spills and exceedance probability plots for the contaminated
territorial water boundary for all scenarios.
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