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Abstract. This study develops a robust three-dimensional computa-
tional model to predict the transport and dispersion of marine pollu-
tants in the North Sea. Coastal vector datasets are first employed to
generate a high-resolution computational mesh spanning 51.0◦N-60.0◦N
and 4.5◦W-13.1◦E. Subsequently, sea-surface current fields at (1/4)◦ res-
olution, incorporating both wind-driven and geostrophic components,
are assimilated to reconstruct velocity profiles throughout the full wa-
ter column. A stochastic Lagrangian particle-tracking method is then
introduced to simulate crude oil releases (40◦ API) from the Forties Oil
Field (57.0◦N, 1.0◦E). The simulations indicate that particles travel an
average distance of 500-600 km over a 30-day period. Moreover, dis-
persive processes account for approximately 60% of the total transport
distance relative to advective contributions. Seasonal variability plays a
decisive role in contaminant pathways; consequently, predicted spatial
distributions differ substantially by release month, although comparable
trends are observed for both surface and subsea discharge scenarios. The
results further suggest that releases from the Forties Oil Field pose a
limited coastal threat, with an estimated 3% probability of shoreline im-
pact along the United Kingdom, given the predominantly eastward wind
forcing.

Keywords: North Sea · Pollutant transport and dispersion · Stochastic
Lagrangian particle tracking · Oil spill modelling · Monte Carlo analysis

1 Introduction

The North Sea is among the most intensively studied and economically exploited
coastal regions worldwide. It hosts numerous oil and gas fields and plays a piv-
otal role in the European energy sector. In addition, its geographic site supports
major commercial fisheries, seabird conservation areas, tourism, and dense ship-
ping routes [8]. As offshore hydrocarbon development expanded, the construction
of terminals and drilling platforms accelerated; consequently, concerns emerged

ICCS Camera Ready Version 2026
To cite this paper please use the final published version:

DOI: 10.1007/978-3-032-29924-6_3

https://dx.doi.org/10.1007/978-3-032-29924-6_3
https://dx.doi.org/10.1007/978-3-032-29924-6_3


2 N. Lachhab et al.

regarding ecological degradation and accidental contaminant release. Prior to
1984, environmental monitoring of seawater surrounding offshore installations
was not mandatory, and early detection efforts were therefore limited in scope
and consistency. In 1984, the UK Prevention of Oil and Pollution Act (1971) was
amended to require structured monitoring programs at offshore drilling sites [7].
Nevertheless, contaminant detection remained heavily dependent on chemical
techniques, many of which were still under development at the time. Meanwhile,
operational discharges from drilling activities continued to generate long-term
environmental pressures. In response to these challenges, hydrodynamic mod-
elling methods began to emerge. For example, the SlikMap stochastic model,
introduced in 1984 [17], sought to quantify environmental risks to coastlines and
marine ecosystems in Norwegian waters. These early studies demonstrated that
current-field modelling provides substantial value for environmental monitoring
and risk assessment.

Subsequent advances in ocean modelling have enabled the prediction of ve-
locity, temperature, and salinity throughout the full water column. These im-
provements have been driven by expanded observational datasets, enhanced com-
putational capacity, and satellite remote sensing. For instance, the Geostrophic
and Ekman Current Observatory (GEKCO) product [20], developed by the Cen-
tre for Topographic Studies of the Ocean and Hydrosphere (CTOH), employs
satellite altimetry to estimate surface currents. Similarly, the Danish Meteoro-
logical Institute (DMI) operates a three-dimensional advective-dispersive ocean
model that underpins an operational oil-spill forecasting service applied to both
Greenlandic waters and the North Sea [13]. However, many existing hydrody-
namic models remain inaccessible, computationally intensive, or costly to im-
plement. Moreover, comparatively few studies have focused specifically on the
environmental implications of oil spills within the North Sea region. Accordingly,
this study presents the development of a computational approach to estimate
three-dimensional current velocities in the North Sea and west of Shetland. The
methodology builds upon earlier approaches reported in [17, 13]. Specifically, the
objectives of this work are (i) to implement a problem-specific modelling method
and employ a validated third-party software platform; (ii) to evaluate model pre-
dictions against historical datasets; and (iii) to quantify and document predictive
reliability.

The remainder of this paper is structured as follows. Section 2 introduces
the governing oceanographic equations together with the underlying theoretical
framework. Subsequently, Section 3 describes the computational methodology
adopted for simulating pollutant dispersion in the North Sea, including the nu-
merical discretisation strategy and particle-tracking formulation. The results and
their validation against observational and reanalysis datasets are then presented
and discussed in Section 4. Finally, Section 5 summarises the principal findings
of the study and outlines directions for future research.
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2 Mathematical modelling of pollution dispersion

This section presents the mathematical framework used to simulate pollutant
transport in the North Sea. The formulation combines the governing equations
of ocean motion with Ekman and geostrophic dynamics, a logarithmic represen-
tation of near-bottom flow, and a stochastic random-walk model for dispersive
transport. In this way, both advective and turbulent-diffusive mechanisms are
incorporated within a unified three-dimensional framework.

The motion of seawater is governed by the momentum equation

Dv

Dt
− ν∇2v +

1

ρ
∇p = −2Ω × v + g + F r, (1)

where v = (u, v, w)⊤ denotes the Cartesian velocity vector (m/s) in spatial co-
ordinates x = (x, y, z)⊤ (m), ρ is the seawater density (kg/m3), ν the kinematic
viscosity (m2/s), p the pressure (Pa), Ω = 7.29 × 10−5 rad/s the Earth rota-
tion rate, g = (0, 0, 9.81)⊤ m/s2 the gravitational acceleration, and F r the wind
forcing vector. Under the Boussinesq approximation, seawater may be treated as
incompressible for large-scale ocean circulation [19], so that mass conservation
reduces to

∂u

∂x
+

∂v

∂y
+

∂w

∂z
= 0. (2)

Wind forcing is a major driver of surface circulation. Assuming constant
eddy viscosity, the Ekman solution for the wind-induced velocity components is
written as

ue + ive = |ve|z=0 e
azei(

π
4 +az), (3)

where ve = (ue, ve, we)
⊤ is the wind-induced velocity (m/s) and a (m−1) is the

decay constant. The Ekman boundary-layer depth de is estimated by

de =
7.6

0.0068
|ve|z=0 , (4)

from which a = π
de

. The associated redistribution of surface waters modifies the
sea-surface topography and generates horizontal pressure gradients. Neglecting
acceleration in (1), the geostrophic velocity components are then given by

ug = − 1

fρ

∂

∂y

∫ 0

−h

g(φ, z)ρ(z) dz +
g

f

∂η

∂y
, (5)

vg = − 1

fρ

∂

∂x

∫ 0

−h

g(φ, z)ρ(z) dz +
g

f

∂η

∂x
, (6)

where ug and vg are the geostrophic velocities in the x and y directions (m/s),
φ is the latitude, f = 2Ω sinφ the Coriolis parameter (rad/s), h the water
depth (m), and η the sea-surface elevation (m). The sub-surface contribution is
approximated from geopotential anomaly differences ∆ϕ between two locations
n1 and n2 separated by a distance l as

∆ϕn1 −∆ϕn2

2Ωl sinφ
. (7)
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Near the seabed, bottom friction modifies the current structure. To represent
this effect, the logarithmic law of the wall is adopted for the bottom boundary
layer [9]:

ū

u∗
=

1

κ
ln

(
h

ez0

)
, (8)

where ū is the depth-averaged velocity (m/s), u∗ is the friction velocity (m/s),
κ = 0.4 is the von Kármán constant, e is the base of the natural logarithm, and
z0 is the roughness length (m).

Contaminant dispersion is represented through a stochastic random-walk for-
mulation, in which the release is discretised into particles that undergo advective
transport and turbulent spreading [14]. The particle displacement is written as

Xt+∆t = Xt + vt∆t+
√
2D∆t · ξ, (9)

where Xt and Xt+∆t denote the particle positions at times t and t+∆t, respec-
tively, vt is the advective velocity (m/s), ∆t is the time step, D is the dispersion
coefficient matrix (m2/s), and ξ is a random variable with zero mean and unit
variance. The second term in (9) represents advection, whereas the third term ac-
counts for dispersive spreading. Following [11], the dispersion tensor is extended
to three-dimensional flow as

Dzx = Dxz =
(alwu− atuw)h

√
g

vsC
,

Dzy = Dyz =
(alwv − atvw)h

√
g

vsC
, (10)

Dzz =
(alw

2 + atuv)h
√
g

vsC
,

where al and at are the longitudinal and turbulent dispersivities, set to 5.93 and
0.23, respectively; C is the Chezy bed roughness coefficient (70 m1/2/s) [6], and
vs is the depth-averaged flow speed.

When the transported particles represent oil droplets, vertical buoyant rise
is incorporated through the terminal velocity

wt =

√
2gVp(ρp − ρ)

cdρap
, (11)

where ρp is the particle density, Vp is the particle volume, ap is the particle
projected area, and cd is the drag coefficient, taken as 0.47 for a spherical droplet.
This term allows the model to account for the combined effects of advection,
turbulent dispersion, and buoyancy-driven vertical motion in the transport of
marine pollutants.

3 Computational method for pollution dispersion

In our simulations, the computational domain over the North Sea extends from
51.0◦N to 60.0◦N in latitude and from 4.5◦W to 13.1◦E in longitude. This spatial
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Fig. 1. Illustration of the computational meshes employed in the present study: the left
plot displays the vertically structured meshes corresponding to the 14 discrete depth
layers, whereas the right plot shows the sea-surface mesh used in the present study to
resolve flow dynamics and particle transport.

configuration encompasses the principal dynamical features of the basin, includ-
ing shallow coastal regions, deeper central areas, and the complex bathymetric
gradients that strongly influence the circulation patterns. For the numerical sim-
ulation of the governing flow equations, we adopt a multi-layer approach for the
vertical discretization [16]. In this framework, the three-dimensional system (1)-
(2) is decomposed into a sequence of coupled two-dimensional problems defined
on horizontal layers. Each layer is then solved using a semi-Lagrangian finite
element method [10], which ensures numerical stability under relatively large
time steps while retaining high accuracy in the advection-dominated regime.
Consequently, the method provides an efficient and robust strategy for resolving
stratified flows in shelf-sea environments. The vertical structure is represented
by 14 discrete layers along the z-direction. These layers are defined according to
characteristic depth levels derived from the bathymetric distribution of the North
Sea, namely z = 0 (sea surface), 5, 10, 15, 20, 50, 60, 80, 100, 150, 200, 100, 150,
200 m. Each layer includes all mesh nodes satisfying h ≥ z, where h denotes the
local water depth and z the prescribed layer depth. Thus, the vertical discretiza-
tion naturally adapts to spatial bathymetric variability such that shallow regions
are represented by fewer active layers, whereas deeper offshore areas retain the
full vertical resolution. In this manner, the approach balances computational ef-
ficiency with the need to capture vertical shear and stratification effects. Figure
1 depicts the computational meshes employed for each vertical layer, together
with the sea-surface mesh used in the simulations. To ensure numerical relia-
bility, a mesh convergence analysis was conducted. The results indicate that a
mesh of 17065 elements with an area constraint of 20 km2 provides an optimal
compromise between accuracy and computational cost. Accordingly, this reso-
lution is adopted throughout the present study. Bathymetric data are obtained
from the GEBCO dataset and interpolated onto the generated triangular mesh
using a thin-plate spline procedure, see Figure 2. This interpolation technique
guarantees a smooth and consistent representation of bottom topography across
elements. As a result, spurious gradients induced by discretization artifacts are
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Fig. 2. Snapshot of the model bathymetry (left plot) used in the simulations and the
corresponding sea-surface velocity field (right plot), illustrating the spatial variability
of bottom topography and its dynamical influence on the surface circulation.

minimized, thereby enhancing the stability and physical fidelity of the simulated
flow fields.

Once the bathymetry-conforming meshes are generated for all vertical layers,
the velocity fields are computed on each layer and evaluated against observational
and reanalysis products. Figure 2 presents an example of the simulated sea-
surface velocity field, while Table 1 summarises the external datasets employed
in the modelling framework. Surface-current validation is performed using both
OSCAR and GEKCO. In particular, GEKCO is adopted as the primary reference
because it combines Ekman currents at 15 m depth with surface geostrophic
currents and provides daily fields, whereas OSCAR supplies 5-day averages.

Ekman currents are computed using the Ekman depth and decay constant
defined in (4). For the geostrophic component, temperature and salinity fields
are interpolated onto all mesh nodes across the vertical layers, and pressure, in-
situ density, and specific volume anomaly are then evaluated from the thermody-
namic equation of state for seawater [15]. These quantities are introduced into (7)
to estimate the sub-surface geostrophic velocities. The Ekman and geostrophic
components are then combined to obtain the horizontal velocity components u
and v. The vertical velocity component w is derived by integrating the conti-
nuity equation (2) over the water column, with boundary conditions w = 0 at
the sea surface (z = 0) and at the seabed (z = h), ensuring mass conservation
and consistency with the theoretical framework in [19]. To represent the bottom
boundary layer, the depth-averaged velocity is parameterised as one-half of the
surface current magnitude. A bottom roughness length z0 = 0.002 m is adopted
from [18]; the friction velocity is then computed from (8) and used to construct
a logarithmic near-bed velocity profile.

The initial position of each contaminant particle is prescribed within the
three-dimensional computational mesh. For a particle located at (xp, yp, zp)

⊤,
the nearest mesh node in the horizontal plane is first identified, and the vertical
coordinate zp is then used to determine the two adjacent layers that bound
the particle location. Let da and db denote the depths immediately above and
below the particle, respectively. For each of these layers, the surrounding nodal
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Table 1. Overview of model data sources used in the present study, including their
origin, temporal coverage, spatial resolution, and key variables analyzed.

Source Data set Resolution Increment
Natural Earth Coastal vector data [4] 10 miles NA
SIO, UCSD Bathymetry [3] (1/240)◦ NA
CTOH GEKCO currents [1] (1/2)◦ Daily
NOAA OSCAR currents [5] (1/3)◦ 5 days
NCEP GODAS temperature [2]

GODAS salinity [2]
(1/3)◦

(1/3)◦
Monthly
Monthly

10.0E
12.5E

15.0E

50.0N54.0N58.0N
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Fig. 3. Three-dimensional velocity field within the computational domain (left plot)
and the corresponding vertical velocity profile at the contaminant release location (right
plot), highlighting the local shear structure and depth-dependent flow characteristics
governing initial particle transport.

velocities are averaged to obtain layer-specific estimates va and vb. The particle
velocity is then linearly interpolated as

v = fvb + (1− f)va, (12)

where the interpolation factor is

f =
zp − da
da − db

. (13)

This interpolation ensures a smooth variation of velocity with depth and avoids
artificial discontinuities at layer interfaces. The same neighbouring nodes are also
used to interpolate the local bathymetric depth h, preventing spurious particle
penetration below the seabed. Repeating this procedure at each time step yields
dynamically updated trajectories consistent with the evolving three-dimensional
flow field. The resulting coupling between Eulerian velocities and Lagrangian
particle tracking provides a stable framework for simulating contaminant trans-
port in a stratified shelf-sea environment.

4 Results and discussion

In the numerical simulations, a total of 500 particles are released at the seabed
from a fixed point located at latitude 57.7◦N, longitude 1.01◦E, and a depth of
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90 m. The temporal resolution is set to a constant time step of ∆t = 1 hour; ac-
cordingly, each simulation is integrated over a period of 30 days. To account for
seasonal variability, simulations are initialised at the beginning of each month for
the years 2011-2013, using the corresponding hydrodynamic conditions for each
period. In this way, inter-annual and intra-annual differences in circulation and
stratification are systematically incorporated into the transport analysis. The re-
leased contaminant is crude oil of 40◦ API gravity, with a density of 825 kg/m3.
The mean droplet diameter in seawater is estimated to lie within the range 10-
100 µm [13]. Based on these characteristics, the rising velocity of the oil droplets
is computed using (11), yielding physically realistic ascent speeds between 0.01
and 0.1 m/s. Consequently, buoyancy-driven vertical transport competes with
advective and shear-induced dispersion during the early stages following release.
The source location corresponds to the Forties Oil Field in the North Sea, while
the designated risk area extends from 56.7◦N to 58.7◦N and from 2.0◦E to 2.5◦E.
Figure 3 presents the three-dimensional flow structure together with the vertical
velocity profile at the release site. Under the simulated conditions, the relative
geostrophic component is found to be weak; therefore, the circulation exhibits
predominantly barotropic characteristics, with geostrophic velocities displaying
minimal depth dependence. An examination of hydrographic data for the period
2011-2013 indicates that salinity varies between 33 and 35 ppt, whereas temper-
ature ranges from 6◦C to 17◦C. As a result, seawater density remains approx-
imately constant at about 1027 kg/m3, leading to a small geopotential height
gradient across the domain. This limited density contrast further explains the
subdued baroclinic contribution to the geostrophic flow. Boundary layer diagnos-
tics reveal that the bottom boundary layer thickness is approximately one-third
of the total water depth h. For representative depths of 40 m and surface cur-
rent velocities between 0.05 and 0.15 m/s, the associated friction velocity ranges
from 0.01 to 0.05 m/s, corresponding to a boundary layer thickness of roughly
15 m. This estimate lies well within the commonly reported range of 5-60 m for
large-scale ocean circulation [22], thereby supporting the physical consistency of
the parameterization. Furthermore, the Ekman layer depths computed from (4)
vary between 40 and 70 m. During summer months, enhanced wind variability
tends to produce a shallower Ekman layer, typically around 40 m. In addition,
the decay constant a assumes values between 0.03 and 0.05, implying an inte-
grated current rotation of approximately 70◦-90◦ across the water column. Taken
together, these dynamical characteristics delineate a circulation regime in which
wind-driven processes dominate vertical structure, while density-driven effects
remain comparatively weak.

To assess model performance, the simulated flow fields are systematically
compared with independent datasets, namely GEKCO, OSCAR, and available
moored current meter observations. Through this multi-source validation strat-
egy, both large-scale circulation patterns and local velocity structures are evalu-
ated. In parallel, the error associated with the dispersion model (9) is quantified
by decomposing it into two principal components namely, the advective error
arising from uncertainties in the current field and the parameterised dispersion
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error. This separation enables a clearer interpretation of the respective con-
tributions of resolved flow dynamics and subgrid-scale mixing processes. The
statistical agreement between model results and reference datasets is evaluated
using the Willmott Index of Agreement (WS) [23], defined as

WS = 1−

72∑
i=1

(UG,i − Ui)
2

72∑
i=1

(∣∣UG,i − U
∣∣+ ∣∣Ui − U

∣∣)2 , (14)

where U denotes the simulated velocity magnitude (m/s) or direction (◦), UG

represents the corresponding GEKCO reference values, and U is the annual
mean of the simulated velocity magnitude or direction. The summation extends
from i = 1 to 72, reflecting the 5-day averaged temporal resolution provided by
GEKCO, which yields 72 data points per year. The index ranges between 0 and
1, with WS = 1 indicating perfect agreement and WS = 0 denoting the absence
of predictive skill. In the present simulations, WS values of 0.41 for velocity mag-
nitude and 0.52 for velocity direction are obtained when compared with GEKCO
and OSCAR datasets. These values indicate moderate agreement, particularly
in directional representation, while highlighting residual discrepancies in current
intensity. Furthermore, the reliability of the reference datasets themselves is con-
sidered. It is worth noting that GEKCO and OSCAR have both been indepen-
dently validated against moored current meters and surface drifters. Reported
correlations are approximately 0.7 ± 0.1 for GEKCO [21] and 0.5 ± 0.1 for OS-
CAR [12]. Hence, GEKCO demonstrates comparatively stronger agreement with
in-situ observations. This finding is consistent with previous analyses [12], which
indicate that OSCAR amplitude predictions tend to degrade at latitudes exceed-
ing 10◦. In light of these validation statistics, the advective error in the present
model is conservatively estimated at approximately 30%, based on the reported
GEKCO correlation with surface drifters. Accordingly, this value is adopted as
a representative uncertainty bound for the resolved current field. Through this
layered validation approach, combining statistical skill assessment, cross-dataset
comparison, and reference-data evaluation, the robustness and limitations of the
simulated flow and dispersion fields are quantitatively established.

Figure 4 presents the velocity fields and corresponding particle trajectories
at selected days following release for December 2011 and June 2013, thereby
highlighting the pronounced seasonal variability in transport pathways and dis-
persion patterns. For clarity of presentation, only a localized subregion of the
computational domain surrounding the release site is displayed; nevertheless,
the depicted dynamics remain representative of the broader circulation regime.
The horizontal dispersion coefficients Dxx and Dyy are evaluated for represen-
tative current magnitudes of 0.05-0.15 m/s at depths of 50 m and 100 m. At
50 m depth, the resulting values are Dxx = 3 × 103 cm2/s and Dyy = 2 × 104

cm2/s. At 100 m depth, the coefficients increase to Dxx = 5 × 103 cm2/s and
Dyy = 3×104 cm2/s. These magnitudes are consistent with classical estimates of
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Fig. 4. Velocity fields and corresponding particle trajectories at selected days following
release for December 2011 (left plot) and June 2013 (right plot), illustrating the seasonal
variability in transport pathways and dispersion patterns. For improved visual clarity,
only a localized subregion of the computational domain surrounding the release site is
shown.

mixing coefficients reported in the literature. However, whereas classical param-
eterizations predict a decrease in mixing intensity with height above the seabed,
the present estimates exhibit a moderate increase with depth. This difference
reflects the local shear structure and wind-driven variability characteristic of the
North Sea during the considered period. The simulated contaminant distribu-
tions after 30 days demonstrate a strong dependence on the month of release.
In particular, particles advect with mean speeds of approximately 0.2 m/s dur-
ing summer months and 0.26 m/s during winter months, indicating enhanced
transport under stronger winter circulation. For a given release month, the ra-
tio of advective to dispersive transport rates, corresponding to the second and
third terms in (9), is approximately 0.4. Thus, although advection governs large-
scale displacement, dispersion contributes substantially to the spatial spreading
of the contaminant plume. Because the dispersive term in (9) is stochastic, each
simulation is repeated 1000 times as part of a Monte Carlo uncertainty analy-
sis. The ensemble mean particle position is computed for each month, and the
deviation of individual realisations from this mean is quantified. The standard
error associated with stochastic dispersion is estimated as σ/N , expressed as
a percentage of the ensemble mean, where σ denotes the standard deviation
and N = 1000 the number of realisations. The resulting percentage uncertainty
due to dispersive variability is approximately 5% across all particles and release
months, thereby indicating robust ensemble convergence. To estimate the total
model uncertainty, advective and dispersive errors are subsequently combined.
Assuming that an average particle travels approximately 750 km over the sim-
ulation period and adopting a representative dispersion-advection ratio of 0.4,
the displacement attributable to advection and dispersion is approximately 300
km and 450 km, respectively. Incorporating the estimated uncertainties yields
distances of 300 ± 60 km for advection and 450 ± 10 km for dispersion, leading
to a combined displacement of 750 ± 90 km. Consequently, the aggregate model
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Fig. 5. Spatial distributions of contaminant particles for each monthly release illus-
trating the seasonal variability in transport pathways, surface spreading, and shoreline
exposure risk. Here, each plot corresponds to a separate release month and shows
particle positions after the 30-day simulation period, thereby enabling a comparative
assessment of the influence of changing hydrodynamic conditions on dispersion pat-
terns for 2011 (a), 2012 (c) and 2013 (e) in two-dimensional releases and 2011 (b),
2012 (d) and 2013 (f) in three-dimensional releases.

uncertainty is approximately 17%. This quantitative error assessment provides
a transparent measure of predictive reliability and strengthens confidence in the
simulated transport patterns under the considered seasonal conditions.

A detailed depiction of particle distributions for each monthly release during
2012 is presented in Figure 5. These results reveal a pronounced seasonal depen-
dence in transport pathways. In most cases, particles drift eastward following re-
lease; however, the April simulation exhibits a marked westward displacement.
Consequently, this scenario suggests a temporary shift in circulation patterns
that could pose a potential threat to the Norwegian coastline within approxi-
mately one to three months after release. During the April experiment, the oil
droplets with the highest prescribed rising velocity (0.1 m/s) reach the sea sur-
face in just under 10 days. This ascent time is longer than anticipated and likely
reflects a scaling inconsistency in the vertical velocity parameterization. Ideally,
the rise time should range from several hours to a few days, consistent with field
observations reported in [13]. Nevertheless, once the oil droplets reach the sur-
face, horizontal advection by surface currents becomes increasingly dominant, as
evidenced by the enhanced lateral spreading visible in Figure 5. The ensemble-
averaged trajectories further illustrate the distinction between purely advective
transport and combined advective-dispersive motion. In general, wind-driven
(Ekman) currents exhibit greater temporal variability than geostrophic currents,
particularly during summer months, with magnitudes fluctuating between 0 and
0.1 m/s. By contrast, the geostrophic component, linked to sea-surface height
gradients influenced in part by tidal dynamics, displays a comparatively stable
and predictable structure. However, because the considered wind magnitude and
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Fig. 6. Temporal evolution of the number of particles entering the defined risk area
for each monthly release scenario. The curves illustrate the cumulative particle count
within the specified geographic bounds over the 30-day simulation period, thereby
quantifying the relative exposure under varying seasonal circulation conditions. Here,
the legend and corresponding colour scheme are consistent with those presented in
Figure 5.

direction frequently dominate the total surface flow, the net transport of contam-
inants is typically directed eastward. The prevailing eastward drift observed in
Figure 5 can be attributed to anomalies in both the magnitude and direction of
the surface current components. Specifically, GEKCO data indicate a substan-
tial increase in geostrophic current magnitude during mid-to-late April 2012,
rising from approximately 0.07 m/s to 0.23 m/s. Simultaneously, the Ekman
component maintains speeds near 0.1 m/s. Importantly, the directions of both
components during much of April exhibit an east-to-west orientation, thereby
favouring westward contaminant transport and explaining the April outcome.
Such a reversal in flow direction appears to be relatively uncommon within the
analysed period. Indeed, only one out of the 36 monthly simulations (three years,
twelve releases per year) resulted in westward transport posing a potential risk
to the United Kingdom, corresponding to approximately 3% of cases. Therefore,
although episodic circulation anomalies may temporarily alter transport path-
ways, the statistical likelihood of significant westward contaminant drift from
the Forties Oil Field toward the UK coastline remains low under the examined
hydrodynamic conditions.

For the risk assessment, the number of particles entering the predefined risk
area is quantified for each monthly release during 2012, as presented in Figure
6. This metric provides a direct measure of potential shoreline exposure under
varying seasonal circulation regimes. The results indicate that contaminant par-
ticles do not enter the risk area immediately after release; rather, they typically
arrive approximately 10 days post-release, having travelled a distance of roughly
200 km. This delay reflects the combined effects of horizontal advection, ver-
tical ascent, and lateral dispersion. Consequently, short-term coastal exposure
within the first week following a release appears unlikely under the simulated
hydrodynamic conditions. The predefined medium-risk threshold of 20 particles
is exceeded during July and November, whereas the high-risk threshold of 30
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particles is surpassed in April. These exceedances underscore the importance of
seasonal variability in circulation patterns, as changes in wind forcing and current
structure substantially alter transport pathways and accumulation rates within
the risk zone. Furthermore, particles characterised by slower rising velocities re-
main within the risk area for extended durations. In some cases, approximately
10% of the released particles persist within the defined bounds at the final of the
30-day simulation period. This prolonged residence time increases the potential
for sustained environmental exposure, particularly when combined with recur-
rent or episodic releases. Taken together, these findings demonstrate that both
the timing of release and the vertical ascent characteristics of the contaminant
critically influence coastal risk levels. Accordingly, accurate representation of
seasonal hydrodynamics and buoyancy-driven processes is essential for reliable
impact forecasting in offshore spill scenarios.

Finally, an analysis of the computational cost associated with a single 30-day
simulation involving 1000 particles indicates that the dominant contribution to
total CPU time arises from the computation of the hydrodynamic velocity field.
This component includes the solution of the multilayer flow equations and the
associated interpolation procedures required to provide velocity inputs for par-
ticle tracking. Consequently, the Eulerian flow solver constitutes the principal
computational bottleneck of the modelling method. In contrast, the numerical
integration of the stochastic advection-dispersion equations governing particle
motion accounts for approximately 24% of the total CPU time. Although the
Lagrangian particle-tracking component involves repeated evaluation of inter-
polated velocities and random dispersive increments, its computational demand
remains secondary to that of the flow-field simulation. An additional 6% of the
total computational time is primarily devoted to post-processing tasks, including
particle counting within the risk area and graphical output generation. There-
fore, only a relatively small fraction of resources is allocated to analysis and
visualisation compared with the core hydrodynamic computations. Because the
simulation horizon is fixed at 30 days for all scenarios, the total runtime remains
largely unchanged across experiments. Accordingly, variations in computational
cost are influenced more strongly by the complexity of the velocity field calcu-
lations than by differences in release month or particle behaviour. This perfor-
mance assessment demonstrates that the proposed modelling method achieves
a balanced compromise between physical fidelity and computational efficiency,
rendering it suitable for repeated ensemble simulations and uncertainty quan-
tification studies.

5 Conclusions

This study developed an advanced computational model to simulate pollution
dispersion in the North Sea by integrating physics-based hydrodynamic mod-
elling with observational data for currents and bathymetry. Oceanographic equa-
tions of motion were applied to estimate sub-surface currents, with vertical struc-
ture represented through a turbulent boundary layer parameterization. The re-

ICCS Camera Ready Version 2026
To cite this paper please use the final published version:

DOI: 10.1007/978-3-032-29924-6_3

https://dx.doi.org/10.1007/978-3-032-29924-6_3
https://dx.doi.org/10.1007/978-3-032-29924-6_3


14 N. Lachhab et al.

sulting velocity fields were subsequently coupled to an advective-dispersive ran-
dom walk model, enabling probabilistic prediction of contaminant transport and
quantification of shoreline impact risk following a hypothetical release from the
Forties Oil Field. The simulations indicate that the probability of contaminant
landfall along the UK coastline is low, approximately 3%, with the overwhelming
majority of simulated releases advected eastward toward the Norwegian coast.
This dominant eastward transport is primarily driven by prevailing wind forc-
ing. On average, particles travelled approximately 600 km over a 30-day period
and seasonal variability was found to exert a significant influence on dispersion
characteristics, with higher particle velocities and enhanced transport observed
during winter months. Model performance was encouraging, with error estimates
on the order of 17%. Nevertheless, several sources of uncertainty remain, par-
ticularly in the estimation of dispersion coefficients and in the representation of
complex current structures. The principal opportunity for model enhancement
lies in refining the hydrodynamic component of the method. Future work will fo-
cus on implementing a baroclinic modelling approach using the Hamburg Shelf
Ocean Model (HAMSOM). Coupling this methodology with the North-West
European Shelf (NWES) system would improve boundary condition represen-
tation and enable explicit treatment of volume fluxes entering and leaving the
computational domain. Such an approach would allow externally driven cur-
rents, including the Shetland Current, to be incorporated more realistically into
circulation estimates. Atmospheric forcing and sea-surface topography datasets
(e.g., GEKCO) would provide input to HAMSOM, replacing daily current fields
while preserving the particle-tracking simulation and post-processing methodol-
ogy developed in this study. In summary, this work demonstrates the feasibility
of combining deterministic hydrodynamic modelling with stochastic dispersion
techniques to produce robust, risk-based assessments of offshore contaminant
transport. Based on improved circulation modelling and boundary coupling, the
method has strong potential to evolve into a comprehensive predictive tool for
environmental risk management in the North Sea.
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