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Highlights:

e An oil spill is simulated in the deep Faroe-Shetland Channel, forced by hydrodynamic
models with different horizontal resolutions.

e Explicitly resolving mesoscale eddies leads to dramatically increased horizontal pollutant
dispersion at and below the surface.

e A change in stratification leads to differences in subsurface plume trapping depth and
subsequent far-field transport.

Abstract

Hydrodynamics play a critical role in determining the trajectory of an oil spill. Currents,
stratification and mesoscale processes all contribute to how a spill behaves. Using an industry-
leading oil spill model, we compare forecasts of oil dispersion when forced with two different
hydrodynamic models of the North-West European Shelf (7 km and 1.5 km horizontal resolution).
This demonstrates how the trajectory of a deep water (> 1000 m) release in the central Faroe-
Shetland Channel is influenced by explicitly resolving mesoscale processes. The finer resolution
hydrodynamic model dramatically enhances the horizontal dispersion of oil and transports
pollutant further afield. This is a consequence of higher mesoscale variability. Stratification
influences the depth of subsurface plume trapping and subsequently the far-field transport of oil.
These results demonstrate that the choice of hydrodynamic model resolution is crucial when
designing particle tracking or tracer release experiments.
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1. Introduction

Oil spills from seabed releases are a worldwide risk to the marine environment, and drilling is
gradually pushing into deeper waters as a result of resource discovery and technological innovation
(Burgherr, 2007; Gallego et al., 2018). Deepwater Horizon is the highest profile example of a deep
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seabed release, costing BP $145 billion (Lee et al., 2018) and spilling 7-8 x 10° m? of oil over 86
days (Camilli et al., 2010; Crone and Tolstoy, 2010; McNutt et al., 2012; Joye et al., 2016). Deep
water drilling also occurs in the Faroe-Shetland Channel (FSC; Fig. 1a) in the North Atlantic,
which has been a region of UK oil and gas development since the early 1990s (Smallwood and
Kirk, 2005). As of August 2018, there were 162 active well heads in the FSC (source: UK Oil and
Gas Authority), three-quarters of which were deeper than 200 m. A spill in the FSC lasting for a
typical response time of 30 days could result in an oil release of up to 3.4 X 10> m? (Gallego et al.,
2018).

The FSC is a hydrodynamically complex and energetic environment. A strong slope current (up
to 1 m/s) along the West Shetland slope transports warm, saline surface water north-eastwards
towards the Norwegian Sea and eventually into the Arctic Ocean. Near the seabed at > 1000 m
depth, a bottom current transports relatively cold, fresh deep water south-westwards, which either
follows bathymetry through the Faroe Bank Channel into the open North Atlantic, or overflows
the Wyville Thomson Ridge into the Rockall Trough (Turrell et al., 1999; Sherwin et al., 2008).
Mesoscale eddies can extend across the width of the FSC and south of the Faroe Islands near the
Faroe Bank Channel (Sherwin et al., 1999, 2006; Darelius et al., 2011). Large internal tides and
non-linear internal waves have been observed in the region, which can act to increase turbulent
mixing rates (Sherwin, 1991; Hosegood and van Haren, 2004; Hall et al., 2011, 2019). A unique
stratification structure is also present, where the main thermocline typically resides at several
hundred meters below the sea surface and separates the exchanging water masses (Berx et al.,
2013; Fig. 1c, d, e).

The behavior of oil from a seabed release depends on ocean currents and stratification, in
addition to properties of the oil such as viscosity, temperature, gas-oil ratio (GOR), flow rate and
orifice diameter (Yapa and Chen, 2004). A previous plume modelling study suggested that oil will
be trapped at 650-800 m depth from a 1000 m release in the FSC, depending on the release rate
and ambient ocean conditions (Johansen, 2000b). Main et al. (2017) used a global ocean circulation
model based on the Nucleus of European Modelling of the Oceans (NEMO; Madec, 2016) to
predict the transport of oil from the FSC, and found that far-field oil transport was dependent on
its depth. Oil near the surface travelled north-eastwards towards the Arctic Circle, whereas oil
trapped at depth reached as far west as Greenland. However, they did not consider the influence
plume dynamics might have on the vertical distribution of pollutant, or the role of surface
weathering processes such as evaporation and emulsification. Additionally, the horizontal
resolution of the model (1/12°) was coarser than required to explicitly resolve mesoscale eddies in
the FSC region (2 km or less; Oey, 1998).

Oil Spill Contingency and Response (OSCAR) is a state-of-the-art modelling system that can
be used to predict the fate and trajectory of an oil release during emergency response. OSCAR
comprises of a 3-D fates model (Reed et al., 1995, 2000), near-field plume model (Johansen,
2000a) and droplet breakup model (Johansen et al., 2013). It is typically forced with horizontal
current velocities from an operational hydrodynamic ocean model. OSCAR has been well-
validated against historical emulsion observations (Abascal et al., 2010), synthetic aperture radar
(SAR) satellite observations (Pan et al., 2020), and against the DeepSpill field experiment
(Johansen et al., 2003).
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Fig. 1. Overview of the Faroe-Shetland Channel (FSC). (a) Well head locations in the FSC (source: UK Oil
and Gas Authority), with active well heads shown as red diamonds, and the simulated release location
shown as a blue cross. Bathymetry is from Smith and Sandwell (1997). (b) Location of the FSC as shown
in (a) (red box) and the spill model domain (black box). (c) Profiles of potential density (blue) and
conservative temperature (red) at the release location from both hydrodynamic models. Release depth is
indicated by the dashed black line. (d, e) Representative across-channel sections of conservative
temperature (filled contours, °C) and absolute salinity (white contours, g/kg) from AMM7 (left) and
AMMI5 (right), along the orange line in (a). Release location is indicated by the dashed black line. Also
shown are approximate locations and directions of the slope current and bottom current.

In this study, OSCAR is used to consider how oil from a seabed release in the FSC could be
transported by hydrodynamic processes, and how an increase in hydrodynamic model resolution
influences the predicted dispersion. To simplify our diagnostics, biodegradation and direct wind



Manuscript submitted to Marine Pollution Bulletin

forcing are not included. We demonstrate that enhanced mesoscale variability in fine-resolution
hydrodynamic models leads to a dramatic increase in horizontal dispersion, and that stratification
influences the depth of trapping and subsequent far-field transport. These results will help guide
the choice of hydrodynamic forcing for emergency spill forecasting.

2. Hydrodynamic forcing

To force OSCAR, both Oil Spill Response (OSRL) and the UK Centre for Environment,
Fisheries and Aquaculture Science (Cefas) currently use operational ocean forecasts based on the
UK Met Office 7 km horizontal resolution Atlantic Margin Model of the North-West European
Shelf (FOAM AMM?7 NWS, hereafter referred to as AMM7; O’Dea et al., 2012, 2017) In
November 2018, an updated version of this model became available to use operationally (FOAM
AMMI15 NWS, hereafter referred to as AMM15; Graham et al., 2018; Tonani et al., 2019). Both
models are based on NEMO v3.6. They are forced using surface pressure and wind fields, and
assimilated with sea surface temperature, sea surface height and temperature/salinity profiles using
the methods described by King et al. (2018). Operational output is available from EU Copernicus
Marine Services Information (2018a, 2018b). This paper provides a comparison of these two
hydrodynamic models when they are used to force an oil spill simulation.

AMMIS5 has a finer horizontal resolution of 1.5 km, which is high enough to explicitly resolve
mesoscale eddies within the FSC. Resolving bathymetry at 1.5 km also provides a mechanism for
increased internal wave generation (Guihou et al., 2017). AMM7 and AMMI15 are both run with
51 vertical levels, but the operational output of AMMI5 is finer (33 vertical levels from 0-5000
m, compared with 24 for AMM?7). Tonani et al. (2019) show that AMM15 performs better than
AMMY7 against ocean glider observations of density, and against HF radar observations of surface
current velocity.

A 30-day period (1 February 2017 to 3 March 2017) is analysed, as operational outputs are
available from both hydrodynamic models. Three-dimensional, hourly horizontal current
velocities are used to force both the 3-D fates model and plume model. Due to limitations in the
plume model, only time-constant, single-point profiles of temperature and salinity can be used to
represent stratification. These are taken from the nearest hydrodynamic model grid-point to the
release location on 1 February 2017 (Fig. 1c).

Figure 2 shows a surface current decomposition for both hydrodynamic models. Semidiurnal
(M>) tidal ellipses are computed by harmonic analysis over 30 days using Utide (Codiga, 2011).
Thirty-five tidal constituents are resolved using a minimum Rayleigh criterion of 1. Residual
surface currents associated with the mesoscale eddy field are extracted by de-tiding, de-meaning
and de-trending the hourly currents. Surface eddy kinetic energy (EKE) per unit mass is calculated

1 o :
EKE = 3 (u? +v?), where u and v are the zonal and meridional components of the residual surface

currents. EKE is calculated to quantify the mesoscale current variability of both hydrodynamic
models and averaged over the 30-day period. Our calculations of monthly mean EKE for AMMI15
(Fig. 2h) show that the locations of enhanced eddy activity are similar to drifter observations
(Sherwin et al., 2006; 0.015-0.025 m?/s*> within the central FSC and the Faroe Bank Channel).
Mean EKE in these locations for AMMY7 is considerably lower (< 0.005 m?/s?).
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Fig. 2. Surface current decomposition for AMM7 and AMMI15. (a, b) Thirty-day mean surface current
velocity, with current magnitude shown as coloured contours and direction shown by arrows. (c, d) M- tidal
ellipses, masked on the shelf (< 200 m). (e, f) Residual surface current velocities at the end of the release
period on 10 February 2017. (g, h) Thirty-day surface mean eddy kinetic energy (EKE) per unit mass. The
shelf edge (200 m isobath) is shown as a dark gray contour and release location is shown as a blue cross.
Bathymetry is identical to Fig. 1a.

3. Modelling the oil spill

Oil is released from the seabed (1122 m depth) on 1 February 2017 for nine days. The release
location (61.07°N, 3.705°W) was chosen because it is in an area with several active well heads
(Fig. 1a). The simulation is run for 30 days, which accounts for the release period plus three weeks
of further dispersion. A total of 100700 m? of oil is released at a constant rate of 0.130 m>/s, guided
by the estimate of Gallego et al. (2018). The oil exits from an orifice with diameter 0.1 m, similar
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to the DeepSpill field experiment (Johansen et al., 2003) and subsurface plume modelling by Yapa
and Chen (2004), but small compared to Johansen (2000b; 0.29 m) and Deepwater Horizon (0.5
m). Smaller orifice diameters result in higher exit velocities and smaller droplet diameters. Clair
oil type is used, with a density of 893.8 kg/m? and an initial temperature of 10°C (Clair oil default
values). Methane gas is released alongside oil with a GOR of 200, similar to previous studies (Yapa
and Chen, 2004). Gas hydrate formation is allowed and hydrates were present during the plume
phase (with a density of 930 kg/m?; Johansen, 2000a). Johansen (2003) suggest that hydrate
formation is limited by under-saturation of gas in the plume and so the simulations presented here
may have a shallower trapping depth than reality.

The plume model timestep is 5 s and the plume is terminated when vertical velocity reaches
zero. Plume profiles are computed hourly to capture variability over the semidiurnal tidal cycle.
The 3-D fates model timestep is 10 minutes. A total of 30000 liquid/solid particles, 30000
dissolved particles and 30000 gas particles are used to track the far-field fate of the pollutant within
the model domain (57-62.75°N, 12°W-6°E). This domain is restrictive at the northern boundary
due to the extent of the AMMI15 domain. Oil that travels outside of the model domain is defined
as ‘escaped’ and is almost exclusively from the surface. Vertical resolution is 50 m and horizontal
resolution is 1.5 km for both simulations, ensuring that spill dynamics are captured on the same
spatial scale as the finest resolution hydrodynamic model. Oil that reaches the surface is tracked
and can emulsify with the seawater or evaporate.

The hydrodynamic models are used as forcing only and are not coupled with OSCAR.
Horizontal current velocities are interpolated (nearest-neighbour) onto the 3-D fates model grid.
In the plume model, standard method 2520C (Millero and Poisson, 1981) is used to calculate
density and buoyancy frequency squared (N?) from in-situ temperature and practical salinity.
Practical salinity is a direct output of the hydrodynamic models; in-situ temperature is calculated
from output potential temperature using the Gibbs Seawater oceanographic toolbox (McDougall
and Barker, 2011). The operational outputs of AMM7 and AMMI15 do not extend to the seabed,
so values of temperature and salinity deeper than 1000 m are extrapolated using a nearest-neighbor
method.

4. Results

4.1. Surface transport

Pollutant at the surface for the AMMY7 release resides close to, and slightly west of, the release
location for approximately two weeks (Fig. 3a, ¢). The surface emulsion is then transported by the
slope current in a continuous band north-eastwards, parallel to the 600 m isobath (Fig. 3e, g). For
the AMMI15 release, initial surface transport is north-eastwards, and the emulsion has already
begun to diverge into two distinct branches by the end of the release period (Fig. 3b). The emulsion
continues to travel along the FSC in separate patches that become increasingly small and numerous
(Fig. 3d, f, h). Some of the emulsion is transported by the slope current, but the majority resides
further west. Differences in surface transport between simulations can be partly accounted for by
differences in the mean surface circulation (Fig. 2a, b); for both hydrodynamic models, a surface
current recirculates water anti-clockwise around the south of the release location. The location of
this recirculation is different for AMM7 and AMMI15. There are relatively high velocities (> 0.2
m/s) close to the release location for AMMI5, but a region of lower velocities (< 0.05 m/s) to the
west for AMMY7. This explains the initial retention of surface emulsion around the release location.
The substantially higher surface EKE along the shelf slope for AMMI15 (Fig. 2h) is a potential
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mechanism for diverting pollutant away from the primary slope current. No surface emulsion is
transported onto the shelf (< 200 m) for either model run, but the distribution would likely change
with the inclusion of direct wind forcing towards the north-east, as is typical for the region during
February (Gallego et al., 2018).
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Fig. 3. Far-field transport of pollutant. (a, b) Surface emulsion thickness nine days after the beginning of
the release (colour scale). Light blue and yellow both show where depth-integrated subsurface pollutant
exceeds 5 kg/km?, but with maximum concentration shallower and deeper than 500 m, respectively. The
white box in the corner of each panel shows the total area of surface and subsurface pollutant (10° m?). (c,
d) As (a, b), but 16 days after the beginning of the simulation. (e, f) As (a, b), but 23 days after the beginning
of the simulation. (g, h) As (a, b), but 30 days after the beginning of the simulation. The shelf edge (200 m
isobath) is shown as a dark gray contour and release location is shown as a blue cross. Bathymetry is
identical to Fig. la.
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Component AMMT7T (%) | AMMIS (%)
On surface 74.69 68.78
Evaporated 12.67 13.24
Submerged 12.64 12.26
Biodegraded 0.00 0.00
In sediment 0.01 0.15
Outside model domain 0.00 5.57

Table 1. Mass balance for different model components at the end of the simulation period (30 days).

For both releases, approximately 87.5% of oil has surfaced after 30 days (Table 1), consisting
of an oil-water emulsion (75%) and more volatile components that have evaporated (12.5%). For
the AMMI15 release, 5.6% of oil escapes the north-west boundary of the domain (compared to zero
for AMMY7), but this mass is assumed to be part of the oil-water emulsion because it escapes during
the final five days and is almost exclusively from the surface.

After nine days, the surface area of the AMMIS5 release is greater than the AMMY7 release by a
factor of 1.25. The proportion of the total mass of oil residing on the sea surface at this time is 72%
for both releases. The emulsion from the AMM15 release has not had sufficient time to break up
into multiple patches, and the full effect of additional mesoscale variability cannot yet be seen
quantitatively. After 30 days, the surface area of the AMMIS5 release is greater by a factor of 2.7.
The total mass of oil on the surface at the end of the simulation is similar, so cannot account for
the increase. However, mean water content in the emulsion is higher (43.2% compared with 33.2%
for AMMY7), and the mean emulsion thickness is lower (14.0 pm compared with 31.1 pm). Thus,
there is a higher volume of emulsion spread more thinly, likely due increased EKE available for
dispersion and emulsification.

4.2. Subsurface transport

For both releases, approximately 12.5% of oil remains below the surface after 30 days. Most of
this (90%) is dissolved into the water column. The remaining mass consists of small (< 100 um)
liquid droplets, which have an almost neutral buoyancy. In reality, these droplets will either remain
within the water column indefinitely, slowly rise to the surface, mix with sediment, dissolve, or
biodegrade (Beyer et al., 2016).

Trapping depth, where vertical velocity of the plume reaches zero, is different for each
simulation (Fig. 4). For the AMMY7 release, trapping depth is 570-775 m, with an average of 622
m. For the AMMIS5 release, trapping depth is 478-718 m, with an average of 574 m. To separate
the influence of stratification and currents, we repeated the simulations with the same AMM?7 and
AMMLIS5 stratifications, but with current velocity set to zero for both cases (not shown). This leads
to a trapping depth of 595 m and 497 m, respectively. The plume traps at a greater depth for the
AMMYT release as a result of increased N? at 450-1000 m, and thus increased energy required to
advect entrained water compared to the AMMI15 release (Fig. 4d, f). This difference in N? is
apparent across the FSC (Fig. 1d, e). Current flow also acts to deepen the trapping depth, and this
varies semidiurnally (Fig. 4c, e). The horizontal distribution of trapping shows an asymmetric,
approximately rectilinear tide parallel to the shelf slope and with a bias to the south-west (Fig. 4a,
b). The maximum concentration of trapped oil at the end of the release period (not shown) is
typically 75 m above the top of the plume, at 550 m (AMM?7) and 500 m (AMM15).
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Subsurface transport can be divided into two primary pathways. Deep oil (maximum
concentration deeper than 500 m) is transported westwards through the Faroe Bank Channel and
restricted by the relatively shallow Wyville Thomson Ridge. This transport is more rapid for the
AMMIS5 release, with oil reaching the western boundary of the model domain. Shallow oil
(maximum concentration shallower than 500 m) is transported north-eastwards through the FSC
along the continental slope, following a similar trajectory to the surface emulsion. Pollutant from
the AMMY release resides close to the shelf edge, but for AMMI15 it is spread more broadly across
the FSC. Oil escapes from the surface at the northern boundary for the AMMI15 release.
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Fig. 4. Plume dynamics. (a, b) Trapping location of the subsurface plume for AMM7 (left) and AMMI5
(right), relative to the release location. (c) Contoured current speed from AMM?7 at the release location,
where the blue line indicates trapping depth. (d) Buoyancy frequency squared used by OSCAR from
AMMY. (e, f) As (c, d), but for AMM15.
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After nine days, the area of subsurface oil is 15% higher for the AMM15 release than for the
AMMYT release (Fig. 3a, b). This is partly a consequence of an increased spread of plume trapping
locations (Fig. 4a, b). After 30 days, there is almost twice the area of subsurface oil. Higher EKE
for AMMI1S5 through the water column may contribute to increased deep horizontal dispersion
(Fig. 5). Enhanced mesoscale variability down to 800 m has also been previously observed within
the FSC (Dooley and Meincke, 1981; Sherwin et al., 1999). A second contributing factor for
increased dispersion for the AMMIS5 release could be higher mean current velocities at depth,
particularly south of the Faroe Islands at 600 m and 750 m (Fig. 6), which will result in oil at these
depths transported more rapidly away from the release location.
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Fig. 5. Monthly mean EKE per unit mass at different depths for AMM7 and AMMI15. (a, b) 400 m. (c, d)
500 m. (e, f) 600 m. (g, h) 750 m. The shelf edge (200 m isobath) is shown as a dark gray contour and
release location is shown as a blue cross. Bathymetry is identical to Fig. 1a.
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Fig. 6. Monthly mean current velocities at different depths for AMM7 and AMMI15. (a, b) 400 m. (c, d)
500 m. (e, f) 600 m. (g, h) 750 m. Current magnitude is shown as coloured contours and direction is shown
by arrows. The shelf edge (200 m isobath) is shown as a dark gray contour and release location is shown as
a blue cross. Bathymetry is identical to Fig. 1a.

5. Discussion

Oil transport from a deep water release in the central FSC will divide into two main pathways.
Oil that has reached the surface, in addition to oil trapped in the upper portion of the water column,
will predominantly travel north-eastwards along the continental slope towards the Norwegian Sea.
Deeper oil will be transported westwards, advected by deep currents and guided by bathymetry
through the Faroe Bank Channel and eventually out into the open North Atlantic. No oil overflows
the Wyville Thomson Ridge into the Rockall Trough in these simulations. Using a finer resolution
hydrodynamic model that explicitly resolves mesoscale processes increases the amount of EKE

11
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available for the horizontal dispersion of oil and its emulsification at the sea surface. This leads to
increased spatial coverage, as well as a thinner emulsion with a higher water content.

When forcing OSCAR with fine-resolution, mesoscale eddy-resolving hydrodynamic models,
consideration should be made to the internal horizontal turbulent diffusivity (Kx), which is a
function of the internal timestep (Pan et al., 2020). This parameter has been tuned for optimal
results with coarser resolution models, in part to parameterise unresolved ‘eddy’ diffusivity. This
may lead to an overestimation of horizontal dispersion when forcing with eddy-resolving models.
Improvements could be made by implementing horizontal and vertical diffusivities direct from the
forcing model. However, at present, these parameters are not typically output operationally.

The large-scale transport pathways presented here broadly agree with a previous modelling
study by Main et al., (2017), who found that oil transported at 400 m and shallower consistently
reached the Norwegian Sea, whereas deeper transport was predominantly westwards. Our study
builds upon this research by considering the vertical distribution of oil from a plume model, the
trajectory of particles that are not neutrally buoyant, and smaller spatial scales that are more useful
for emergency response. Emulsification and evaporation have also been considered, and have an
influence on the total mass of oil on the sea surface.

Our study also predicts the range of depths that oil will become trapped at within the FSC and
the proportion of oil trapped within the water column. A previous plume modelling study
(Johansen, 2000b) suggested that oil will be trapped at 650-800 m depth from a 1000 m release in
the FSC, depending on stratification, ocean currents and release rate. This is deeper than the
average trapping depth for the AMMI1S5 release by 150-300 m, but Johansen (2000b) used a lower
release rate range (0.018-0.035 m3/s compared to 0.130 m?/s), which will act to deepen the trapped
plume (Johansen, 2000b; Yapa and Chen, 2004). Our results suggest that trapping depth does not
substantially influence the overall surfacing time or the proportion of oil trapped below the surface.
Yapa and Chen (2004) made similar conclusions by modelling plumes for typical stratification and
current profiles from the North Sea and Gulf of Mexico. However, our results also suggest that
trapping depth indirectly influences oil trajectory in the far-field through differential advection by
surface and subsurface currents.

Neither oil biodegradation or the direct influence of wind is considered here. The rate of oil
biodegradation depends on temperature, local bacterial colonies and the chemical composition of
the pollutant (Beyer et al., 2016). The inclusion of biodegradation in the model will limit the extent
of subsurface transport and reduce the risk of contamination far from the release location. However
Main et al. (2017) showed that oil could still reach west of Iceland and within the Arctic Circle
before fully biodegrading.

Direct wind forcing is not included here because the intention is to show the exclusive influence
of ocean currents. However, both AMM7 and AMMI15 are forced by wind fields (Tonani et al.,
2019), so although there is no direct forcing there is an indirect influence of wind in the upper
water column. Wind will have no influence on transport below the Ekman layer, which is
approximately 150 m deep at 60°N assuming a typical wind speed of 10 m/s in February. The
direct (Stokes) component of surface oil trajectory is typically calculated as 3.6% of surface wind
velocity (Reed et al., 1995), and the presence of a wind field will also increase evaporation,
emulsification and natural dispersion. Further simulations will be required to assess the relative
importance of hydrodynamic and wind forcing in the region.
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6. Summary

This study provides an insight into how a hydrodynamic model with resolution fine enough to
resolve mesoscale processes influences the predicted dispersion of oil from a deep seabed release.
The modelling systems used here are currently in use by spill responders; this study therefore
serves to directly inform industry of what is missed by coarser resolution hydrodynamic models,
and how that may impact real-world predictions. Additional hazards that have been uncovered
include the potential for subsurface pollutant to travel rapidly from the release location, and
increased spatial coverage of the surface emulsion. Both of these will increase the difficulty of a
clean-up operation. Results from this study demonstrate how the choice of hydrodynamic model
resolution can lead to substantially different outcomes, and can be applied to a wide range of
particle tracking and tracer release applications, for example marine plastic pollution or dispersion
of benthic faunal larvae.
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