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What could be the consequences of an oil spill in
arctic waters ? Oil spill containment prediction
system development.

Oil spills in Arctic Marine Environments pose severe and persistent
threats to ecosystems. Low temperatures slow natural recovery.
Increasing shipping activity in polar regions rise the risk of
incidents. This prediction system helps policymakers anticipate
impacts and evaluate containment feasibility. Because reacting
after a spill occurs is not strategy, it is damage control.

What is at stake ?

At present, most shipping routes pass close to Arctic coasts,
threatening coastal ecosystems, Indigenous communities, and
local fisheries (Fig. 1). As climate warming accelerates sea-ice loss,
routes may shift toward a more central, ice-free, trans-Arctic path
in summer, bringing tankers and cargo ships into the heart of the
Arctic Ocean. This would extend the potential impact zone of any
spill, complicate response efforts, increase the risk of accidents in
poorly mapped waters, and expose key Arctic species and ocean
currents to oil pollution.

Fig. I The future of
Arctic Shipping.
Annotated from
arcticportal.org
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KEY RESULTS

¢ Oil beads have been
detected over a
thousand kilometers
from the spill site in less
than a year.

Simulations indicate a
50% probability of
coastal stranding and
50% probability of
offshore dispersion into
the Arctic Ocean.

Transport duration
strongly controls
travelled distance,
highlighting the
importance of rapid
response interventions.

What is the aim of this study ?
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This study seeks to predict the spatial distribution
of oil beads following a spill in order to better
characterize oil transport dynamics and the
resulting environmental risks. By identifying where
oil is most likely to drift, accumulate, or persist, the
analysis helps assess potential exposure for
vulnerable ecosystems. The results are intended
to support policymakers by providing an evidence
base for preparedness planning, response
prioritization, and timely damage control
measures aimed at limiting ecological and
socioeconomic impacts.
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Oil spill containment prediction system in Kara Sea

The simulation presented here focuses in the Kara Sea, an area where maritime traffic may
operate close to the coast. Although this area is navigable, it remains ice-covered for most of the
year (Fig. 2), which makes oil spill dynamics highly dependent on sea-ice conditions, since oil
particles may become entrained in drifting sea ice. The simulation starts on 20 November, marked
by a black droplet on the November map below.
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Fig. 2: Seasonal evolution of monthly mean
Arctic sea ice concentration during the 2023—

Ice concentration dynamics 2024 simulation year
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S p:;;.' The mean ice-drift field indicates that
surface currents and ice motion can
transport oil beads far from the
starting point point along a preferred
path such as the Transpolar Drift
(Rigor et al., 2002; Krumpen et al., 2019;
Fig. 3). Strong drift allows particles to
travel long distances before stranding
or melting, making timing critical.
Circulation directs material toward
open-water and marginal-ice zones,
where transport becomes more
dynamic. As a result, small changes in
ice motion can significantly influence
whether oil remains trapped, moves
offshore, or strands on the coast.
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Fig. 3: Mean annual Arctic sea-ice drift speed and circulation
patterns averaged across all simulation years.

The main challenge is to determine whether the oil beads are released into the ocean or
become stranded along the coastline. In this study, an oil bead is considered released when the
local sea-ice concentration drops below 0.15. To account for interannual variability in sea-ice
concentrations and drift patterns, ten ensemble members were generated, each representing a
different simulation year. This ensemble approach makes it possible to explore a range of
potential transport pathways and outcomes under varying environmental conditions.
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Oil beads across the Arctic Ocean The final positions of the oil beads highlight a
_ strong interannual variability in both direction
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Regarding the final fate of the beads:

e 50% are released into the ocean when sea-
ice concentration decreases below the
melting threshold.

e 50% become stranded along the coasts of
the Severnaya Zemlya archipelago and the
Siberian Arctic shoreline.
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locations of simulated oil beads

The simulations further reveal a heterogeneous spatial distribution of final bead positions,
where lower drift speeds promote enhanced particle dispersion and spreading.

Member 5 on the 2nd of August Member 7 on the 1st of December

Members 5 and 7 illustrate the northward branch of
the circulation through the Vilkitsky Strait (Fig. 5). If
they pass through the strait, the beads progressively
join the Transpolar Drift, but the northward drift
increases the probability of along
Arctic shorelines and islands.
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Fig. 5: Projected drift trajectories and final positions of simulated oil beads in

the Arctic Ocean.

Members 4 and 8 illustrate the passage south of
the island, following a more direct route into the
Transpolar Drift (Fig. 5). The simulations also
highlight a

Member 4 on the 19th of August Member 8 on the 25th of july

, characterized by weak ice drift
that slows the trajectories and increases their
spatial  dispersion. During summer, some
trajectories show temporary northward deviations,
which may reflect local variability in Arctic sea-ice
drift, including seasonal reversals previously
described in the Transpolar Drift Stream and the
Kara Sea motion system (Kaur et al., 2019).
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The high Spearman correlation
coefficients and R? values reveal a
strong relationship between
transport duration and distance
travelled before melting or coastal

‘\ stranding (Fig. 6). These results
; highlight the importance of rapid
] intervention following an Arctic oil
spil, as delayed response could
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Fig. 6: Relationship between transport duration and
travelled distance before melting or coastal stranding

Recommendation

As simulations reveal that half of the oil beads become stranded along Arctic coastlines while
the other half disperse into the central Arctic Ocean, response strategies should be adapted
depending on the predicted transport pathway of the spill.

For coastal-risk scenarios, early shoreline protection using booms, skimmers, and pre-positioned
cleanup equipment could significantly reduce long-term environmental damage (Wilkinson et
al,, 2017). For offshore-dispersion scenarios, rapid interception before the oil enters the Transpolar
Drift is essential, as recovery becomes increasingly difficult once contaminants are trapped
within drifting pack ice. Satellite monitoring, drift forecasting systems, and aerial surveillance
therefore represent key tools for Arctic spill response and prevention.

Limits and perspectives

One limitation of the model lies in the spatial resolution of the sea-ice data and in the different
grid structures used for ice concentration and ice velocity fields (Fig. 7). As a result, interpolation
between these datasets may occasionally generate unrealistic coastal motions, with some ice-
drift vectors artificially crossing land pixels, particularly near narrow straits and complex
coastlines. This limitation mainly affects small-scale coastal processes and does not significantly
alter the large-scale transport patterns identified in the simulations.
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Fig. 7: Examples of trajectories
illustrating model limitations
near coastal boundaries.
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Models approximate reality, not perfect truth

The simulations presented in this study are based on numerical models designed to approximate
real Arctic sea-ice dynamics and oil-bead transport processes. While these models provide
valuable insight into potential transport pathways and coastal impacts, they cannot fully
reproduce the complexity of real environmental conditions. Model outputs remain sensitive to the
initial conditions, and parameter choices used in the simulations.

In addition, only ten ensemble simulations were performed, which limits the statistical robustness
of the results and may increase the variability observed between members. Consequently, the
trajectories and final destinations of the beads should be interpreted as plausible scenarios rather
than exact predictions. Despite these limitations, the simulations consistently highlight key
transport mechanisms, regions at risk of stranding, and the importance of rapid response
strategies in Arctic environments.

Conclusion

Policymakers should prioritize proactive oil spill preparedness as shipping intensifies across the
Arctic region. Simulations reveal that 50% of oil beads strand on sensitive Arctic coasts while the
other 50% disperse over 1000 km into open waters via major currents like the Transpolar Drift, with
distances strongly tied to response timing. Delayed action risks devastating marine ecosystems,
fisheries collapse, and harm to Indigenous communities. Adaptive strategies are recommended:
deploy shoreline booms and skimmers for coastal threats; leverage satellite monitoring and drift
forecasts for offshore interception before oil entrainment becomes irreversible. These tools
transform response from damage control to prevention, curbing ecological and economic losses.
Despite model limits like grid artifacts, the results provide reliable planning scenarios. Immediate
action is called for: enhance ensembles, infrastructure, and international coordination to safeguard
the Arctic's future.
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