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1. Introduction

Accurate knowledge of the ocean surface dynamics is of fundamental importance for many human activ-
ities, such as shipping, commercial fishing, recreational boating, tidal energy quantification and marine 
ecosystems management (e.g., Dohan & Maximenko,�2010). One key application of ocean surface currents 
data is the ability to predict the motion of objects floating on the sea surface. This is the case, for example, 
of search and rescue and pollutant dispersal operations (e.g., Breivik & Allen,�2008; Breivik et�al.,�2013; De 
Dominicis et�al.,�2016; C. E. Jones et�al.,�2016) or monitoring activities of floating marine debris fate and 
accumulation (e.g., Liubartseva et�al.,�2018). However, the precision of such simulations drastically depends 
on the accuracy of the wind and ocean surface currents data used to force the Lagrangian transport model. 
For example, De Dominicis et�al.�(2016) showed that, after 24�h, the distance between observed and pre-
dicted drifter locations can range from 2-5�km up to 15�25�km, depending on the model data used to force 
the particle tracking model. Similarly, Dagestad and Röhrs�(2019) found that, after 48�h, drifter trajectories 
simulated using surface currents detected from satellite or computed by a number of ocean models with 
different resolution may present a separation distance from the observed tracks of about 20�25�km.

Abstract Many human activities rely on accurate knowledge of the sea surface dynamics. This is 
especially true during storm events, when wave-current interactions might represent a leading order 
process of the upper ocean. In this study, we assess and analyze the impact of including three wave-
dependent processes in the ocean momentum equation of the Met Office North West European Shelf 
ocean-wave forecasting system on the accuracy of the simulated surface circulation. The analysis is 
conducted using ocean currents and Stokes drift data produced by different implementations of the 
coupled forecasting systems to simulate the trajectories of surface (iSphere) and 15�m drogued (SVP) 
drifters affected by four storms selected from winter 2016. Ocean and wave simulations differ only in 
the degree of coupling and the skills of the Lagrangian simulations are evaluated by comparing model 
results against the observed drifter tracks. Results show that, during extreme events, ocean-wave coupling 
improves the accuracy of the surface dynamics by 4%. Improvements are larger for ocean currents on 
the shelf (8%) than in the open ocean (4%): this is thought to be due to the synergy between strong tidal 
currents and more mature decaying waves. We found that the Coriolis-Stokes forcing is the dominant 
wave-current interaction for both type of drifters; for iSpheres the secondary wave effect is the wave-
dependent sea surface roughness while for SVPs the wave-modulated water-side stress is more important. 
Our results indicate that coupled ocean-wave systems may play a key role for improving the accuracy of 
particle transport simulations.

Plain Language Summary Precise data on ocean surface velocities are of fundamental 
importance for several human activities, such as search and rescue or oil spill and plastic dispersal 
monitoring and control operations. Measurements of the surface dynamics are usually scarce both in 
time and space and typically data from numerical models are used instead. Traditionally, ocean and 
wave-induced currents are computed by ocean and wave models which are run independently from each 
other. In this study, we investigate the impact on the predicted surface circulation of using a coupled 
system where the ocean model receives the feedbacks of three wave-related processes. Since during storm 
conditions large waves can exert a strong control on the upper ocean circulation, we focus our study 
on extreme events. Our results show that the coupled system generally improves the accuracy of the 
predicted surface circulation by 4%, with improvements larger on the shelf than in the open ocean.
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The need for more precise and detailed predictions of the ocean surface currents initiated intense devel-
opment of new and more accurate observation technology and numerical modeling systems. For example, 
worldwide operational High Frequency (HF) coastal radar networks that provide real-time 2D surface cur-
rent vector maps to a variety of end users represent nowadays a standard observational application (e.g., 
Abascal et�al.,�2012). Also, the Sea surface KInematics Multiscale monitoring satellite mission designed 
to provide direct global-coverage measurements of the total surface current velocity was proposed as a 
candidate for the European Space Agency Earth Explorer 9 competition (Marié et�al.,�2020). However, the 
spatial and temporal coverage of observational data is generally not sufficient to fulfil the practical needs of 
operational activities and typically, surface currents data from prognostic numerical models of the ocean, 
atmosphere and sea state are used instead (Breivik et�al.,�2013; Cucco et�al.,�2012; Zodiatis et�al.,�2016). It is 
crucial therefore to continuously assess and improve the accuracy of the surface circulation fields produced 
by our numerical models. One approach toward improving model data quality is to implement more inte-
grated frameworks where numerical models of different sub-components of the Earth system (i.e., atmos-
phere, ocean, waves, land, ice) are combined with various degrees of coupling (e.g., Clementi et�al.,�2017; 
Lewis, Castillo Sanchez, Arnold, et�al.,�2019; Lewis, Castillo Sanchez, Siddorn, et�al.,�2019; Staneva, Wahle, 
Günther, & Stanev,�2016).

One method to evaluate the precision of the upper ocean circulation reproduced by a numerical model is 
to use the surface velocities data to force a Lagrangian particle transport model and compare the simulated 
trajectories against those of satellite-tracked drifters. For example, Barron et�al.�(2007) applied this method 
to assess the impact of assimilating sea surface height on the surface circulation predicted by a U.S. Navy 
global ocean model. Similarly, De Dominicis et�al.�(2014) compared observed and numerical drifter tracks 
to evaluate the quality of surface velocities data produced by a number of different relocatable ocean mod-
els. The same methodology has also been used to investigate the physical mechanisms driving the surface 
transport (e.g., Carniel et�al.,�2009; Röhrs et�al.,�2012; Staneva et�al.,�2021).

Sea-state dependent processes strongly affect the upper ocean dynamics. For example, ocean waves direct-
ly contribute to the surface circulation inducing a mean Stokes drift in the direction of wave propagation 
(Stokes,�1847). Such a wave-induced drift can range from 0.6% to 1.3% of the wind speed and can be of 
similar magnitude as the direct wind-induced currents (Ardhuin et�al.,�2009), significantly affecting the 
transport of floating objects (e.g., Clarke & Van Gorder,�2018; Staneva et�al.,�2021; Tamtare et�al.,�2021). In 
addition, when the Stokes drift interacts with the planetary vorticity, a new forcing appears in the ocean 
momentum equation which significantly affects the upper ocean Ekman spiral and therefore the direction 
of the surface Lagrangian transport (Polton et�al.,�2005; Röhrs et�al.,�2012). Ocean waves also modulates 
the transfer of momentum from the atmosphere to the ocean (Komen et�al.,�1994), modifying the upper 
ocean circulation (e.g., Wu et�al.,�2019) and hence Lagrangian trajectories (e.g., Tang et�al.,�2007). In ad-
dition, surface gravity waves directly control the vertical structure of upper ocean currents. For example, 
the sea surface roughness, which is the length scale controlling the turbulent mixing at the sea surface 
(e.g., Gemmrich & Farmer,�1999), is sea-state dependent (e.g., Rascle et�al.,�2008). Also, when wind-waves 
break, the turbulent dissipation in the uppermost part of the oceanic boundary layer is enhanced (e.g., 
Gerbi et�al.,�2009). In shallow waters, wind-waves can interact with the bottom topography, enhancing the 
near-bed turbulence and hence modifying the bottom drag coefficient and the currents shear (e.g., Davies 
& Lawrence,�1995). Whilst the importance of including the Stokes drift on the total upper ocean transport 
has been investigated extensively (e.g., Callies et�al.,�2017; De Dominicis et�al.,�2016; Tamtare et�al.,�2021), 
the impact of wave-current interactions on the surface circulation has received less attention (e.g., Carniel 
et�al.,�2009; Röhrs et�al.,�2012), especially for cases when more wave-related processes are considered at the 
same time (Staneva et�al.,�2021).

During sea storm events, large waves can have a strong control on the surface ocean dynamics, mak-
ing wave-current interactions a leading order process of the uppermost part of the ocean (e.g., Carniel 
et�al.,�2009; Staneva, Wahle, Koch, et�al.,�2016; Staneva et�al.,�2017; Wu et�al.,�2019). The North West Eu-
ropean shelf (NWS) is a shallow tidal flat with significant coastal populations and infrastructures which 
can be affected by extremely severe sea storms (e.g., Masselink et�al.,�2016; Wei et�al.,�2019), increasing the 
demand for accurate predictions of the surface ocean dynamics. In 2020 for example, ocean currents rep-
resented �|50% of the NWS total downloaded physical ocean forecast products at 1.5�km, as reported by the 
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Copernicus Marine Environment Monitoring Service (CMEMS; see, e.g., Le Traon et�al.,�2019 for a summa-
ry of the service) service desk. CMEMS ocean and wave analysis and forecast data at 1.5�km of resolution 
for the NWS area are produced by the Met Office ocean and wave forecasting system (Saulter et�al.,�2017; 
Tonani et�al.,�2019). In order to improve the accuracy of these products, since December 15, 2020 the NWS 
operational system uses a coupled ocean-wave modeling framework. In this system, the momentum budget 
equation solved by the ocean model is modified to include three wave feedbacks, namely the Coriolis-Stokes 
force (CSF), a wave modified momentum flux and a sea-state dependent sea surface roughness as described 
in Lewis, Castillo Sanchez, Arnold, et�al.�(2019); Lewis, Castillo Sanchez, Siddorn, et�al.�(2019).

This study has three objectives:

•   assess and quantify the accuracy of the surface dynamics simulated by the NWS ocean-wave coupled 
forecasting system in the presence of severe sea-states;

•   analyze the physical mechanisms underpinning the impact of the three wave-current interactions in-
cluded in the NWS ocean-wave coupled system on the upper ocean circulation during storm events; and

•  identify possible future models and coupling developments which may further improve the upper ocean 
physics represented by the NWS coupled system.

In order to address these questions, ocean currents and Stokes’ drift simulations produced by five versions 
of the NWS forecasting system differing only in the degree of ocean-wave coupling are compared. The 
assessment is conducted using surface velocity data from the five experiments to simulate the Lagrangian 
trajectories of a number of drifters affected by four Atlantic storms that crossed the NWS during winter 
2016. The skills of the Lagrangian simulations are evaluated comparing model results against the observed 
drifters’ tracks.

The study is organized as follows. Section�2.1 details the NWS ocean-wave forecasting system (the model 
components as well as the coupling strategy). The Lagrangian simulations are described in Section�2.2.1 
and the experimental design is presented in Section�2.2.2. Drifter observations used for the assessment are 
presented in Section�2.3. In Section�3 we use an idealized model to conduct some first order analysis of the 
impact of the three wave feedbacks included in the coupling which will help also in interpreting the 3D 
model results. In Section�4 we present and analyze our results. In Section�5 the physical mechanism un-
derlying the impact of ocean-wave coupling during extreme events are discussed. Finally, in Section�6 we 
summarize our main conclusions.

2. Methods and Data

2.1. The NWS Ocean-Wave Forecasting System

Ocean and wave data to force the Lagrangian simulations were produced using the Met Office NWS ocean 
and wave forecasting system, a component of CMEMS.

2.1.1. The Ocean Component

The ocean component of the prediction system is a Forecasting Ocean Assimilation Model (FOAM) of the 
NWS including an ocean model and a variational data assimilation scheme. Here, only the aspects of the 
FOAM system which are relevant to our study are given, while a detailed description can be found in Tonani 
et�al.�(2019).

The ocean model is AMM15-ocean, the eddy resolving configuration of the Atlantic Margin Model de-
scribed in Graham, O'Dea, et�al.�(2018) and based on version 3.6 of the Nucleus for European Modeling of 
the Ocean (NEMO) numerical code (Madec & NEMO-team,�2016). AMM15-ocean uses a horizontal curvi-
linear grid with a uniform grid spacing of �| 1.5�km with a z*��� s vertical grid with 51 levels (Siddorn & Fur-
ner,�2013). Tidal dynamics are represented employing a nonlinear free surface along with a time-splitting 
scheme that separates the fast external mode from the slow baroclinic modes. Turbulent vertical viscosity 
and diffusivity are computed using the Generic Length Scale (GLS) scheme (Umlauf & Burchard,�2003; 
see also Section�2.1.3 for more details). Air-sea fluxes are computed using the CORE bulk formulae (Large 
& Yeager,�2009) using 3-hourly atmospheric fields with a resolution of 0.125°�×�0.125° provided by the 
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European Centre for Medium-Range Weather Forecasts (ECMWF) operational Integrated Forecasting Sys-
tem (IFS).

The data assimilation component of the FOAM-AMM15 system is NEMOVAR, an incremental first guess at 
an appropriate time 3DVAR scheme. The Met Office implementation of NEMOVAR includes bias correction 
scheme for both sea surface temperature (SST) and altimeter data (see King et�al.,�2018; Waters et�al.,�2015 
for the details). FOAM-AMM15 implements NEMOVAR version 4 and uses an assimilation window of 24�h, 
assimilating in-situ and satellite-swath SST observations, altimeter measurements of sea level anomaly (in 
regions with depth�>700�m) and profile observations of temperature and salinity of the water column from 
different sources (see King et�al.,�2018 for the details). In this study only hourly analysis ocean data are used.

Tonani et�al.�(2019) showed that FOAM-AMM15 correctly reproduces the main hydrographic and dynam-
ical features of the NWS, both in coastal and off-shelf areas. The high resolution of this system allows to 
resolve oceanographic structures at meanders and eddies scales, improving the model skills in reproducing 
important circulation patterns such as the European slope currents or the across shelf transport (Graham, 
Rosser, et� al.,�2018). The circulation in the shallow, tidally dominated area has a good agreement with 
observations.

2.1.2. The Wave Component

The wave component of the NWS prediction system is AMM15-wave, a regional implementation of the 
WAVEWATCH III spectral wave model version 4.18 (Tolman,�2014) as detailed in Saulter et�al.�(2017). The 
domain of AMM15-wave covers the same area of AMM15-ocean model but uses a Spherical Multiple Cell 
discretization scheme (Li,�2012) configured to have a variable horizontal resolution ranging from 3�km 
across much of the domain down to 1.5�km near the coast or where the average depth is shallower than 
40�m. The wave model is forced with the same 3-hourly ECMWF wind fields that are used to force AMM15-
ocean. In addition, the uncoupled wave model is forced with hourly externally provided AMM15-ocean sur-
face currents (Palmer & Saulter,�2016) while in the coupled implementation surface currents are exchanged 
via the ocean-wave coupler (Lewis, Castillo Sanchez, Arnold, et�al.,�2019; Lewis, Castillo Sanchez, Siddorn, 
et�al.,�2019). Wave growth and dissipation terms are parameterized using the ST4 physics following Ardhu-
in et�al.�(2010) while nonlinear wave-wave interactions use the Discrete Interaction Approximation (DIA) 
package according to Hasselmann et�al.�(1985). In this study we use hourly analysis wave data.

2.1.3. The Coupled System

Ocean-wave coupling in FOAM-AMM15 is implemented as described by Lewis, Castillo Sanchez, Arnold, 
et�al.�(2019); Lewis, Castillo Sanchez, Siddorn, et�al.�(2019), considering only wave feedbacks acting on the 
ocean momentum budget equation.

When wave-current interactions are not taken into account, AMM15-ocean solves the incompressible, hy-
drostatic and Boussinesq approximated ocean momentum budget equation

 (1)

Here the subscript h identifies a 2D vector with components in the zonal () and meridional ( ) directions, 
 represents the Eulerian velocity vector field of slowly evolving ocean currents (with 

 the local upward vertical unit vector), f is the Coriolis parameter, t is time, p is pressure, b�=�� g� / � w is the 
buoyancy with �  the ocean density, � w a reference ocean density and g gravity, z is the height referenced to 
the geoid, �  is the ocean free surface, Dh represents the parameterization of sub-grid physics in the lateral 
direction and � atm is the stress exerted by the atmospheric wind on the ocean surface.

The vertical eddy viscosity  is computed by AMM15-ocean using the two-equation GLS turbulent closure 
model with the following surface boundary conditions (see Reffray et�al.,�2015 for the details about the 
NEMO implementation):

 • surface enhanced mixing due to wave-breaking according to Craig and Banner�(1994) scheme
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 (2)

where k is the turbulent kinetic energy, � k is the constant Schmidt number for k, Cw is the Craig and Banner 
coefficient equal to 100 and  is the water-side friction velocity;

•   sea surface roughness z0 as a function of the significant wave height Hs as proposed by Rascle 
et�al.�(2008):

 (3)

with � �=�1.3 and

 (4)

 (5)

where Wage is an estimate of the wave age as a function of the wind stress (the superscript o in the vertical 
eddy viscosity  emphasizes the fact that when ocean-wave coupling is switched off the Hs is estimated by 
the ocean model).

Equation�1b represents the surface boundary condition traditionally used in uncoupled ocean models, 
where it is assumed that at the air-sea interface the air-side momentum flux (i.e., the wind stress � atm) is 
completely transferred into the ocean. When FOAM-AMM15 system is uncoupled, the � atm is computed by 
NEMO as

 (6)

where � a is the air density, U10 is the wind velocity at 10�m and CD is the drag coefficient computed according 
to Large and Yeager�(2009).

When ocean-coupling is activated, the momentum budget equation solved by the ocean model of the 
FOAM-AMM15 forecasting system is modified as follows:

 (7)

Equation�7 is a wave-averaged momentum balance equation including three wave effects acting on the 
mean flow (see Lewis, Castillo Sanchez, Arnold, et�al.,�2019; Lewis, Castillo Sanchez, Siddorn, et�al.,�2019 
for the details):

1.  Coriolis-Stokes forcing

Surface waves induce a mean Lagrangian drift us in their direction of propagation known as Stokes drift 
(e.g., Phillips,�1977; Stokes,�1847). When the wave-induced drift interacts with the planetary vorticity, an ad-
ditional force named CSF appears in the wave-averaged Eulerian momentum equation (Hasselmann,�1970)

 (8)

In the FOAM-AMM15 coupled system, the Stokes’ Drift at the surface  is computed by 
AMM15-wave model and exchanged with AMM15-ocean model together with the Hs and the mean wave 
period T01. Then, the 3D Stokes drift us is estimated by AMM15-ocean according to Breivik et�al.�(2016)
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 (9)

where erfc is the complementary error function, � �=�1 and  with � �=�5.97.

 2.  Sea-state dependent water-side momentum flux

The blowing of the wind on the sea surface generates both ocean waves and currents (e.g., Csanady & Gib-
son,�2001). As a result, sheared ocean currents are directly forced by the total wind stress � atm only in the 
case of fully developed wind-waves (Pierson & Moskowitz,�1964). Most of the time, the wavefield is far from 
being in equilibrium with the local wind, and waves are either growing, with a net influx of momentum into 
the wavefield, or decaying, with intensified wave-breaking and a net outflux of momentum from waves into 
the ocean (e.g., Komen et�al.,�1994). Thus, when surface waves are considered the water-side momentum 
flux � ocn (i.e., the stress that effectively forces the ocean at the surface) is given by (e.g., Breivik et�al.,�2015)

 (10)

where � atw is the momentum flux absorbed by the waves (aka the wave-supported stress) and � woc is the mo-
mentum flux from the wavefield to the mean flow.

In the FOAM-AMM15 coupled system � ocn is computed by AMM15-wave and directly passed to the ocean 
model.

 3.  Sea-state dependent sea surface roughness

FOAM-AMM15 estimates the sea surface roughness z0 from the significant wave height Hs. When run in 
coupled mode, Hs is computed by AMM15-wave and exchanged with AMM15-ocean that then uses Equa-
tion�3 to compute z0 (as indicated by the superscript w in the vertical eddy viscosity ).

2.2. Numerical Experiments

2.2.1. Lagrangian Simulations

Drifter trajectories were simulated using the OpenDrift Lagrangian framework [Dagestad & Röhrs,�2019; 
Dagestad et�al.,�2018). We used a 4th order Runge-Kutta scheme and a timestep of 3,600�s to integrate the 
following initial value problem for the drifter position x(t)�=�( x(t), y(t)):

 (11)

where x0 is the initial drifter position at time t0.

Two different type of drifters are simulated in this study, iSphere and Surface Velocity Program (SVP) drift-
ers. SVP drifters are drifting buoys used since the early 1980s to measure ocean currents at a nominal 
depth of 15�m. They are formed by a surface float connected to a subsurface 7-m-long holey sock drogue 
centered at 15�m depth (Lumpkin & Pazos,�2009). Such a design allows to reduce the wind slippage to less 
than 0.1% in 10�m s�1  wind speed (Niller et�al.,�1987), so that drogued SVP drifters are mainly transported 
by ocean currents and the Stokes drift at 15�m depth (Rio,�2012). Conversely, iSphere drifters are half sub-
merged spherical drifting buoy where the drifting velocity results from the combination of surface ocean 
and wave-induced currents and direct wind leeway (De Dominicis et�al.,�2016; Röhrs et�al.,�2012).

In the case of iSphere drifters, u(x(t), t) and us(x(t), t) represent turbulent Eulerian ocean currents and the 
Stokes drift at 0.5�m (i.e., the depth of the upper ocean model level) respectively, while uw(x(t), t) is the wind 
drag velocity parameterized as

 (12)
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where U10(x(t), t) is the wind velocity at 10�m and � �=�0.01 in agreement with De Dominicis et�al.�(2016); 
Röhrs et�al.�(2012).

When simulating SVP drifters u(x(t), t) and us(x(t), t) represent Eulerian ocean currents and the Stokes drift 
at 15�m while uw�=�0. The Stokes drift at 0.5 and 15�m was estimated from the Stokes drift at the surface 
applying Breivik et�al.�(2016) parameterization (see Equation�9).

The term u�(x(t), t)�=� � R  with R�� �[�1, 1] represents random fluctuations in the velocity field to simulate 
sub-grid turbulent diffusion. We use � �=�0.04�m s�1  which corresponds to a horizontal eddy diffusivity Kh 
of �|1�m2 s�1  when modeling sub-grid turbulence as a random walk diffusive process (e.g., De Dominicis 
et�al.,�2013), in agreement with S. Jones et�al.�(2020).

Quantitative assessment of the accuracy of the simulated drifter trajectories has been carried out using the 
Liu and Weisbe�(2011) skill score (ss). This metric compares modeled and observed drifter trajectories along 
their path evaluating the separation of the two trajectories normalized by their total length:

 (13)

where N is the total number of observed drifter positions in a given trajectory, ti is the time at which the 
ith drifter position has been recorded, t0 is the time at which the drifter has been deployed, di are distances 
between simulated xs(ti) and observed xo(ti) drifter positions at time ti and loi is the length of the observed 
trajectory at time ti.

The skill score ss is then defined as

 (14)

so that ss�=�1 indicates perfectly aligned observed and modeled trajectories while ss�=�0 identifies model 
simulations with no skill. Besides taking account for the separation at the end of two trajectories, the Liu 
and Weisberg�(2011) skill score also acknowledges some skill for trajectories that stay together during the 
beginning of their path, but separate toward the end.

For each drifter simulation, 100 particles were released at the same initial location and time: the skill score 
of each numerical track was computed considering the path of the barycentre of the spatial distribution of 
particles while the standard deviation of the ss computed for each of the 100 particles was used as a meas-
ure of the associated uncertainty. All the simulations showed a standard deviation�<�0.02, indicating that 
metrics computed for the barycentre were quite representative of the local ocean dynamics. Sensitivity tests 
using 1,000 or 10,000 particles showed no effect on the numerical solution. Results are presented in terms of 
average skill scores  and standard deviation SD, similarly to the studies of Amemou et�al.�(2020); Staneva 
et�al.�(2021); Tamtare et�al.�(2021).

2.2.2. Experimental Design

Four Atlantic wind-storms affecting the NWS during winter 2016 are considered in this study. They were 
named by the Met Office and Met Éireann as Gertrude, Henry, Imogen and Jake. A summary of meteoro-
logical and wave conditions for each storm is shown in Figure�1, and further details are provided in Table�1.

Lagrangian experiments were forced using ocean currents and Stokes drift data from five different FOAM-
AMM15 ocean-wave simulations as listed in Table�2.

The control trial (CTR) used the ocean and wave models in uncoupled mode (Equation�1) while the fully 
coupled experiment (CPL) used all the three wave feedbacks switched on (Equation�7). Both simulations 
were extensively validated and analyzed by Lewis, Castillo Sanchez, Siddorn, et�al.�(2019) (in their work the 
CTR and CPL trials were named DA and CPL_DA, respectively).
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Three more ocean-wave simulations were run specifically for this work to investigate the relative impact of 
the three wave effects considered in FOAM-AMM15 coupled system. All the three experiments used ocean 
and wave restarts from the CTR trial and covered the period from January 23 to February 11, 2016. The CSF 
trial used the coupled system with only the Coriolis-Stokes forcing activated (i.e., combining Equation�1 
and Equation�8), while the Tau ocean (TOC) simulation switched on only the wave-dependent water-side 
momentum flux (i.e., Equation�1 replacing � atm with � ocn and using Equation�10). Finally, the wave sea sur-
face roughness (WSR) trial modified the stand-alone ocean momentum budget equation activating only the 
sea-state dependent sea surface roughness (i.e., using Equation�1 and Equation�3 with Hs computed by the 
wave model).
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Figure 1.  Snapshots of 10-m wind speed and direction and mean sea level pressure simulated by European Centre for Medium-Range Weather Forecasts 
(ECMWF) global-scale atmosphere forecasts, used as meteorological forcing of the North West European Shelf (NWS) ocean-wave system (upper row) and 
significant wave height (second row), Stokes drift speed (third row) and ocean currents speed (bottom row) simulated by the NWS ocean-wave forecasting 
system for storms Gertrude (leftmost column), Henry (second column), Imogen (third column) and Jake (rightmost column). Snapshots correspond to the Hs 
peak of each storm.




















































