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Abstract. Numerical simulations of marine surface particle dispersal are a crucial tool for addressing many outstanding issues
in physical oceanography with societal relevance, such as marine plastic pollution. However, the quality of these Lagrangian
simulations depends on the ability of the underlying numerical model to represent the prevailing ocean circulation features.
Here, we investigate how simulated marine surface particle dispersal changes, if the — often omitted or only approximated —
impact of wind-generated surface waves on the upper ocean circulation is considered. We use velocity fields from a high-
resolution coupled ocean-wave model simulation and a complementary stand-alone ocean model simulation for the
Mediterranean Sea to answer the following questions: 1) How does the explicit representation of waves impact the simulated
surface particle dispersal, and what is the relative impact of Stokes drift and wave-driven Eulerian currents? 2) How accurately
can the wave impact be approximated by the commonly applied approach to advect particles with non-wave-driven Eulerian
currents and Stokes drift from stand-alone ocean and wave models? We find that the representation of surface waves tends to
increase the simulated mean Lagrangian surface drift speed in winter through a dominant impact of Stokes drift, and to decrease
the mean Lagrangian surface drift speed in summer through a dominant impact by wave-driven Eulerian currents. Furthermore,
simulations that approximate the surface wave impact by including the Stokes drift (but ignoring the wave-driven Eulerian
currents) do not necessarily yield a better estimate of the surface particle dispersal patterns with explicit representation of the

wave impact than simulations that do not include any surface wave impact. Our results imply that — whenever possible —

velocity fields from a coupled ocean-wave model should be used for surface particle dispersal simulations.
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1 Introduction

Understanding how seawater moves around in the global ocean and transports heat, dissolved substances, and particulates, is
crucial for solving many outstanding issues in physical oceanography and climate science. Due to limited available
observations, seawater pathways are often estimated by making use of the three-dimensional and time-varying oceanic velocity
fields computed with numerical models. With so-called Lagrangian ocean analyses methods, large sets of virtual fluid particle
trajectories are simulated and statistically evaluated, whereby the quality of the analyses strongly depends on how well the
underlying numerical model represents the oceanic velocity fields (van Sebille et al., 2018).

Surface particle dispersal simulations that estimate how floating, i.e., surface-bound, particles are transported by horizontal
ocean surface velocities are of particular importance for addressing a range of societally relevant issues, such as marine plastic
pollution (van Sebille et al., 2020; Sutherland et al., 2023), oil spills (Spaulding, 2017), larval dispersal and biological
connectivity (Christensen et al., 2018; Swearer et al., 2019), as well as search and recovery missions (Breivik et al., 2013).
Here, we investigate how the simulated dispersal of surface-bound particles changes, if the — often omitted or only
approximated — impact of wind-generated surface waves on upper ocean current dynamics is considered. Under the influence
of surface waves, a particle does not only move according to the horizontal Eulerian current velocity uy = (ug, vg) (in the
following, unless otherwise noted, velocity vectors represent 2D horizontal velocities), but additionally experiences a net drift
in the direction of wave propagation, named Stokes drift ug (Stokes, 1847; van den Bremer and Breivik, 2018). Moreover, the
presence of surface waves alters the Eulerian current field itself via various (partially non-linear and interacting) processes. By
pragmatically defining wave-driven Eulerian currents as the residual of the circulation with and without wave forcing, the
Eulerian velocity can then be decomposed into a wave-driven component Uy, and a non-wave-driven component ug,,, (e.g.,
Cunningham et al., 2022). Notably, at least part of the wave-driven Eulerian currents tends to act in the opposing direction of
Stokes drift (cf., Higgins et al. (2020) and references therein for a review of this “anti-Stokes” effect). Combining those
individual terms, the Lagrangian surface drift velocity of the particle u; can be expressed as

U, = Ugpy + Ug, + Us. €))
The determination of u; requires a detailed knowledge of the temporally and spatially varying oceanic current and wave
fields, as well as their interactions. However, large-scale Lagrangian dispersal simulations nearly always rely on velocity
output from ocean-only models without representation of surface wave effects, which implies that the wave impact is either
not included or only approximated in the particle tracking. In particular, an increasing number of Lagrangian studies have used
a simple superposition of Uy, from an ocean model and us from a stand-alone wave model for their Lagrangian trajectory
calculations, neglecting ug,, (cf., Tamtare et al. (2022) and references therein). Yet, due to the lack of direct observations and
of large-scale coupled ocean-wave models, this approximation is only poorly validated. Specifically, the following questions

arise:
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(1) How does the representation of surface waves impact the simulated surface particle dispersal? What is the relative
impact of the wave-driven Eulerian currents, versus the Stokes drift?
(2) How accurately can the wave impact be approximated by the superposition of non-wave-driven Eulerian currents and
Stokes drift obtained from stand-alone ocean and wave models?
We address these questions in a case study for the Mediterranean Sea by comparing Lagrangian surface dispersal simulations
with different representations of waves, which were performed with the velocity output of a newly developed realistic high-

resolution coupled ocean-wave model configuration and a complementary stand-alone ocean model configuration.

2 Theoretical background and state of the art
2.1 Impact of waves on Lagrangian surface drift velocities

Surface waves can impact Lagrangian surface drift velocities, as expressed by Eq. (1), in two ways: by giving rise to the Stokes
drift, and by altering the Eulerian current field itself via wave-driven Eulerian currents (Fig. 1).

The Stokes drift was first described by George G. Stokes, who noted that in the presence of surface waves, a particle
experiences a net horizontal drift in the direction of wave propagation (Stokes, 1847). This drift can be explained by (linear)
wave kinematics. A particle which oscillates forwards and backwards due to surface waves, travels faster, undergoes a larger
displacement, and generally stays longer in the crest phase, where horizontal velocities are directed in direction of wave
propagation, compared to the trough phase, where horizontal velocities are directed against the direction of wave propagation
(van den Bremer and Breivik, 2018; Guha and Gupta, 2023). As the oscillatory motion related to surface waves decays rapidly
with depth, so does the Stokes drift. However, the overall magnitude and vertical shear of the Stokes drift depends on the sea
state: under wind-sea conditions, where young, locally generated waves with short wave periods dominate, the magnitude of
Stokes drift at the surface is high and it’s vertical shear is strong; if long-period swell dominates, Stokes drift is less surface
intensified (Breivik and Christensen, 2020; Rohrs et al., 2012).

Wave-driven Eulerian current velocities arise from a combination of different processes related to interactions of the Eulerian
currents with the Stokes drift acting on a fluid particle through the so-called Stokes forces (see, e.g., van den Bremer and
Breivik (2018) for a review), as well as wave-induced changes in the air-sea momentum and turbulent energy fluxes (see, e.g.,
Breivik et al. (2015) and Couvelard et al. (2020), and references therein).

The different effects of (nonbreaking) surface waves on the Eulerian mean flow in the form of Stokes forces are described by
the wave-averaged momentum equations (e.g., Craik and Leibovich, 1976; Suzuki and Fox-Kemper, 2016). These equations
can be represented in different (mathematically equivalent) forms, resulting in different Stokes terms and ultimately different
corresponding interpretations of the wave impact. They always include the Stokes-Coriolis force (Hasselmann, 1971, 1970),
which — however — appears together either with the vortex force and a wave-induced modification of the pressure (e.g., Craik

and Leibovich, 1976) or with the Stokes advection and Stokes shear forces (e.g., Suzuki and Fox-Kemper, 2016). We here
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focus on the former formulation with the following corresponding interpretation: The Stokes-Coriolis force results from the
interactions between Stokes drift and the Coriolis force and modifies the turning of the upper ocean Ekman currents (e.g.,
McWilliams and Restrepo, 1999; Song, 2009; Lewis and Belcher, 2004); the vortex force arises from the interactions between
Stokes drift and the mean-flow vorticity and introduces an overturning circulation that explains open-ocean Langmuir cells
(Craik and Leibovich, 1976).

The momentum flux from the atmosphere to the ocean is impacted by surface waves in two ways. Firstly, waves modify the
sea surface roughness and consequently the regional atmospheric momentum flux (e.g., Charnock, 1955; Li et al., 2020).
Secondly, waves alter when, where, and how much of this momentum flux is available to drive ocean currents: As waves grow,
they absorb momentum from the wind (also referred to as wave-supported stress), which otherwise would have contributed to
driving ocean currents; as waves dissipate, they transfer momentum to ocean currents (also referred to as wave-to-ocean stress)
(cf., Breivik et al. 2015, Couvelard et al. 2020). In other words, in the absence of coastlines onto which momentum can be

transferred, waves act as a net-zero source and sink of momentum.
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Figure 1: Sketch of how wind-generated surface waves impact Lagrangian surface drift velocities by giving raise to the
Stokes drift and altering the Eulerian current field. Wave-driven alterations in the Eulerian current field arise from
modifications in the surface stress, enhanced vertical mixing, and wave-driven Eulerian currents due to Stokes forces. The
Stokes forces include the Stokes-Coriolis force, which alters the upper ocean Ekman currents. Vertical mixing is enhanced,
e.g., through wave breaking and Langmuir turbulence. Changes in the surface stress forcing ocean currents (7,) result from
(i) wave-induced increase in the surface roughness and hence decrease the incoming atmospheric surface stress (z4), as well
as (i) growing waves that absorb momentum from the wind (wave-supported stress 7,,,) and dissipating waves that feed
momentum back to ocean currents (wave-to-ocean stress Ty, ): Top = T4 — Taw + Tw,o- The employed coupled ocean-wave
model configuration features a representation of all these impacts, with exception of the regional redistribution of momentum

via T, and Ty, (cf.,, Sect. 3.1.1). Figure modified after Janssen et al. (2013).
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As waves break, they inject turbulent kinetic energy into the surface layer and vertical mixing is enhanced over a depth of the

order of the significant wave height (Drennan et al., 1992; Craig and Banner, 1994). Moreover, the wave-averaged flow
generates Langmuir turbulence, resulting in vertical mixing over even greater depths (McWilliams et al., 1997) Click or tap

here to enter text.and significantly deepens the mixed layer in large areas of the world ocean (Couvelard et al., 2020). The
related hydrographic changes can in turn introduce changes in the horizontal Eulerian currents. These changes in the horizontal

Eulerian surface currents due to wave-induced mixing could be as important as the impact of Stokes drift (Rascle et al., 2006;

Rascle and Ardhuin, 2009).

2.2 Representation of wave impact in large-scale Lagrangian simulations

So far, in the absence of large-scale operational coupled ocean-wave models, three main approaches have been used to deal
with the potential impact of waves on surface particle dispersal simulations, to which we refer to as the “old standard”, the
“basic approximation”, and the “advanced approximation”.

If following the old standard, no approximation for the wave impact is applied. Particles are advected solely with ug,,, from
a stand-alone ocean model. The underlying (implicit) assumption is that impacts of wave-driven Eulerian currents and Stokes
drift are either completely negligible or offset one another. For early large-scale dispersal studies, adopting this approach was
most likely a pragmatic choice, since the impact of waves has been difficult to measure and to model due to the complex
processes that couple the fast and small-scale wave dynamics to the slower and larger-scale motion of ocean currents (cf.,
Suzuki and Fox-Kemper, 2016).

For the basic approximation, the wave impact is included via a Stokes drift term. Particles are advected with ug,,, + us from
independently run ocean and wave models (or with u,,, and a parameterization of Stokes drift based on the wind speed, cf.,
Tamtare et al., 2022). Here, the (implicit) assumption is that — at the ocean surface — the impact of wave-driven Eulerian
currents is negligible or at least less important than Stokes drift (cf., Clarke and van Gorder, 2018). This approach has been
extensively used in a wide range of Lagrangian applications (cf., Tamtare et al., 2022, and references therein). Several studies
have attempted a validation of this approach by comparing simulated to observed surface drifter trajectories. While in some
studies the inclusion of Stokes drift led to a better agreement between observed and simulated surface drifter trajectories (e.g.,
Tamtare et al., 2022), others remained inconclusive (e.g., van Sebille et al., 2021). Moreover, Wagner et al. (2022) recently
advocated that transport studies that make use of ocean models which do not resolve surface waves should not include a Stokes
drift term to estimate the Lagrangian surface drift velocity. Based on a scaling analysis of the wave-averaged momentum

equations, they conclude that such wave-agnostic models are not simulating the Eulerian-mean velocity but rather provide
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fields that are representative for the Lagrangian-mean velocity. This suggests the old standard may indeed be the most
appropriate approach for surface particle dispersal simulations.

For the advanced approximation, recently proposed by Higgins et al. (2020), the wave impact is represented via the Stokes
drift and an approximation of the wave-driven Eulerian currents. Following this approach, particles are advected with ug,,,
from a stand-alone ocean model, ug from a stand-alone wave model, and an offline computed wave-driven Eulerian current
arising largely from the Stokes-Coriolis force. This approach assumes that the impacts of wave-driven Eulerian currents and
Stokes drift are not negligible and do not offset one another, as already suggested by, e.g., Rohrs et al. (2012). Applying the
advanced instead of the basic approximation has been shown to improve the agreement between simulated and observed global

marine plastic distributions (Cunningham et al., 2022).

3. Material and Methods

To answer the research questions formulated in Sect. 1 and yield further insights on which of the approaches introduced in
Sect. 2.2 is best suited for surface particle dispersal simulations, we performed and compared different types of surface particle
dispersal simulations based on velocity output from hindcast experiments with a high-resolution coupled ocean-wave model
and a complementary non-coupled stand-alone ocean model configurations. The employed model configurations and
corresponding experiments are introduced in Sect. 3.1, and the different types of Lagrangian surface particle dispersal

simulations are described in Sect. 3.2.

3.1 Hindcast experiments with a high-resolution coupled ocean-wave model and a complementary stand-alone ocean
model

We used the output from a regional high-resolution (ca 4 km horizontal grid spacing) coupled ocean-wave model configuration
and a complementary stand-alone ocean model configuration for the Mediterranean Sea. The coupled configuration is based
on the Mediterranean Sea Physical Analysis and Forecast system developed in the framework of Copernicus Marine Service
(MedFS, version EAS6; Clementi et al., 2021), which was re-run for the IMMERSE H2020 project (https://immerse-ocean.eu/)
with updated model code including advanced representations of wave-current interactions but without data assimilation and
without tides in hindcast mode. The Nucleus for European Modelling of the Ocean (NEMO, version 4.2; Madec and the NEMO
System team, 2022) served as the ocean component and the third-generation spectral wave model WAVEWATCH III (WW3,
version 6.07; The WAVEWATCH III Development Group, 2019) provided the wave component. The ocean and wave model
components were coupled with the OASIS Model Coupling Toolkit (OASIS3-MCT, version 4.0; Craig et al., 2017). The stand-
alone ocean model configuration is identical to the ocean component of the coupled ocean-wave model configuration, except

for adjustments due to the wave coupling. Hindcast simulations were forced using atmospheric fields from the high-resolution
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European Centre for Medium-Range Weather Forecasts (ECMWEF HRES). A detailed description and validation of the model

simulations can be found in Moulin and Clementi (2024), we below highlight the aspects most relevant for this study.

3.1.1 The NEMO ocean model

For the coupled and stand-alone regional model configurations, the NEMO hydrodynamic model code is implemented on a
horizontal Arakawa C-grid with 1/24° resolution with 141 unevenly distributed, time-varying vertical levels (z* coordinates).
Bottom cells are partially filled to better represent the model topography. Recent updates in the NEMO code allow for an
improved representation of the impact of waves via modifications in the surface stress driving the ocean currents, the inclusion
of Stokes drift terms in the horizontal momentum, continuity, and tracer advection equations, as well as altered
parameterizations of the sub-grid scale physics (Couvelard et al., 2020). The employed coupled model configuration makes
use of nearly all features described in Couvelard et al. (2020) but uses an alternative formulation for the wave-induced
modification of the surface stress, as summarized below.

In the stand-alone model configuration, the surface wind stress forcing the ocean model 7, is calculated via the MedFS bulk
formulae, using relative winds (the difference between the atmospheric winds at 10 m u,,, and the oceanic surface current
velocities uz(0)), and a parameterization for the drag coefficient ¢, following the formulation of Hellerman and Rosenstein
(1983):

T, = pacalltaro — ug (0)ll(up10 — ug(0)), )
with p, being the atmospheric density.

For the coupled model configuration, the surface wind stress calculation is adjusted to account for wave processes as detailed
in Clementi et al. (2017): by making use of the neutral coefficient from the wave model, the drag coefficient is computed
according to the stable/unstable conditions of the air-sea interface following Large and Yeager (2004). The wave-supported
stress and wave-to-ocean stress (cf. Sect. 2.1, Fig. 1) are not included. Their current implementation breaks the momentum
conservation and hence is not fully satisfactory (Couvelard et al., 2020).

The discretized vertical profile for the horizontal Stokes drift velocity ug(z) is calculated based on a Phillips spectrum, which
provides a good representation of the Stokes drift velocity near the surface (Breivik et al., 2016). It is derived from the surface

Stokes drift ug(0) and Euclidean norm of the total (depth-integrated) Stokes transport ||T|| from the wave model:

ug(z) = ug(0)[e*»? — B/—2k,mz erfc(,/—kaz )] (3)

_ sl [, _ 28
P 2Tl [1 3]’ 4)

with k,, representing the peak wave number and f=1 (as Phillips spectrum is assumed); erfc is the complementary error
function. Due to the C-grid implementation, the horizontal velocity components of the Stokes drift are evaluated at the
horizontal grid-cell interfaces. Divergence of the horizontal Stokes drift velocities induces an additional vertical velocity

component W, which can be derived from the continuity equation (see below).
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The wave-averaged momentum equations for the temporal evolution of the horizontal Eulerian mean velocity u; are
formulated in the vector-invariant form and — in addition to the usual non-wave-driven terms in the stand-alone ocean model
configuration — include the wave-induced Stokes-Coriolis force Wy, _c,,, vortex force Wy, and pressure Wp,.,. The
implementation of the former two makes use of the discretized Stokes drift velocity components and the latter of the depth-

uniform wave-induced kinematic pressure, also named Bernoulli head term J, directly provided by the wave model:

Wsi_cor = (fvs, —fus), (5
) ]
Wy = ({vs — Wsa_lzl , —Qug — wy a_Z), (6)
—_ 1 9
Wer = — =G, D, ™)

with f being the Coriolis parameter, { the relative vorticity, and p, a reference density.

The Stokes drift also enters the continuity and three-dimensional tracer advection equations, which take on the following form:

L= -V [Clup +wgk+ ug+ws k)] + D + FC, ©)

where uy and ug are the horizontal Eulerian current and Stokes drift velocity vectors over the (i, j) plane, wy and wg are the
vertical Eulerian current and Stokes drift components with k as the local upward vector, C is the tracer of interest (i.c.,
temperature T or salinity S), V is the derivative vector operator over the (i, j, k) plane, D¢ represents parameterizations of
small-scale physics, and F€ represents surface forcing terms (i.e., sources and sinks).

The sub-grid scale physics are altered by modifications in the turbulent kinetic energy (TKE) closure scheme to better account
for wave-driven mixing, including an advanced Langmuir turbulence parameterization. In the employed closure scheme, the
vertical eddy viscosity and diffusivity coefficients are derived from a prognostic equation for the TKE and a closure assumption
for the turbulent length scales, as described by Madec and the NEMO System team (2022). The temporal evolution of TKE is
computed via its production through vertical current shear and Langmuir turbulence, its destruction through stratification, its
vertical diffusion, and its dissipation. In the coupled simulation, the TKE equation includes an extra term for the production of
TKE via Stokes drift shear. In addition, the TKE surface boundary conditions, the mixing length scale, and the dissipation
length scale are modified to incorporate wave-induced changes in surface roughness and wave breaking. The Langmuir
turbulence parametrization, already employed in the stand-alone ocean model simulation, is expected to be more realistic in
the coupled simulation by using the sea-state dependent Stokes drift obtained from the wave model instead of an approximation
of the Stokes drift based on the surface wind stress.

The inclusion of the wave coupling was shown to improve the simulated upper ocean circulation pattern and thermohaline
properties, as evidenced, for example, by reduced root mean square errors for temperature and salinity in the upper 150 m in

comparison with ARGO observations (see Moulin and Clementi (2024) for a detailed model validation).
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3.1.2 The WW3 wave model

The spectral wave model WW3 is implemented using the same domain and with the same horizontal discretization as the
hydrodynamic model. It uses 24 equally distributed directional bins with 15° resolution and 30 frequency bins ranging from
0.0573 Hz to 1.1 Hz to represent the wave spectral distribution. The western boundary is closed, so swells are not entering
from the Atlantic.

WW3 solves the wave-action balance equation that describes the evolution of a 2D ocean wave spectrum in the presence of
slowly varying currents, whereby an individual spectral component fulfills the linear wave theory. In the employed coupled
ocean-wave model configuration, the WW3 implementation is based on the third-order Ultimate Quickest propagation scheme,
including the Garden Sprinkler correction (Tolman, 2002). Wind input and dissipation terms are inferred from the wind-wave
interaction semi-empirical source terms (ST4; Ardhuin et al., 2010). The non-linear wave-wave interactions are accounted for
by making use of the Discrete Interaction Approximation (DIA; Hasselmann and Hasselmann, 1985). Furthermore, the model
incorporates wave-bottom interactions, depth-induced wave breaking (Battjes and Janssen, 1978), and the reflection of waves
at the shoreline.

The wave characteristics in the coupled ocean-wave model simulations show a good fit to observations, which is illustrated,
for example, by a very high correlation in the significant wave height obtained from the simulations and those inferred from

satellite observations (correlation coefficient of 0.956, see Moulin and Clementi (2024) for a detailed model validation).

3.1.3 Coupled and non-coupled hindcast experiments

Two hindcast experiments were performed: one with the coupled ocean-wave model configuration (in the following also
referred to by superscript ¢), and one with a complementary non-coupled stand-alone ocean model configuration (superscript
nc). Both hindcasts use an identical set-up, except for the wave coupling (see Table 1 for a summary of the major differences
between the two experiments). The non-coupled experiment was performed first, covering the 3-year period 2018-2020, from
which the first year is considered as spin-up. The coupled experiment was then initialized with the oceanic fields on January

1512019 from the non-coupled experiment and covers the 2-year period 2019-2020.
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Table 1: Important specifications of the employed coupled ocean-wave model and complementary stand-alone ocean
model experiments. Listed are changes affecting the ocean model component NEMO, grouped according to which parts of
the model code they concern, i.e., modifications of the surface stress, additional Stokes terms in the primitive equations, and

changes in the sub-grid scale parameterizations.

Inclusion of Stokes drift Changes in representation of sub-grid scale
Model Modification of in NEMO primitive equations physics, i.e., vertical mixing
experiment surface stress Stokes- vave modified TKE Langmuir turbulence
. . vortex force induced s
Coriolis scheme parameterization
pressure
non-coupled NO NO NO NO NO ai;?;i?ﬂigg d
coupled YES YES YES YES YES fmilt‘ilv‘;sedgﬁ del

Both hindcast experiments were atmospherically forced by 6-hourly operational analysis and forecast fields from the ECMWF
at 1/10° horizontal resolution. The forcing fileds were interpolated in time to provide hourly updates. Atmospheric momentum
and heat fluxes were computed by bulk formulae using the ECMWF atmospheric fields and the model predicted sea surface
temperatures, as described in Pettenuzzo et al. (2010) and Tonani et al. (2015). The water balance was computed as evaporation
minus precipitation and runoff. While evaporation was indirectly derived from the latent heat flux, precipitation was directly
provided as daily averages by ECMWEF, and the runoff of the 39 main rivers entering the Mediterranean Sea was obtained as
monthly climatological averages from a combination of several data products, as detailed in Clementi et al. (2021).

For the coupled experiment, a one-way hourly exchange of variables (namely the neutral drag coefficient, the sea surface
Stokes drift, the total Stokes drift transport, the wave-induced Bernoulli head pressure, the wave to ocean energy flux term,
and the significant wave height) from the wave model to the ocean model was realized with the OASIS3-MCT coupler. The
deviation from the two-way coupling approach described in Couvelard et al. (2020) is justified here, since past studies showed
that the impact of ocean current variability on wave dynamics is most important for extreme events (Clementi et al., 2017),
which are not in the focus of the present study.

For our analyses, we make use of the daily mean output for the 2-year period 2019-2020 from the non-coupled and coupled
experiments, specifically of the horizontal surface Eulerian current and Stokes drift velocities (both averaged over the

uppermost cell of approximately 1 m depth, Fig. 2 shows these velocities from the coupled experiment).
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Figure 2: Lagrangian surface velocity components in the 2-year hindcast with the coupled ocean-wave model. Mean
surface speed (color shading) and direction of mean surface velocities (arrows for every 10% grid point in longitude and latitude
direction) in the uppermost ocean grid cell (1 m depth) for (a) Eulerian currents (arrows for velocities where mean speed >
0.15 ms™! are rescaled and displayed in white) and (b) Stokes drift (arrows for velocities where mean speed > 0.025 ms™! are

rescaled and displayed in white).

3.2 Lagrangian surface dispersal simulations

We employed the Parcels particle tracking package (version 2.4.0; Lange and van Sebille, 2017; Delandmeter and van Sebille,
2019) to calculate the dispersal of idealized surface-bound Lagrangian particles for different representations of the wave
impact. The particles were assumed to be positively buoyant, passive, and dimensionless, so that their movement is completely
governed by the horizontal surface velocities. It implies that no vertical motion within the water column, no direct drag with

the wind, nor additional behavior patterns were considered. The particles were released uniformly every 0.05° (approximately
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one particle per model grid cell), every 5 days, over one year (2019), in the uppermost model grid cell (approximately 1 m
depth) for three sub-regions in different near-coastal regions of the Mediterranean Sea. The regions were chosen so that they
feature different patterns of the impact of waves on Lagrangian surface speed, as detailed in Sect. 4.1: 94243 particles were
released in the Gulf of Lion, 98550 in the Gulf of Antalya, and 109427 in the lonian Sea, east of Sicily. Subsequently, the
trajectory calculations were performed using pure horizontal advection forward in time with a 4th order Runge-Kutta scheme
and an integration time step of 25 minutes for a total integration time of 30 days. Particle position and speed (time, longitude,
latitude, ||u, ||) were stored daily. We did not add any diffusion term, since we aimed at inferring the impact of those processes
that are resolved by the coupled versus non-coupled model experiments, and diffusion would add additional noise to this
analysis.

We performed 4 complementary types of Lagrangian simulations per release area, all of which follow the general integration
scheme outlined above but differ in the surface velocities employed for the particle advection. For each simulation type we
made use of a different combination of fields from the non-coupled and coupled ocean model experiments (Table 2). The
simulation with only the (non-wave-driven) Eulerian currents from the non-coupled model represents the old standard for
Lagrangian simulations not considering any wave effect. The simulation with the (non-wave-driven) Eulerian currents from
the non-coupled model and additional Stokes drift from the coupled model is representative for dispersal simulations that
employ the basic approximation of the wave effect. It is to note though that the Stokes drift was obtained from the ocean model
component on the same horizontal and vertical grid as the Eulerian currents and not directly from the wave model (see Sect.
3.1.1 for a description of the employed vertical Stokes drift profile). The simulation with (non-wave-driven and wave-driven)
Eulerian currents and Stokes drift from the coupled model represents our best guess, with the most realistic representation of
the impact of waves on particle dispersal. Additionally, we performed a sensitivity simulation with only the (non-wave-driven
and wave-driven) Eulerian currents from the coupled model. This simulation type does not follow any usual approach for
surface particle dispersal simulations but is included here to better quantify the impact of waves on surface particle dispersal
via Stokes drift versus changes in the Eulerian current velocity. We do not include particle dispersal simulations with the
advanced approximation, as this approach is (so far) not widely used and represents an intermediate step between simulations
with the basic approximation and our best guess, with presumed limited additional value for answering the research questions
outlined in Sect. 1.

Note that, in contrast to what has been reported in various previous studies (e.g., Bosi et al., 2021; Delandmeter and van Sebille,
2019), no significant beaching occurred in any of our Lagrangian simulations. This is related to the fact that all employed
velocity fields (Eulerian currents and Stokes drift) were provided on the same ocean model C-grid with zero velocities from
ocean to land grid cells, and that these boundary conditions were preserved during the particle tracking with Parcels

(Delandmeter and van Sebille, 2019).
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Table 2: Performed types of Lagrangian surface dispersal simulations. For each simulation type we employed a different
combination of velocity fields from the non-coupled (superscript nc) and coupled (superscript ¢) model experiments, which

represents a different combination of the theoretical non-wave-driven and wave-driven velocity components.

L. . Lagrangian velocity components
Lagrangian simulation type . .
theoretical components employed modelled velocity fields
old standard U= Ugpy u; = ugc
basic approximation U= Ugy, + Ug u,=upc + ug
best guess U= Ugpy + Uy, + Ug w,=ug + us
sensitivity simulation U =Ugpy, + Ugy, u;=ug

4 Results

To obtain a first estimate of the potential impact of the representation of waves on Lagrangian surface dispersal simulations,
we evaluate the change in Eulerian averages (that is, grid-based as opposed to particle-based) of the resolved Lagrangian
surface drift speed from the coupled simulation compared to the non-coupled simulation (Sect. 4.1). This analysis allows us to
define 3 types of regions with distinctively different impact of waves on Lagrangian surface drift speed. We then assess
exemplary Lagrangian dispersal simulations for each of these region types and perform a more detailed analysis of the impact
of waves on general Lagrangian dispersal statistics such as the along-track distance a particle travels, the magnitude and

direction of the net particle displacement, and spatial patterns of particle distributions (Sect. 4.2).

4.1 Impact of waves on Lagrangian surface drift speed

Figures 3 and 4 show the change in Eulerian averages of the gridded horizontal Lagrangian surface drift speed from the coupled
simulation compared to the non-coupled simulation. The gridded horizontal Lagrangian velocity was defined as uj¢ = ug®
and uf = ug + ug for the non-coupled and coupled experiment, corresponding to the particle-based Lagrangian velocity
definitions of the old standard and the best guess (cf., Table 2), respectively. The total change in the Lagrangian surface drift
speed, as well as the Stokes drift and Eulerian current contributions, were then derived as follows: For each model grid point
and time step we calculated the surface speed from the zonal and meridional Lagrangian velocity components. In addition, for
the coupled simulation, we calculated the scalar projections of the Stokes drift and the Eulerian current velocity onto the total
horizontal Lagrangian velocity vector, which represent the Stokes drift and Eulerian current contributions to the total
Lagrangian speed (cf., Appendix A). Subsequently, we derived the total impact of waves and the impact of changes in the

Eulerian current component by subtracting the respective values of the non-coupled simulation from the coupled simulation.
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Figure 3: Impact of surface waves on the simulated horizontal Lagrangian speed averaged over the whole
Mediterranean Sea. (a) Temporal variability of the impact of waves on surface speed: daily (thin) and monthly filtered (thick,
30-day running mean) timeseries of the total wave impact (solid line) and the corresponding Stokes drift (dashed line) and
Eulerian current (dotted line) contributions. (b) Full timeseries of the simulated Lagrangian surface speed for the coupled and
non-coupled simulations. (¢) Vertical profile of the impact of waves for winter (DJF, blue) and summer (JJA, yellow), note
that the vertical axis is split and that the Stokes drift component is zero for all depths displayed in the lower part (i.e., the

curves for the total impact and the Eulerian current contribution lay on top of each other).

The timeseries of the impact of waves on Lagrangian surface drift speed averaged over the entire Mediterranean Sea reveals
distinct and opposing effects of Stokes drift and wave-driven Eulerian currents (Fig. 3a). On the one hand, Stokes drift tends
to increase Lagrangian surface speed, in agreement with the general assumptions that wind-generated surface waves
predominantly propagate in downwind direction (cf., Clarke and van Gorder, 2018) and that surface currents in the Ekman
layer deviate by approximately 45° from the wind direction (cf., Bressan and Constantin, 2019). This increase is — as expected
from the general seasonality of winds and surface wave activity (Barbariol et al., 2021) — weakest in summer and strongest in

winter. On the other hand, wave-driven Eulerian currents tend to decrease Lagrangian surface speed, related to the effect of
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the anti-Stokes forces and the reduction of atmospheric momentum transfer through increasing surface roughness (cf., Sect.
2.1). This decrease is — somewhat surprisingly — weakest in fall and on average slightly stronger in summer than in winter.
The contrasting seasonality in Stokes drift and wave-driven Eulerian current contributions to Lagrangian surface drift speed
can be largely explained by the related processes acting differently on the vertical velocity profile (Fig. 3c; cf., McWilliams
and Restrepo, 1999): while the increase in Lagrangian speed due to Stokes drift is generally occurring only in the upper few
meters in the water column (< 15 m) and features a strong surface-intensification, the decrease in Lagrangian speed due to
wave-driven Eulerian currents reaches much larger depths (> 100 m) and is considerably less surface-intensified in winter than
in summer due to stronger vertical mixing and deeper Ekman layers. If integrated over the whole depth, the wave-driven
decrease of Lagrangian speed due to Eulerian currents is stronger in winter than in summer.

The total impact of waves on the Lagrangian surface drift speed appears season-dependent, as the Stokes drift and wave-driven
Eulerian current contributions do not necessarily offset one another (Fig. 3a): in summer, surface drift speed decreases with
wave coupling, dominated by wave-driven Eulerian currents; in winter, surface drift speed increases with wave coupling,
dominated by Stokes drift. As the surface drift speed is generally weaker in summer and stronger in winter, this implies that
the inclusion of waves increases the seasonal variation and hence the temporal variability of simulated Lagrangian surface
speed in the Mediterranean Sea (Fig. 3b).

In addition to the seasonal differences, there are regional differences in the total impact of the representation of waves on
Lagrangian surface speed (Fig.4). Here we compare regional averages of the annual, summer (JJA) and winter (DJF) changes
in Lagrangian surface speed for 16 previously defined sub-regions of the Mediterranean Sea that approximately correspond to
its major sub-basins (for a more general description of the dynamics and evaluation of the model performance in these regions
see Clementi et al. (2021) and Moulin and Clementi (2024)). Most regions show the previously described pattern of decreased
speed in summer, increased speed in winter, and a small total impact in the annual mean (here termed neutral type regions).
However, there are 4 regions that show increased speed over the whole year, including summer (region numbers 1, 3, 5, and
12; here termed winter type regions), and two regions that show decreased speed over the whole year, including winter (region
numbers 4 and 14; here termed summer type regions) (Supplementary Fig. S1) These regional differences are mainly related
to differences in the Eulerian current contribution. In contrast to neutral type regions, almost all winter- and summer type
regions have stronger Eulerian current contributions in winter than in summer, with winter values being very negative for the

summer type regions and summer values being only slightly negative or even slightly positive for winter type regions.
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Figure 4: Regionally averaged impact of the representation of surface waves on simulated horizontal Lagrangian
surface speed. (a)-(c) Total impact of the representation of waves, (d)-(f) Stokes drift contribution , and (g)-(h) Eulerian
current contribution. Spatial averages were calculated individually for annual, summer (JJA), and winter (DJF) mean speeds
over the following regions: (1) Alboran Sea, (2) South West Med 1 (western part), (3) North West Med, (4) South West Med
2 (eastern part), (5) Tyrrhenian Sea 2 (southern part), (6) Tyrrhenian Sea (northern part), (7) Ionian Sea 1 (western part), (8)
Ionian Sea 2 (south-eastern part), (9) lonian Sea 3 (north-eastern part), (10) Adriatic Sea 2 (southern part), (11) Adriatic Sea 1
(northern part), (12) Levantine Sea 1 (western part), (13) Aegean Sea, (14) Levantine Sea 2 (central-northern part), (15)

Levantine Sea 3 (central southern part), (16) Levantine Sea 4 (eastern part).

Based on this first analysis of the Lagrangian surface drift speed alone, one could assume that Lagrangian surface dispersal
simulations would benefit from using the basic approximation (i.e. adding Stokes drift only) for most regions in winter and for
winter type regions in general, while the old standard may be the preferred choice for most regions in summer and for summer
type regions in general. In the following section, we test this hypothesis by evaluating Lagrangian surface dispersal simulations
with and without (approximated) representation of waves for selected neutral-, winter-, and summer type regions. Figure 5
shows the selected regions together with exemplary simulated trajectories: (1) the neutral type region east of Sicily in the
Ionian Sea (2) the Gulf of Lion in the north-west Mediterranean Sea, representing a winter type region, and (3) the Gulf on

Antalya in the central-northern Levantine Sea, representing a summer type region.
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Figure 5: Exemplary trajectories from the best guess surface particle dispersal simulations. Trajectories were calculated
for particles released in three areas (indicated by the black frames): the Ionian Sea east of Sicily (release 1, dark grey lines),
the Gulf of Lion in the northwest Mediterranean Sea (release 2, blue lines), and the Gulf of Antalya in the central-northern
Levantine Sea (release 3, yellow lines). Background color shading indicates the classification of all previously defined

subregions (cf., Fig. 4) as neutral (light grey), winter (light blue) or summer (light yellow) type.

4.2 Impact of waves on Lagrangian surface dispersal statistics

We assess Lagrangian dispersal statistics in terms of the along-track distance a particle travels, the magnitude and direction of
the net particle displacement, as well as spatial patterns of binned particle distributions at the end of the 30-day integration
period. The along-track distance is defined as the length of an individual particle trajectory. The magnitude and direction of
the net displacement are obtained from the vectorial difference between the initial and final position of a particle. Changes in
spatial patterns of binned particle distributions are characterized via changes in the retention rate (the percentage of particles
that remain within or have returned to the region’s release area until the end of the integration period), the overall dispersal
area (the number of bins occupied with particles), and the area with highest particle concentrations (the bins with the highest
number of particle counts that cumultatively encompass 10 % of all particles).

To estimate the total impact of waves on surface dispersal statistics and the individual contributions of Stokes drift and wave-
driven Eulerian currents, we compare the four Lagrangian simulation types introduced in Sect. 3.2 (cf., Table 2):

= total wave impact: best guess versus old standard,

=  Eulerian current impact: sensitivity simulation versus old standard,

= Stokes drift impact: best guess versus sensitivity simulation,

= impact of the basic approximation: basic approximation versus old standard.
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It is important to note that the impact of the basic approximation, which results from adding Stokes drift to the Eulerian current
fields from the uncoupled model, is distinct from the Stokes drift impact in the best guess simulation. This is due to the fact
that for the two different simulation types Stokes drift is combined with different Eulerian velocity fields, so that particles take
different trajectories with different along-track values of Stokes drift. To estimate the potential errors that arise from using the
basic approximation versus the old standard, we analyze the respective deviations from our best guess experiment.

Asin Sect. 4.1, we investigate potential seasonal differences. To do so, summer (JJA) and winter (DJF) trajectories are selected
according to their release time. Due to the 30-day integration period for the trajectory calculation, particle positions are partly

sampled in September and March for release in summer and winter, respectively.

4.2.1 Ionian Sea east of Sicily (release 1, neutral type region)

In the old standard simulation (Fig. 6a-c, grey bars in Fig. 7, Table 3), particles released east of Sicily predominantly travel
south-eastward to south-westward, reaching an average net displacement of 147 km after 30 days, while covering an average
along-track distance of 291 km that translates into an average along-track speed of 0.11 ms™'. While individual pathways vary
depending on the exact release location and time, and lead to relatively large standard deviations for distance and displacement
of 96 km and 80 km, respectively, the distance and displacement distributions clearly show a singular maxima that remain
relatively robust throughout the whole year. In winter, there is a slight shift towards shorter distances and smaller but more
broadly spatially distributed net displacements compared to summer, the area with the highest particle concentrations is slightly
less confined.

In the best guess simulation (Fig. S2d-f, black bars in Fig. 7), the average along-track distance and net displacement are reduced
in summer (-6 % and -13 %, respectively) and enhanced in winter (+10 % and +13 %, respectively) compared to the old
standard simulation (Table 3). The total changes (red lines in Fig. 7) in the distance and displacement distributions are almost
completely explained by changes in Eulerian currents (yellow lines in Fig. 7) in summer and by changes due to Stokes drift
(blue lines in Fig. 7) in winter; the same holds for changes in the particle density distributions (Fig. 6d-f and Fig. S3a-i).
Notably, the changes due to Eulerian currents in summer are of similar magnitude as the changes due to Stokes drift in winter.
When considering distance and displacement distributions for the whole year, changes due to Stokes drift and Eulerian currents
show opposing tendencies of the same magnitude and result in near zero net changes. These patterns almost perfectly reflect
our finding of Sect. 4.1 for neutral type regions. Moreover, in agreement with decreased Lagrangian speed in summer and
increased Lagrangian speed in winter, the relative percentage change in the retention rate is an increase in summer (+19 %)
and decrease in winter (-23 %). While the dispersal area remains relatively unchanged in summer (+2 %), it is substantially
larger in winter (+20 %).

Whether the basic approximation (Fig. S2g-i, cyan lines in Fig. 7) can improve the simulated wave-driven changes in surface-
particle dispersal compared to the old standard is season-dependent. Considering only particles released in winter, all calculated

dispersion measures show smaller absolute errors when they are inferred from the basic approximation instead of the old
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standard; considering all particles or only those particles released in summer, almost all dispersion measures — except for the
dispersal area — show better results if the old standard is applied (Table 3). Likewise, the total impact of waves on the particle
density pattern is well captured by the approximation in winter but not at all in summer (Fig. 6g-i). The absolute error for the
basic approximation is, however, in several cases only slightly larger than that for the old standard.

Altogether, the results for this region highlight that Stokes drift as well as wave-driven Eulerian currents can have a non-
negligible impact on surface particle dispersal and that their relative importance may be season-dependent. Hence, surface
dispersal simulations should at best be performed with output from coupled ocean-wave models. The hypothesis formulated
in Sect. 4.1 is — with few exceptions — valid for this neutral type region: if coupled ocean-wave model output is not available,
the basic approximation should be preferred for winter dispersal simulations, while the old standard remains the slightly better

choice for summer dispersal simulations.
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Figure 6: Impact of surface waves on simulated dispersal pattern of particles released in the Ionian Sea (release 1,
neutral type region) 30 days after their release. (a)-(c) Particle density per 0.2° x 0.2° bin at the end of the integration period
of 30 days (color shading) for the old standard simulation; the bins with the highest particle density, encompassing in total 10
% of the particles, are marked by black borders. Change in the particle density of the (d)-(f) best guess and (g)-(i)
approximation compared to the old standard simulation; highest particle density bins of the best guess and approximation are
marked by black borders. Values of the (change in) retention rate (percentage of particles that remain within or have returned
to the region’s release area, indicated by the large black frame, until the end of the integration period) and the overall dispersal

area (total number of bins occupied with particles) are printed.
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Figure 7: Impact of surface waves on statistics of simulated dispersal of particles released in the Ionian Sea (release 1,
neutral type region) at the end of the integration period of 30 days. Shown are distributions of (a)-(c) the travelled along-
track distance, as well as (d)-(f) the magnitude and (g)-(i) the direction of the net displacement for the old standard (grey bars)
and best guess (black bars) simulations; the total change due to the wave coupling (red line), changes resulting from wave-
driven Eulerian currents (yellow line) and Stokes drift (blue line) individually, as well as changes resulting from the basic

approximation (cyan line) are overlayed.
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Table 3: Impact of the representation of surface waves on basic surface particle dispersal measures. The considered
measures are the final along-track distance and the magnitude of net displacement (mean +/- standard deviation), as well as
the overall retention rate and dispersal area (cf., Sect. 4.2 for their exact definitions). Values are listed for three particle release
regions (cf., Fig. 5) and three Lagrangian simulation types (cf., Table 2), together with the absolute errors for simulations
performed with the old standard (O) and the basic approximation (A), obtained as the deviation from the best guess (change
in percentage in brackets). The last column indicates whether the magnitude of the absolute error is smaller for O or A
(differences of 1% or less in brackets). Each cell contains the statistic computed over all released particles (first cell entry), as

well as those calculated of subsets of particles released in summer (JJA, second cell entry), and winter (DJF, third cell entry).

Dispersal Release Lagrangian simulation type crror O Absoel::zrez‘or cnaller
measure region old standard best guess basic approx. old standard basic approx. error
| 291 + 96 296 + 108 305 + 96 5 (2%) +10 (+3%) ()
release 314+ 104 297 + 137 316+ 106 +16 (+6%) +19 (+6%) O/A
(neutral type) | 549 109 310 £ 102 315+ 103 -31 (-10%) +5 (+1%) A
along-track 329 + 146 345+ 142 350+ 138 16 (-3%) +5 (12%) A
distance release 2 359 + 131 357133 359 + 122 +1 (+0.3%) +2 (+0.5%) (0)
[km] (winter type) | 59 1 154 3324152 332+ 153 -42 (-13%) +1 (+0.3%) A
elease 3 417+ 179 407 + 194 415+178 +10 (+2%) +8 (12%) O/A
407 + 151 371+ 152 401 +145 +35 (+10%) +29 (+8%) A
(summer type) | 4654 519 470 + 228 474 £216 -6 (-1%) +4 (+1%) 0/A
147 = 80 146 + 84 154+ 82 +0.8(+0.5%) +8 (+6%) 0
release 1 166 + 90 147 £99 170 + 93 +18 (+13%) +23(+16%) o)
(neutral type) 138+ 78 157 + 84 164 + 88 20 (-13%) +6(+4%) A
0 0
magnitude of [ - 199 + 138 215+ 136 200 + 128 16 (-8%) 6 (-3%) A
displacement | R | 2124126 227+ 132 219+ 118 15 (-7%) -8 (-4%) A
[km] 170 + 139 200 + 141 194 + 136 -30 (-15%) -6 (-3%) A
lease 3 213 + 135 214+ 143 206 + 133 1 (-1%) -8 (-4%) 0
release 210+ 115 191 + 108 197 + 110 +19 (+10%) +6 (+3%) A
(summer type) | 503, |sg 264 + 170 262 + 160 -1 (-1%) 2 (-1%) O/A
elease | 761 832 858 71 (-9%) 126 (+3%) A
(noutral type) 433 443 447 -10 (-2%) +4 (+1%) (A)
478 595 569 -117(-20%) -26 (-4%) A
T | release %0 207 | mems | fees A
area . - -7% + +4%
[bins] (winter type) 433 558 583 125 E-zz%]) 425 ((+4 %)) A
eloase 3 1093 1030 1060 +63 (16%) +30 (+13%) A
(summer 5p) 688 672 644 +16 (+2%) -28 (-4%) 0
758 694 750 +64 (+9%) +56 (+8%) (A)
32 32 29 0 3 (-9%) 0
release 1 30 37 28 7 (-19%) -9 (-24%) )
(neutral type) 38 31 30 +7 (+23%) -1 (-3%) A
. 27 21 20 +6 (+29%) -1 (-5%) A
retention rate release 2 20 17 15 +3 (+18%) 2 (-12%) A
[%] (winter type)
38 27 27 +11 (+41%) 0 A
0
o | B[ B | % [ 0 | aemm| o
(summer type) 17 2 18 -5 (-23%) -4 (-18%) A
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4.2.2 Gulf of Lion in north-west Mediterranean Sea (release 2, winter type region)

In the old standard simulation (Fig. 8a-c, grey bars in Fig. 9, Table 3), particles released in the Gulf of Lion travel
predominantly south-eastward to south-westward and reach an average net displacement of 199 km, while covering an average
along-track distance of 329 km within the 30-day integration period that translates into an average along-track speed of 0.13
ms™!. However, as in the loanian Sea region previously discussed, individual particle pathways vary significantly depending
on the exact release location and time, resulting in a relatively wide distribution of along-track distances and net displacements
(standard deviations of 146 km and 138 km, respectively). The final dispersal area extends far beyond the Gulf of Lion into
the Algerian-Balearic Basin, connecting pathways between the Gulf of Lion and the Balearic Islands are well established. Yet,
there exist profound seasonal differences: In summer, south-westward pathways along the French coast are dominating the
final particle distributions, with the largest number of particles found west of Mallorca. In winter, there are more trajectories
with shorter along-track distances and net displacements, resulting in smaller mean along-track distance and magnitude of net
displacement, as well as fewer particles reaching the area west of Mallorca and more particles remaining in the release area.
At the same time, the largest individual displacements are higher, yielding connecting pathways to the area south-west of the
Balearic Islands that are not present in summer. Accordingly, the retention rate and dispersal area are both larger in winter
than in summer.

In the best guess simulation (Fig. S4d-f, black bars in Fig. 9, Table 3), the average along-track distance and magnitude of net
displacements are increased to 345 km and 215 km, respectively. The retention rate is reduced, and the dispersal area is
increased compared to the old standard simulation. Notably, this holds for the whole year, though the effect is more pronounced
in winter than in summer (41 % vs 18 % relative decrease in the retention rate and 22 % vs 7 % increase in the dispersal area).
This agrees with the finding of Sect. 4.1, that in the Gulf of Lion — a winter type region — the inclusion of wave effects increases
the Lagrangian surface drift speed over the whole year due to a dominant impact of Stokes drift that is intensified in winter.
The absolute error in the retention rate and dispersal area (Table 3) is smaller for the basic approximation than for the old
standard; the total impact of waves on the particle density pattern is in general well captured by the approximation (compare
Fig. 8g-i with Fig. 8d-f). This benefit is also visible in the greatly improved estimates for the mean along-track distance
(absolute error reduced from -13 % to +0.3 %) and the magnitude of net displacement (absolute error reduced from -15 % to -
3 %) in winter. Hence, for this winter type region and the selected dispersion measures, applying the basic approximation
indeed yields an improvement compared to the old standard simulation in which wave effects are not accounted for. However,
while the old standard overestimates retention rate and tends to underestimate dispersal area, the basic approximation still
tends to underestimate the retention rate and overestimates the dispersal area, as partially compensating effects of wave-driven
Eulerian currents are not accounted for (Table 3). Depending on the application of interest, the sign of the error may be crucial,
so that the old standard could be preferred over the basic approximation, notwithstanding the larger absolute error. Moreover,
individual distinct features of the dispersal pattern and statistics in the best guess simulation cannot be reproduced by applying

the basic approximation. While the total change (red lines in Fig. 9) in the winter distributions of distance and displacement
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can be primarily attributed to changes due to Stokes drift (blue lines in Fig. 9), changes in the summer distributions are largely
impacted or even dominated by changes in the Eulerian currents (yellow lines in Fig. 9). Wave-driven Eulerian currents appear
to impact important details in the particle density pattern in summer (Figure S5b,h). The estimated connectivity to the Balearic
Islands is similarly sensitive to the inclusion of wave-driven Eulerian currents: for summer, the inclusion of the impact of
Stokes drift and wave-driven Eulerian currents together interrupts the connection between the Gulf of Lion and Mallorca,
while connecting pathways still exist if only Stokes drift alone is added (Fig. S4e,h).

In summary, the results for this region support the hypothesis that applying the basic approximation in a winter type region
generally leads to an improvement of the dispersal simulations. However, the analyses also reveal that applying the basic

approximation is not sufficient to capture the total impact of waves on surface particle dispersal.
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Figure 8: Impact of surface waves on simulated dispersal pattern of particles released in the Gulf of Lion (release 2,
winter type region) 30 days after their release. (a)-(c) Particle density per 0.2° x 0.2° bin at the end of the integration period
of 30 days (color shading) for the old standard simulation; the bins with the highest particle density, encompassing in total 10
% of the particles, are marked by black borders. Change in the particle density of the (d)-(f) best guess and (g)-(i)
approximation compared to the old standard simulation; highest particle density bins of the best guess and approximation are
marked by black borders. Values of the (change in) retention rate (percentage of particles that remain within or have returned
to the region’s release area, indicated by the large black frame, until the end of the integration period) and the overall dispersal

area (total number of bins occupied with particles) are printed.
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Figure 9: Impact of surface waves on statistics of simulated dispersal of particles released in the Gulf of Lion (release
2, winter type region) at the end of the integration period of 30 days. Shown are distributions of (a)-(c) the travelled along-
track distance, as well as (d)-(f) the magnitude and (g)-(i) the direction of the net displacement for the old standard (grey bars)
and best guess (black bars) simulations; the total change due to the wave coupling (red line), changes resulting from wave-
driven Eulerian currents (yellow line) and Stokes drift (blue line) individually, as well as changes resulting from the basic

approximation (cyan line) are overlayed.
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4.2.3 Gulf of Antalya in central-northern Levantine Sea (release 3, summer type region)

In the old standard simulation (Fig. 10a-c, grey bars in Fig. 11, Table 3), particles released in the Gulf of Antalya typically
travel westward or south-eastward, reaching an average net displacement of 213 km after 30 days, while covering an average
along-track distance of 417 km that translates into an average along-track speed of 0.16 ms™!. As for the previously discussed
regions, individual particle pathways vary significantly depending on the exact release location and time. Most notably, there
are large differences between the summer and winter dispersal pattern. In summer, the south-eastward paths dominate, and the
distance and displacement distributions show clear maxima around 400 km and 200 km, respectively, resulting in a well-
defined area with the highest particle density just south of the release region. In winter, the westward pathways dominate,
distance and displacement are on average higher but also show much broader distributions, resulting in a smaller retention
rate, larger dispersal area, and less concentrated final particle distributions.

In the best guess simulation (Fig. S6d-f, black bars in Fig. 11, Table 3), the average along-track distance and displacements
are reduced in summer (-10 % for both measures) but marginally increased in winter (+1 % for both measures) compared to
the old standard simulation. This implies that the average along-track velocities are also decreased in summer but slightly
increased in winter, though the Eulerian averages for the Lagrangian speed in the summer type region (Fig. 4) indicated a
decrease for both seasons. This emphasizes that Lagrangian averages can deviate from Eulerian averages, since they depend
on the exact trajectories of the particles, that is, on which part of the flow field they sample at what time and for how long.
One would generally assume that Lagrangian means are smaller than Eulerian means, as particles spend more time in regions
with slow background flow; however — as in the present case — Lagrangian averaging can also result in higher speeds, if
particles are more confined to stronger currents. The dispersal area is decreased over the whole year (-2 % to -9 %), whereas
the retention remains largely unchanged in summer but increases in winter (+23 % relative percentage change). Hence, for this
region, there is no direct link between particle speed and dispersal area or retention rate, emphasizing again the importance of
the exact pathways the particles take.

As expected for a summer type region, all net changes (red lines in Fig. 11, Fig. 10d-f) between the best guess and old standard
simulations are dominated by changes in Eulerian currents (yellow lines in Fig. 11, Fig. S7a-c), Stokes drift (blue lines in Fig.
11, Fig. S7d-f) has a small net effect. Nevertheless, using the basic approximation (cyan line in Fig. 11, Fig. S6g-1), yields a
small improvement over employing the old standard for several of the calculated dispersion measures (Table 3). This can be
partly attributed to the fact that — in contrast to what has been discussed before — for these measures and in the considered
region, the basic approximation introduces net changes that act approximately in the same direction as the wave-driven
Eulerian currents (which, however, partially differ from changes due to Stokes drift in the best guess simulation).

To conclude, our results do not support the hypothesis that applying the old standard instead of the basic approximation
generally leads to an improvement of the dispersal simulations in the chosen summer type region; for some dispersal measures

it does, while for others it does not.
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Figure 10: Impact of surface waves on simulated dispersal pattern of particles released in the Gulf of Antalya (release
3, summer type region) 30 days after their release. (a)-(c) Particle density per 0.2° x 0.2° bin at the end of the integration
period of 30 days (color shading) for the old standard simulation; the bins with the highest particle density, encompassing in
total 10 % of the particles, are marked by black borders. Change in the particle density of the (d)-(f) best guess and (g)-(i)
approximation compared to the old standard simulation; highest particle density bins of the best guess and approximation are
marked by black borders. Values of the (change in) retention rate (percentage of particles that remain within or have returned
to the region’s release area, indicated by the large black frame, until the end of the integration period) and the overall dispersal

area (total number of bins occupied with particles) are printed.
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5 Summary and Discussion

We used the output of a newly developed coupled ocean-wave model configuration and complementary stand-alone ocean
model configuration for the Mediterranean Sea to quantify how Stokes drift and wave-driven Eulerian currents impact
simulated idealized surface particle dispersal. Moreover, we assessed how well this combined wave impact is represented in
surface particle dispersal simulations that make use of the basic approximation, i.e., that employ a superposition of non-wave-
driven Eulerian currents and Stokes drift obtained from independently run ocean and wave models for the particle tracking.
We find that Stokes drift as well as wave-driven Eulerian currents can have a non-negligible impact on surface particle
dispersal. While both tend to act in opposing directions, they do not necessarily offset one another at the surface, due to
different temporal and spatial variability. Our analyses suggest a seasonal and regional dependency of the wave impact. For
most of the Mediterranean Sea, ocean-wave coupling increases the simulated mean Lagrangian surface speed in winter through
a dominant impact of Stokes drift and decreases it in summer through a dominant impact by wave-driven Eulerian currents.
Yet, some regions also exhibit a dominant impact of either Stokes drift or wave-driven Eulerian currents throughout the whole
year. Consequently, applying the commonly used basic approximation is not always beneficial for surface particle simulations.
For summer and in regions where the impact of wave-driven Eulerian currents dominates for the whole year, as well as for
time periods during which wave-driven Eulerian currents and Stokes drift effects tend to offset one another, it can be better to
utilize the old standard approach for particle dispersal simulations, that is, ignoring any wave effect. In addition, we highlight
that the advantages and disadvantages of applying the basic approximation versus the old standard further depend on the
Lagrangian measure of interest (cf., Table 3). One measure may be adequately represented by the basic approximation, another
one by the old standard, and a third one by neither of the two simulation types that exclude wave-driven Eulerian currents.
However, due to the complex interplay of wave-driven Eulerian currents, Stokes drift, and the regional non-wave-driven
circulation, these dependencies cannot be known a priori. Hence, we argue that — whenever possible — coupled ocean-wave
models should be employed for surface particle dispersal simulations. This is especially true for studies that heavily rely on
the accuracy of individual or low probability particle tracks, such as the estimation of connectivity patterns.

We acknowledge, however, that our results are based on idealized particle dispersal simulations for a short period utilizing one
specific regional one-way coupled ocean-wave model configuration. More studies with output from other fully coupled ocean-
wave models spanning larger regions and longer periods are needed to further investigate the spatial and temporal variability
of the impact of Stokes drift and wave-driven Eulerian currents not only on idealized but also on realistic particle dispersal
simulations. Open questions to be addressed by these follow-up studies include: How robust is the different seasonality of the
impact of Stokes drift and wave-driven Eulerian currents and what are its major drivers? What is the relative importance of
the impact of Stokes drift and wave-driven Eulerian currents on much shorter (i.e. hourly) and longer (i.e. decadal) timescales?
What role do extreme events play? Stokes drift has been shown to have a significantly increased impact on surface particle
dispersion during, e.g., hurricanes (Curcic et al. 2016), but it is still unclear whether the impact of surface wave-driven Eulerian

currents is increased proportionally.
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Case-specific simulations for real applications with non-idealized particles can yield additional insights on how important
wave impacts are compared to other particle type specific factors such as windage or vertical motion. These analyses will
indicate which findings from past studies relying on dispersal simulations without coupled ocean-wave models should be
revisited. They can also be used to further improve the accuracy of Lagrangian dispersal simulations for which coupled ocean-
wave model output remains unavailable. Specifically, we recommend comparisons between the findings of simulations based
on coupled ocean-wave model output and simulations using the advanced approximation by Higgins et al. (2020), to identify

which of the wave-driven processes are the most important to include for faithful simulation of particle dispersal.

5.1 Comparison with previous studies

Our results complement the findings of, e.g., Rohrs et al. (2012) and Cunningham et al. (2022), that — while Stokes drift often
represents the dominant impact of waves on surface particle dispersal — wave-driven Eulerian currents can significantly alter
dispersal patterns and need to be considered to accurately represent the impact of waves on surface particle dispersal
simulations.

Why do other studies lead to conflicting results and suggest that only the Stokes drift needs to be included (e.g., Tamtare et
al., 2022) or the wave impact does not need to be considered at all (e.g., Wagner et al., 2022)? This controversy can partially
be related to methodological issues. We highlighted that Eulerian and Lagrangian averages may be significantly different,
dependent on which regions of the flow are sampled by the Lagrangian trajectories at what time and for how long. Moreover,
differences in spatio-temporal variability of non-coupled and coupled ocean-wave models may cancel out in a Eulerian mean
sense but can accumulate along a Lagrangian trajectory; this effect can become even more pronounced with longer trajectory
integration times. We argue that analyzing Lagrangian velocities in an Eulerian framework is insufficient for estimating the
impact of certain flow components such as Stokes drift and wave-driven Eulerian currents on large-scale particle dispersal
patterns. Study-specific Lagrangian simulations are required to capture the whole impact. Following this argument, the analysis
of Wagner et al. (2022) remains partially inconclusive and there is no evidence that surface velocities from ocean models
without the inclusion of any surface wave impact indeed represent actual particle drift velocities. Differences in spatial model
resolution may also be a potential reason for the differences between our work and Wagner et al. (2022).

Furthermore, the validation of simulated surface particle drift trajectories remains challenging. Available comparisons between
simulated and observed drifter trajectories do not allow for a clear separation of the impact of Stokes drift and other wind-and
wave-induced particle drift. As surface drifters are subject to direct wind drag, they are not only advected by ocean surface
velocities but experience an additional drift in the wind direction. In particle simulations this is often accounted for via an
additional leeway term auy,, also referred to as the wind correction term:

u, = ug + ug + auy, (10)
with u, representing the near surface atmospheric wind speed and a a dimensionless parameter that is empirically determined

to minimize differences between observed and simulated trajectories (e.g., Tamtare et al., 2022; Rohrs et al., 2012). Since
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Stokes drift approximately aligns with the wind direction and a substantial part of the wave-driven Eulerian currents tend to
act in the opposing direction of Stokes drift, the tuning of a can to some degree also compensate for an under- or overestimation
of Stokes drift and negligence of wave-driven Eulerian currents in u. Likewise, we argue — in contrast to Tamtare et al. (2022)
— that an improved agreement between observed and simulated drifter trajectories when including only Eulerian currents and
Stokes drift from independently run ocean and wave models and omitting the wind correction term does not necessarily imply
that windage and other remaining drivers such as wave-driven currents are negligible. Those additional factors also could tend
to offset one another. Or, if velocity products including data assimilation are employed, part of their impact may even be
included in the Eulerian current fields. However, whether certain drift components partly or completely oppose each other
depends on the intricate interplay between regional ocean current dynamics, prevailing wind and wave patterns, and drifter
design. It is then a natural consequence that some specific Lagrangian drift models with inclusion of Stokes drift benefit from
a wind correction term (Tamtare et al., 2022; Callies et al., 2017) while others do not (e.g., De Dominicis et al., 2013; Lebreton

et al., 2018).

5.2 Potential implications for 3D particle dispersal simulations

While our analysis focused on 2D horizontal surface particle dispersal simulations, our results also have implications for 3D
particle dispersal simulations. We highlighted that Stokes drift and horizontal wave-driven Eulerian currents are both strongest
at the sea surface but show differences in their vertical profiles and temporal variability. The vertical Stokes drift profile can
be directly inferred from surface wave characteristics, e.g., as defined by Eq. (2), and the overall magnitude of the Stokes drift
exhibits a relatively clear seasonality with maximum values in winter. In contrast, the vertical profile of horizontal wave-driven
Eulerian currents is influenced by a range of processes that act on larger depth scales than Stokes drift and result in more
complex temporal variability. In general, horizontal wave-driven Eulerian currents tend to be less surface intensified during
periods with strong vertical mixing such as in fall and winter. Moreover, we find first indications of different sub-surface
regimes of the surface wave impact on Lagrangian velocities roughly corresponding to the Stokes layer, the Ekman layer, and
the deep ocean (cf. Fig. 2, not shown in detail). While impacts in the deep ocean most likely predominantly arise from a
reduced strength of the surface wind stress forcing (which is reducing overall oceanic current strengths), changes in the Stokes
layer are dominated by Stokes drift and anti-Stokes forces, and changes in the Ekman layer compose of effects from reduced
surface wind stress, anti-Stokes forces, and stratification changes due to wave-induced mixing. Consequently, to properly
resolve the impact of waves on 3D particle dispersal simulations, the different vertical profiles of Stokes drift and horizontal
wave-driven Eulerian currents need to be considered. Ideally, that also includes advanced formulations for the vertical Stokes
drift profile that better account for swell, as for example described in Breivik and Christensen (2020). Moreover, the impact
of surface waves on vertical particle velocities should be included in 3D Lagrangian dispersal simulations. This concerns

changes in the vertical velocities arising from horizontal divergence of the resolved flow as described in Eq. (7), as well as
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turbulent vertical motions responsible for wave-induced increases in mixing such as Langmuir turbulence (cf. van Sebille et
al. (2020) and references therein).

Further, it is important to note that throughout the manuscript we use the term surface to refer to the circulation depth-averaged
over the upper meter of the water column (which corresponds to the thickness of the uppermost depth level in our model
configuration). This is common for dispersal simulations that rely on ocean models covering scales larger than typical coastal
and regional scales. However, Lagrangian velocities in the upper few centimeters of the water column may be significantly
stronger compared to those averaged over the upper meter, due to strong vertical shear of the Eulerian currents and Stokes drift
arising, for example, from microscale wave breaking and skin friction (Laxague et al., 2018). This implies that, strictly
speaking, our results are not directly applicable for particles bound to the upper few centimeters of the ocean, such as non-
emulsified and emulsifying oil as well as macro- and mesoplastic, but are more representative for slightly submerged particles

at 1m depth, such as microplastics.

5.3 Role of open-ocean Stokes drift for beaching

Finally, we would like to emphasize that — in contrast to what has been reported in various previous studies (Bosi et al., 2021;
Delandmeter and van Sebille, 2019) — no significant beaching of particles occurred in our simulations, independent of whether
Stokes drift was added. This can be attributed to the fact that all the employed velocity fields (Eulerian currents and Stokes
drift) are provided on the same grid with zero velocities from ocean to land and the particle tracking scheme respecting this
boundary condition. While a detailed analysis of this matter is beyond the scope of this paper, it calls for a reassessment of
how realistic simulated Lagrangian particle beaching statistics are, if they include — or even fully rely on — beaching introduced
by open-ocean Stokes drift provided on a non-matching grid with non-zero velocities from ocean to land. We suggest that
adding open-ocean Stokes drift to the Eulerian current velocities of a large-scale ocean model should not result in particles
leaving the ocean domain, but instead should only change the probability of particles reaching and staying in the last ocean
grid cells next to the coast. The beaching or grounding itself — if relevant for the type of particle under consideration — can
then be obtained from a Lagrangian parameterization that accounts for all known unresolved processes occurring at the sub-
grid scale that are ultimately responsible for pushing particles ashore (Pawlowicz, 2021). There is an increasing number of,
for example, marine plastic dispersal studies with basic implementations of this approach (Onink et al., 2019; Ypma et al.,
2022; Kaandorp et al., 2023; Vogt-Vincent et al., 2023; Liubartseva et al., 2018; van der Mheen et al., 2020). Yet, the existing
grounding parameterizations still need further refinement and validation based on data from dedicated grounding experiments

with customized surface drifters (Pawlowicz, 2021).
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6 Conclusions

Returning to the two main research questions of our study, based on our idealized Lagrangian analyses with a newly developed
high-resolution (1/24°) coupled ocean-wave model configuration for the Mediterranean Sea, we draw the following
conclusions:

(1) Stokes drift and wave-driven Eulerian currents can have a non-negligible impact on surface particle dispersal, often tend
to act in opposing directions, but do not necessarily offset one another due to different temporal variability and spatial
variations.

(2) If coupled ocean-wave model output is not available, the basic approximation of the wave impact via adding Stokes drift
from a separately run wave model may not always be beneficial when compared to not including any wave impact.
However, the error of including Stokes drift versus not including any wave impact varies temporally and spatially and
depends on the Lagrangian dispersal measure of interest. The benefit or disadvantage of applying the basic approximation
is difficult to obtain a priori.

More coupled ocean-wave model output — especially longer and global-scale — is needed to further quantify the time and space

dependent relative impact of wave-driven Eulerian currents versus Stokes drift and to improve the accuracy of surface particle

dispersal simulations.

Appendices
Appendix A: Calculation of Eulerian current and Stokes drift contributions to horizontal Lagrangian speed

For the coupled ocean-wave model, the Stokes drift and Eulerian current contributions to the horizontal Lagrangian speed
[luf || are obtained via the scalar projections of the Stokes drift velocity u$ and the horizontal Eulerian current velocity ug onto
the total horizontal Lagrangian velocity vector uf, denoted as compuiug and comp,¢ uy; respectively (Figure Al):

uj-ug

compygu§ = [lu§ || cosa = (11)
c c uf uf
Compuqu = ”uE ” COSﬁ = ”ui” > (12)

with a being the angle between u$ and uf, and S being the angle between uf; and uj. The scalar projection is positive if the
angle is smaller than 90° and negative if the angle is larger than 90° (and smaller than 180°), corresponding to an increasing

and decreasing contribution to ||uf ||, respectively.
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Figure Al: Derivation of the Eulerian currents and Stokes drift contributions to the total horizontal Lagrangian speed
[lu, ]| in the coupled ocean-wave model. The Stokes drift and Eulerian current contributions to the horizontal Lagrangian
speed ||uf || are obtained via the scalar projections of the Stokes drift velocity u$ and the horizontal Eulerian current velocity
uy; onto the total horizontal Lagrangian velocity vector uf. The Stokes drift u$ is approximately aligned with the atmospheric

wind stress T4, whereas uj and u§ are deflected to the right of the wind (on the Northern Hemisphere).
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