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Abstract Floating marine litter is transported by several mechanisms, including surface waves. In studies of
marine litter transport, the wave-induced drift is set to be equal to the Stokes drift, corresponding to the
Lagrangian-mean wave-induced drift of an infinitesimally small tracer. Large-scale experiments are used to
show how the wave-induced drift of objects of finite size depends on their size, density, and shape. We observe
increases in drift of 95% compared to Stokes drift for discs with diameters of 13% of the wavelength, up to 23%
for spheres with diameters of 3% of the wavelength, whereas drift is reduced for objects that become submerged
such as nets. We investigate what these findings may imply for the transport of plastic pollution in realistic wave
conditions and we predict an increase in wave-induced drift for (very) large plastic pollution objects. The
different extrapolation techniques we explore to make this prediction exhibit a large range of uncertainty.

Plain Language Summary In transport models for floating marine litter, surface wave effects are
often included by simply superimposing their Stokes drift (the small net drift induced by waves) upon wind-
driven flows and currents. However, size and shape can be important factors determining a floating marine litter
object's wave-induced drift, which generally increases with object size. Large-scale experiments are used to
show how the wave-induced drift of floating marine litter objects of finite size depends on their size, density and
shape. We observe increases in drift of 95% compared to Stokes drift for discs with diameters of 13% of the
wavelength, up to 23% for spheres with diameters of 3% of the wavelength, whereas drift is reduced for objects
that become submerged such as nets. We investigate how these findings may affect the transport of plastic
pollution in realistic wave conditions, where we believe there will be an increase in wave-induced transport for
(very) large plastic pollution objects, although further research is needed to reduce uncertainty.

1. Introduction

Floating plastic marine litter has rapidly become one of the most acute environmental problems (Eriksen
et al., 2014), particularly affecting marine ecosystems (Lavender Law, 2017). The total oceanic plastic budget is
poorly understood. A significant mismatch exists between the estimated amount of land-generated plastic
entering coastal waters (5—-12 million tonnes yr~', Jambeck et al., 2015) and the estimated total amount of plastic
floating at sea (less than 0.3 million tonnes, Cézar et al., 2014; Eriksen et al., 2014; van Sebille et al., 2015).
Similarly, the amount of plastics measured at sea (Lebreton et al., 2019; Ostle et al., 2019; Wilcox et al., 2020) has
not kept pace with growth in global plastic production (Geyer et al., 2017; Goldstein et al., 2012). To understand
this mismatch, an improved understanding of the physical processes governing transport and dispersion is
required (Kaandorp et al., 2023; van Sebille et al., 2020).

As a particle undergoes its periodic motion beneath surface waves, it experiences a Lagrangian-mean velocity in
the waves' direction known as Stokes drift (Stokes, 1847). Stokes drift is the difference between the Lagrangian-
mean velocity of a fluid parcel and the Eulerian-mean velocity of the fluid measured at a fixed spatial location
(e.g., Biihler, 2014; van den Bremer & Breivik, 2017). At any time and location on the open ocean, the wave field
is a superposition of waves that have been generated by earlier winds at another location. Wave models, such as
WAM (The WAMDI Group, 1988) and WaveWatch-III (Tolman, 2009), have been developed to predict wave
fields and thus Stokes drift (Breivik, Janssen, & Bidlot, 2014; Webb & Fox-Kemper, 2011). Recently, Lenain and
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Pizzo (2020) have shown that up to 50% of the Stokes drift can result from high-frequency terms in the wave
spectrum, which are often not resolved in models nor measured by wave buoys.

A recent and growing body of literature is examining the role of Stokes drift in the transport and dispersion of
floating plastic pollution. Iwasaki et al. (2017) showed that in the Sea of Japan, Stokes drift pushed micro-plastics
closer to the coast. Delandmeter and van Sebille (2019) and Onink et al. (2019) report a similar result in Arctic
regions. Dobler et al. (2019) demonstrated that Stokes drift fundamentally changes transport patterns in the South
Indian Ocean by shifting the convergence regions to the west, causing leakage into the South Atlantic rather than
the South Pacific. Stokes drift may also allow particles to cross strong circumpolar winds and currents (Fraser
et al., 2018).

Importantly, the aforementioned studies have simply superimposed the Stokes drift onto the Eulerian current field
obtained from ocean general circulation models or observations. There are three important limitations to this.
First, it ignores the fact that the Eulerian flow is itself modified by surface waves: on the rotating Earth, the
Coriolis force associated with the Stokes drift drives an Eulerian-mean current in the turbulent upper-ocean
boundary layer. This so-called Ekman—Stokes flow needs to be added to the Stokes drift to properly estimate
the wave-induced Lagrangian-mean flow which transports floating marine litter (Higgins et al., 2020). Second,
the drift at the surface of a breaking wave is much larger than the prediction of classical Stokes drift (Deike
et al., 2017), as confirmed in experiments (Lenain et al., 2019; Sinnis et al., 2021), and breaking may make a
significant contribution to the Lagrangian drift of realistic wave fields (Pizzo et al., 2019). Eeltink et al. (2023)
created a stochastic model for drift in breaking waves in realistic spectral seas; the predictions were then
compared to large basin experiments. Third, a finite-size floating object with a different density to water will
behave very differently from an infinitesimally small, perfectly Lagrangian tracer, as considered hitherto, and this
too will have an effect on its wave-induced transport, which is the focus of this paper. In their perspective,
Sutherland et al. (2023) note that the Reynolds and Stokes numbers of plastic pollution objects in the ocean are
neither large nor small, limits in which most research has previously been conducted. This makes understanding
the effect of object size, density, and shape on floating marine litter transport in wavy free-surface flows
particularly challenging (Sutherland et al., 2023), motivating the present study.

Focusing on fully submerged particles, Eames (2008) and Santamaria et al. (2013) used the Maxey—Riley
equations (Maxey & Riley, 1983) to examine how far slightly positively or negatively buoyant objects are
transported by regular waves as they either rise to the free surface or sink. Santamaria et al. (2013) predicted that
positively buoyant objects in deep-water waves experience an increase in drift owing to their inertia (see
DiBenedetto et al. (2022) for an extension to finite depth). Also considering fully submerged objects, DiBenedetto
and Ouellette (2018) showed that non-spherical objects have a preferential orientation under waves, confirming
this result numerically (DiBenedetto & Ouellette, 2018) and experimentally (DiBenedetto et al., 2019), but not
examining the effect of the object's inertia or its modified drift. Even without direct modification of the drift, the
orientation changes the drag on slightly negatively buoyant objects, which results in objects of different shapes
being transported different distances before “raining out” (DiBenedetto et al., 2018). Taking a similar approach,
Pujara and Thiffeault (2023) have shown that wave action reduces the vertical dispersion of particles but increases
horizontal dispersion.

For floating discs, experiments by Huang et al. (2016) showed a significant increase in wave-induced transport
compared to Stokes drift (in non-breaking waves). Alsina et al. (2020), on the other hand, observed no change in
transport compared to Stokes drift, but only considered spheres with a maximum diameter of 0.6% of the
wavelength. This paper is an extension of that study, considering larger objects and a range of shapes and
densities. Through a combination of theory and exploratory experiments for idealized spherical objects in deep-
water waves, Calvert et al. (2021) showed that different floating objects are transported at different rates
depending on their size and density, and that larger buoyant objects can have increased drift compared with
Lagrangian tracers. Calvert et al. (2021) found that the predominant driver for increased drift is the object size
relative to wavelength, with an estimated doubling of the wave-induced drift for spheres with a diameter of 6% of
the wavelength. Xiao et al. (2024) identified a mechanism known as the diffraction-modified Stokes drift, by
which the drift of relatively large objects (~10% of the wavelength) can be enhanced and found good agreement
with numerical simulations.

To characterize the effects of size, density and shape on the wave-induced transport of floating marine litter in
deep water, we conduct a large-scale experimental campaign in a 220 m long wave basin. We measure the drift of
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Figure 1. Experimental set-up and measurement devices.

28 different objects, a number of which are real marine litter samples, and 7 deep-water wave conditions
representative of conditions in the Great Pacific Garbage Patch, obtaining a total of more than 1,500 object drift
trajectories. This paper reports these results, proposes a parametrization to be used in future studies of marine litter
transport, and estimates the implications for wave-induced drift of different-size marine litter objects in the Great
Pacific Garbage Patch.

2. Experimental Methodology
2.1. Set-Up and Data Acquisition

Experiments were carried out in the Concept Basin at the Maritime Research Institute Netherlands (MARIN).
Figure 1 shows a diagram of the set-up and the locations of the different measurement devices. The basin had
length of 220 m, width of 4 m and still-water depth of 3.6 m. Regular waves were generated by multiple hinged
flap-type wave-makers.

Waves were allowed to travel the length of the flume until being absorbed by a beach. The wave paddle was
controlled with a second-order signal. Four resistance-type wave gauges sampled the free surface along the basin
at 200 Hz, and Eulerian current measurements were taken using a NOBSKA velocimeter at 100 Hz suspended
from a gantry at a fixed height and location. Three full-HD Marshall CV502-WPM cameras captured the
movement of the floating objects at 25 frames per second (fps) using a 1/50 s shutter speed from their ceiling-
mounted positions. Objects were released by hand a short distance before the start of the camera section and
removed a short distance afterward. In between, the objects experienced continuously generated regular wave
motion. Objects were released close to the center-line of the basin, where they generally stayed; objects with
trajectories moving into vicinity of the basin side-walls were not considered in the analysis.

The objects were tracked from the ceiling-mounted cameras using the CRST algorithm (Lukezic et al., 2017) over
a 7.5 by 4.5 m window aligned with the flume direction. The trajectories were undistorted and calibrated into the
physical plane of the still-water surface by inverting the transformation matrix iteratively, where the trans-
formation matrix was calculated using a series of images of a 100 mm square calibration grid floated on the free
surface using MATLAB's Camera Calibration toolbox (Zhang, 2000). The horizontal motion was low-pass
filtered at 0.5f, with f the regular-wave frequency, to extract the object's mean drift %, which was calculated
as the gradient of a fitted linear line to this sub-harmonic motion. Significant lateral motion was only observed for
steeper waves, where the wave field became subject to instabilities (cross modes) in the direction normal to wave
propagation (y). In the rest of the paper, only the motion in the direction of wave propagation is considered. Each
trajectory was inspected manually to ensure the object's drift velocity had reached a steady state and that the fit
was accurate before a mean and standard deviation were calculated from 8 repeated experiments.

2.2. Wave Conditions

Experiments were carried out for 7 regular wave conditions as shown in Table 1, with the three non-dimensional
water depths representative of the deep ocean (kd > 3 with k = 2z/1 the wavenumber, A the wavelength, and
d = 3.6 m the depth of the basin). As deep-water waves were chosen to represent the ocean, the effects of bottom
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Table 1

Matrix of the 7 Wave Conditions Used, Listing: Measured Frequency f; Wavenumber k = w’/g With @ = 2af and g the
Gravitational Acceleration; Measured Wave Amplitude a, Where the Standard Deviation Is of the Amplitude Envelope Over
the Duration of an Experiment; Steepness € = ka, and Predicted Average Stokes Drift at the Still-Water Level (z=0) ug=c é?
With ¢ = w/k, Where the Standard Deviation Results From the Variability in the Amplitude Envelope Over the Duration of an
Experiment

Wave condition f(Hz) k (1/m) kd (—) a (mm) € =ka(—) ug (mm/s)
1 1.00 4.02 14.5 39+ 1 0.159 39+2
2 1.00 4.02 14.5 68 +2 0.275 118+ 6
3 1.00 4.02 14.5 78 £ 8 0.316 157 = 30
4 0.50 1.01 3.6 150 £ 5 0.154 74 x5
5 0.50 1.01 3.6 230 £7 0.270 226 £ 11
6 0.50 1.01 3.6 110+ 1 0.115 42+ 1
7 0.67 1.80 6.5 210 + 10 0.380 338 + 32

friction can evidently be neglected. The flap-type wavemaker can generate up to a period of 1 s. The range of
steepnesses € = ka, with a the wave amplitude, € = 0.12-0.38, were chosen to correspond to low, medium and high-
steepness cases, with significant wave breaking in the high-steepness case. The (linearized) amplitudes in Table 1
are obtained by frequency filtering the measured surface elevation between 0.8f and 1.2f, thus removing nonlinear
(bound) waves at these lower and higher frequencies and retaining an (approximately) linear surface elevation.

2.3. Floating Marine Litter Objects

Experiments were carried out for a total of 28 floating objects in two categories: (I) idealized objects and (II)
realistic marine litter objects. Object characteristics are shown in Table 2. Object size was captured by making the
object's characteristic size D (e.g., the diameter) non-dimensional by the wavelength, that is, 6 = D/A (following
Calvert et al. (2021)), allowing relative object size to be varied by changing object size or wavelength. The object
size relative to wavelength was restricted by the wave-generating capabilities and available object sizes. Object
density was obtained by directly measuring the mass by weighing each object and subsequently inferring the
volume displaced by the object by measuring the submerged mass of the object. Object density is captured by the
density ratio f = pg/p,,, Where pg and p,, are the densities of the object and water, respectively.

The category of idealized objects (I) consists of 15 spheres of 4 different diameters and a range of densities and 4
discs of 4 different diameters, each with a thickness of 2.5 cm, with dimensional and non-dimensional object
properties summarized in Table 2 (see Table Al for a detailed list of idealized object properties). The range of
relative sizes in our experiments (0.3% < & < 3.2% for spheres and 0.8% < § < 13% for discs) and relative
densities (0.20 < f < 0.92 for the spheres) aims to capture the full range of values for marine litter objects found in
the Great Pacific Garbage Patch (e.g., Lebreton et al., 2018). The lower bound of relative size in our experiments
is chosen to correspond to the Lagrangian limit, in which drift is not enhanced compared to the Stokes drift; the
relatively large upper bound has been chosen to allow clear observation of enhanced wave-induced drift in our
experiments. The category of realistic marine litter objects (II) includes bottle caps, a tray, a cable guide, elon-
gated plates and three different fishing nets that were collected from the Great Pacific Garbage Patch.

2.4. Accounting for Wave-Induced Eulerian Flows

Wave-induced Eulerian-mean flows have resulted in considerable difficulty observing Stokes drift in laboratory
wave flumes, as the behavior of these Eulerian-mean flows is hard to predict (see reviews by van den Bremer &
Breivik (2017) and Monismith (2020)). These Eulerian-mean flows are initially irrotational but will change over
time, as vorticity is advected (by the mean flow itself) from the wavemaker or the beach and may be unstable
(Longuet-Higgins, 1953). As Eulerian-mean flows are specific to a laboratory flume (and very different to the real
ocean), and may even vary in time during an experiment, we would like to eliminate their effect on object drift. To
do so, we use two methods. Elimination of the Eulerian-mean flow requires either direct measurement of the
Eulerian current in the flume (Method 1) or inference of the Lagrangian velocity of an infinitesimally small object
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Table 2
Description and Shape, Parameter Range and Observed Behavior for Idealized Objects (Category 1, Object No. 1-19) and
Realistic Marine Litter Objects (Category II, Object No. 20-28)

No. Picture = Description and shape D (mm) p, (kg/m3) 6 = DI (%) p= g_(: F/S x= %
1-15 D Spheres 20-50 195-920 0.32-3.2 0.20-0.92 F 1.03-1.23
16-19 D Discs 50-200 750-880 0.8-12.8 0.75-0.88 F 1.00-1.95
20 Y Smallbotte cap 30 965 0.48-1.92 0.97 F 1.16+008
1.30 £ 0.14
21 Large bottle cap 60 896 0.96-3.84 0.90 F 1.09 + 0.05
1.34 £ 0.04
22 Medium tray 130 998 2.08-8.32 1.0 F 1.12 £ 0.05
1.62 £0.18
23 Cable guide 112 941 1.80-7.19 0.94 F 1.18 £ 0.18
1.40 £ 0.09
24 Long plate (1) 225 992 3.60-14.44 0.99 F 1.20 £ 0.18
1.33 £ 0.08
25 Long plate (2) 255 969 4.08-16.33 0.97 F 1.19 £ 0.11
1.61 £0.10
26 gﬁ% Coarse net fragment 300 990 4.8-19.2 0.99 S 0.59 £ 0.02
0.68 £ 0.07
27 Fine net fragment 200 995 3.2-12.8 1.0 S 0.57 £ 0.11
0.81 £ 0.09
28 ﬁﬁi\ Fine square net 300 979 4.8-19.2 0.98 S 091 %007
1.1 £0.15

Note. The largest length scale is chosen as the characteristic scale D. Object density p,, is estimated by hydrostatic weighing.
The observed behavior of objects can be either floating on the surface (F) or suspended below the surface (S). The drift
enhancement factor y is calculated as the ratio of the measured mean drift of the object %y minus the Eulerian-mean speed #g
normalized by the predicted Stokes drift ug, that is, y = (ip — ug)/ us (using Method 2). For idealized objects (category I), the
range of y values obtained is shown, whereas for realistic marine litter objects (category II) values of y are shown for the wave
conditions resulting in the smallest and the largest relative size.

from the transport of finite-size objects (Method 2). Neither method is perfect, and we discuss their advantages
and disadvantages below.

2.4.1. Method 1: Measured Eulerian Current

Eulerian current measurements were taken using a NOBSKA velocimeter that is always submerged. Measure-
ments from the velocimeter are dominated by the periodic linear wave velocity, which we remove by taking a
mean in time over the duration of each experiment. The Eulerian-mean velocities at a small depth below the free
surface are shown for each wave condition in Table 3, where the mean and both the standard deviation obtained
from repeats and the standard deviation obtained from variation of the Eulerian-mean velocity in time are shown.
It is evident from Table 3 that these variations in the Eulerian-mean flow (both from variations in time and from
repeated experiments) are small enough not to significantly affect our results. Using Method 1, the drift
enhancement factor for each repeated experiment of each object can then be calculated as y = (ug — ug)/ us,
where T, is the mean object drift speed we measure, @i is the Eulerian-mean speed of the fluid, and ug = e’w/k is
the Stokes drift. The drift enhancement factor y is then averaged over repeated experiments to give a single value
for each object and each wave condition. The Lagrangian-mean speed 7 is equal to the sum of the Stokes drift ug
and the Eulerian-mean speed ug by definition.

2.4.2. Method 2: Inferred Lagrangian Velocity

Method 2 infers the Lagrangian velocity of an infinitely small object by fitting to the object velocities of the four
discs, averaging over repeated experiments, and then extrapolating the fit to a zero-diameter disc, with fits shown
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T for the 7 wave conditions in Figure 2. The difference between the inferred
able 3

Measured (Method 1) and Inferred (Method 2) Eulerian-Mean and
Lagrangian-Mean Velocities, Where the Lagrangian-Mean Velocity Is
Obtained by Adding the Predicted Stokes Drift to the Measured
Eulerian-Mean Velocity (Method 1), and the Eulerian-Mean Velocity Is
Obtained by Subtracting the Predicted Stokes Drift From the
Lagrangian-Mean Velocity (Method 2)

Wave condition up(mm/s) U (mm/s) uy (mm/s) up (mm/s)
Method 1 Method 2 Method 1 Method 2
1 -3+1,1 —11 36 £2 28 £5
2 -10+2,2 —17 108 + 6 101 £ 11
3 —11+4,6 —17 146 + 30 140 + 27
4 —6=+9,2 =27 68 +5 47+9
5 -78+2,5 —105 148 = 11 121 +9
6 -3x1,1 —6 39+1 36 =4
7 -21x1,2 2 317 =32 340 = 47

Note. For g, the first standard deviation for Method 1 is of the time-averaged
velocity over repeated experiments and the second standard deviation for
Method 1 is the average over repeated experiments of the standard deviation
from variation in time over the duration of each experiment; no standard
deviation is reported for Method 2. For 7, using Method 1, the standard
deviation is the square root of the sum (assuming independence) of the first
standard deviations of %y squared and the standard deviation in the Stokes drift
from variation in amplitude squared (Stokes drift variation is reported in
Table 1). The standard deviation of u;, for Method 2 is the one associated with
the fit (cf. Figure 2).

velocity of a zero-diameter disc and the predicted Stokes drift is the Eulerian-
mean velocity at the surface: ug = U p_,o — ug for each wave condition. The
drift enhancement factor is then calculated using the inferred Eulerian-mean
velocity at the surface.

2.4.3. Comparison of Method 1 and Method 2

Figure 3 confirms a very high degree of correlation between the values of the
Eulerian-mean and the Lagrangian-mean velocities obtained using Method 1
and Method 2 (N.B. the better visual agreement for the Lagrangian-mean
velocities in Figure 3b than for the Eulerian-mean velocities in Figure 3b is
due to the relatively large contribution of the Stokes drift compared to the
Eulerian-mean flow). Figure 3a suggests that the Eulerian-mean velocity
obtained using Method 2 (at the surface) is generally larger in magnitude (i.e.,
more negative) then the Eulerian-mean velocity obtained using Method 1 (at
depth). As aresult, Method 1 will generally result in smaller values of the drift
enhancement factor. We will discuss the effect this has on our results in
Section 3.

3. Results

The objective of this paper is to examine the effects of size, density and shape
on the wave-induced transport of floating marine litter. To do so, we introduce
a drift enhancement factor y = (g — ug)/ug, where g is the mean object
drift speed we measure, ug is the Eulerian-mean speed of the fluid, and ugq is
the Stokes drift, which an infinitesimally small, perfectly Lagrangian tracer
would experience in a wave field in the absence of Eulerian-mean flows. The

drift enhancement factor y thus measures the ratio of object drift to Stokes drift, both in the absence of Eulerian-

mean flows, with y = 1 corresponding to no drift enhancement.

In order to investigate and eliminate Eulerian-mean flows we use two different methods. Method 1 makes use of
the Eulerian-mean flow measurements we have taken below the surface (it is not possible to measure the Eulerian-

(a) (b)

(0 (d)

Wave 1 Wave 2 Wave 3 Wave 4
. 0.2 . .
- 005 .
: T . T )
g 015 £ 004
\g |§
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—o012p ° = : = 035 —
| | |
wn w wn
£ o1 £ 003 £ 03
\g 0.08 \30 \g 025 * (%iscs
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Figure 2. Linear fits used to calculate the Lagrangian velocity at the free surface in Method 2. The linear fit of the object drift
velocity % as a function of disc diameter D is shown in each panel for the 7 wave conditions.
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Figure 3. Comparison of the Eulerian-mean (a) and the Lagrangian-mean (b) velocity between Method 1, which measures the
Eulerian-mean velocity at depth (itg n;, 4, 1), and Method 2, which infers the Lagrangian-mean velocity at the surface from
a fit (U, M2, Uy, mp)- The error bars are one standard deviation either side of the mean for each wave condition, where the
standard deviation is over repeated experiments for Method 1 and the error associated with the fit for Method 2.

mean flow at the surface). Consequently, Method 1 cannot guarantee that y = 1 for an infinitely small, perfectly
Lagrangian tracer at the surface. In Method 2, y = 1 by assumption for an infinitely small, perfectly Lagrangian
tracer, which we obtain from extrapolation (to D = 0) of the measured relationship between object drift speed and
relative size for discs. Drift enhancement of other objects is measured relative to this case in Method 2. We choose
Method 2 for the estimation of drift enhancement factors in Table 2 because the intercept y,, is close to unity; both
Methods are used for the quantitative analysis of the effects of size and density in Section 3.1.

Table 2 reports the values of the drift enhancement factor y we have obtained from our experiments. For idealized
objects (no. 1-19), only the range of explored relative size (6) and relative density () and observed y values are
reported, with the relationship examined in more detail in Section 3.1. For realistic marine litter objects (no. 20—
28), only the cases with the smallest and largest relative size (6) are shown in Table 2, with corresponding values
of y and their standard deviations (from repeated experiments).

3.1. Idealized Objects (Category I)

To identify the effects of relative size, 6 = D/4, and relative density, f = py/p,,. in our experimental data for
idealized objects (Category I), we perform the following linear regression for the drift enhancement factor y:

X =70+ 750+ 7.6+ 7y, ey

where an additional dependence on steepness € = ka is included to accommodate the potential effects of breaking-
induced drift enhancement in the higher-steepness cases (cf. Deike et al., 2017; Lenain et al., 2019; Sinnis
et al., 2021).

Table 4 shows the values of the coefficients in Equation 1 we obtain. Figure 4 (discs) and Figure 5 (spheres) show
the regressions graphically. For discs, we have first considered the different wave conditions grouped according
to steepness before considering all wave conditions together. For spheres, we only show results for the medium-
steepness case. For the low-steepness case, the small value of drift makes it more difficult to estimate this from the
experiments, especially for lighter spheres, which can be affected by air flows and small cross-modes in the wave
field, resulting in a large number of spheres leaving the field of view and excessive measurement error. For the
high-steepness case, tracking of the smaller spheres became too difficult due to breaking waves.

CALVERT ET AL.

7 of 20

3SUS01 SUOLLILUOD 9A 18810 3|dedldde aY) Aq pausenob a8 301l VO 88N JO SaInu o Akl 8UUO AB]IAA UO (SUO11IPUOD-pUe-SLULB) D" AS 1M Ale.q|Bu1JUO//SaNY) SUO IPUOD PUe SWiS L 81 88S *[i720¢/L0/6T] U0 Afiqiauluo AB1IM ‘HRA N1 AQ T990200EZ0E/6Z0T OT/I10p/wod Ao |imAre.qjputuo sqndnfe//:sdiny wouy papeojumod ‘L ‘¥20z ‘T62669TC



NI

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Oceans 10.1029/20231C020661

Table 4

Dependence of the Drift Enhancement Factor y on Relative Size, 6 = D/J, Relative Density, f = p/p,,, and Steepness, € = ka
According to Linear Regression (1) for Idealized Objects (Category 1) Distinguishing the Different Wave Conditions From
Table 1 Grouped According to Steepness

M1
Object (No.) Steepness Wave conditions M2 Yo Vs Ve 7p X 10° R?
Spheres (1-15)  Medium 2 and 5 Ml 0.78 £ 0.05 112+ 1.0 - 059 +64 0.73
M2 1.11 £0.02 28 +£05 -29+24 0.54
Discs (16-19) Low 1 and 4 M1 0.86 = 0.027 4.6+ 04 - - 0.95
M2 094 +£0034 81%+0.6 0.96
Medium 2 and 5 Ml 0.74 £0.050 5.7+0.8 - - 0.90
M2 1.00+£0017 44+03 0.97
High 3 and 7 Ml 1.06 £0.094 56+13 - - 0.73
M2 1.02+£0043 4306 0.78
All 1-7 Ml 0.62+0.11 5.6+0.8 094+038 - 0.73
M2 1.20 £ 0.08 53£05 -0.83 026 0.82

Note. The two rows for each case (M1/M2) correspond to Method 1 and Method 2 for eliminating the Eulerian-mean current.
The error bands correspond to *the standard deviation, and R? is the coefficient of determination of the fit to the data.

3.1.1. Effects of Size and Density

For both spheres and discs there is clear evidence of the drift enhancement factor y increasing with relative object
size 0. There is significant uncertainty in the value of y; for spheres, varying significantly between Method 1 and
2. This relationship is more robust for discs (larger y;), for which it is relatively independent of steepness. As a
rule of thumb, the drift enhancement factor goes up by 3% points for spheres and by 5-6 percentage points for
discs when their relative sizes go up by 1% point. Discs are thus generally transported faster than spheres. The
values in Table 4 are based on data that captures the full range of relative sizes of marine litter objects found in the
Great Pacific Garbage Patch (e.g., Lebreton et al., 2018), but the linear relationship with relative size of course
becomes invalid for very large relative size. We do not find a significant effect of the relative density f on the drift
enhancement factor y based on the spheres, for which we were able to vary density systematically by using hollow
and filled spheres with different ratios of epoxy and glass microspheres, even though the draft varied from 1/3 to
3/4 of the sphere diameter.

For both spheres and discs we find intercept values (y,) below 1 using Method 1, suggesting that a perfectly
Lagrangian tracer would travel at a reduced speed compared to the Stokes drift (i.e., y < 1 for & — 0). We
emphasize that this is likely a result of the (generally negative) wave-induced Eulerian velocity at the surface
being much larger (i.e., more negative) than the value measured by the velocimeter.

By comparing the top and bottom row(s) of panels in Figures 4 and 5, which correspond to Methods 1 and 2
respectively, and examining the two sets of coefficients in Table 5, the differences between the two methods of
estimating the Eulerian-mean velocity becomes clear. The values of the intercept y, are generally smaller for
Method 1, and the values of y; for discs are generally comparable for both methods. The data is generally much
less unequivocal for spheres than for discs. There is a significant variation in the value of y5 between the two
methods for the spheres. This variation is probably explained by the apparent level offset between the three points
with the lowest 6 (wave condition 5) and the three points with the highest § (wave condition 2) in Figure 5. This
may be caused by the magnitude of the (negative) Eulerian-mean currents at the surface being much larger than
what is measured at depth using Method 1 for wave condition 5 (see Table 3). This level offset in y can also be
seen for the discs in the medium-steepness case when using Method 1 in Figure 4 but has less effect on the fitted
coefficients because of the larger range of 6 values for discs. We therefore suggest using Method 2 for any insight
into the drift of spheres.
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Figure 4. The effects of relative object size § and wave steepness ¢ on the drift enhancement factor y for discs calculated from the regression: (a, c¢) the adjusted drift
enhancement factor (y — y.€) as a function of relative object size § using Method 1 (a) and Method 2 (c); and (b, d) the adjusted drift enhancement factor (y — ys0) as a
function of steepness € using Method 1 (b) and Method 2 (d). Error bars show one standard deviation each side of the mean from repeated experiments. The dashed line
shows the best fit and the dotted lines the 95% confidence bands.

3.1.2. Effect of Steepness (and Wave Breaking)

When including all the wave conditions, we find a significant positive linear dependence of the drift enhancement
factor y on the steepness € (using Method 1) for discs (we do not have results pertaining to the effect of steepness
for spheres, as explained above). Noting that Method 1 makes use of Eulerian-mean flow velocity measured at
depth below the free surface, which is unlikely to increase because of breaking, this additional enhanced drift
could be the result of breaking increasing the wave-induced drift at the surface compared to the Stokes drift for
larger steepness, as found by Deike et al. (2017), Lenain et al. (2019), and Sinnis et al. (2021). As an alternative
hypothesis, part of this additional enhanced drift could be explained by strongly nonlinear boundary-layer
streaming (Longuet-Higgins, 1953), as also observed by Grue and Kolaas (2017).

Breaking is captured differently by the two methods. Making the reasonable assumption that breaking will not
result in an increase in the Eulerian-mean flow measured by the velocimeter at depth, the increased Lagrangian
transport due to breaking will affect all objects and will result in an increased drift enhancement factor y even for
small objects when using Method 1. Indeed, when performing a regression using all wave conditions, we find a
positive relationship between y and e (see Table 5), suggesting steep, breaking waves are associated with greater
drift than the Stokes drift as found by Deike et al. (2017), Lenain et al. (2019), and Sinnis et al. (2021) (N.B. that
x = Tio/ us for T = 0 and ug « €?). When Method 2 is used, we effectively make the assumption that breaking
affects all objects, including Lagrangian tracers, similarly. Breaking is then encapsulated in the inferred value of
the Eulerian-mean velocity. The drift enhancement factor y no longer captures the effect of breaking itself (i.e.,
x = linthe limit D — 0). When performing a regression using all wave conditions, we find a negative relationship
between y and e (as opposed to the positive relationship for Method 1; see Table 5), suggesting perhaps that
breaking reduces the enhancement factor compared to a Lagrangian tracer, by increasing the drift of a Lagrangian
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Figure 5. The effects of relative object size 6 and wave steepness € on the drift enhancement factor y for spheres calculated using Method 1 in panels (a)—(f), and Method
2 in panels (g)—(1). The first 5 panels of each method show results for different density spheres with an average object density <> shown above each panel. Error bars
show one standard deviation each side of the mean from repeated experiments. Panels (f and 1) combine all the data with a linear regression on relative size (blue solid
line) and 95% confidence intervals either side. Two different wave conditions (with the same steepness) have been combined for each plot, as shown in the legend. The
colors of the markers in panels (f) and (I) correspond to the different densities in the preceding panels.

tracer. In order to draw robust conclusions about the role of steepness and wave breaking, measurements should
be made for more than three values of steepness in future work.

3.1.3. Coefficient of Determination

Finally, values of coefficient of determination R? for the linear fit shown in Table 4 show that relative size alone
can explain the observed variability in drift extremely well for discs in low to medium-steepness waves. However,
some unexplained variability remains for spheres, for which our data covers a smaller range of relative sizes, and
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Table 5 higher steepness, which would require more than three steepness values to

Predicted Spectrally Weighted Drift Enhancements ((¥,pec, a2p — 1) X 100%)
for Floating Marine Litter Objects With Different Sizes Averaged Over a
1-Year Period and in the Case of Maximum (Case 1) and Minimum (Case 2)
Drift Enhancement Using Extrapolation Approach 2b

Object size (cm) 1 10 50 100
1-year average Mean increase (%) 3 27 51 59
Case 1 Maximum increase (%) 6 47 68 70
Case 2 Minimum increase (%) 2 18 36 43

resolve and may require a different dependence on steepness than is included
in Equation 1.

3.1.4. Comparison With Theoretical Predictions by Calvert et al. (2021)

For spheres, we can make the comparison with the theoretical model of
Calvert et al. (2021) (the theoretical model of Calvert et al. (2021) only
considered spheres). Figure 6 shows a reasonable agreement between the
experiments and theory for higher density spheres. We have used Method 2 to
eliminate the Eulerian-mean flow from the experiments, and the experimental

fit has been plotted through (6 = 0, ¥ = 1) to enable comparison with theoretical predictions, focusing on the slope
of the line. We emphasize that the agreement would be much less good using Method 1 (see Table 4 for the very

different slope y; in this case). The theoretical lines are plotted for a range of object densities of 200-800 kg/m®

(# = 0.2-0.8) and show a significant dependence on object density, while a significant relationship between the

drift enhancement factor and object density could not be identified in experiments (see Table 4). We note higher
and lower densities have been excluded, as they violate the assumptions and validity of the perturbation expansion
in Calvert et al. (2021). In the diffraction-modified Stokes drift mechanism of Xiao et al. (2024) higher density
enhances drift via the greater draft of the objects. It is possible that the limited range of relative sizes of the spheres

in our experiments may be the cause of the effect of density being insignificant in our data. This should be

examined further by obtaining more data before robust conclusions can be drawn.

3.2. Realistic Marine Litter (Category II)

Taking their longest length scale as the characteristic size D and reporting for the wave conditions resulting in the

smallest and the largest relative size § = D/A, Table 2 reports the drift enhancement factor y for the 9 realistic

marine litter objects (Category II) as well as their standard deviations from repeated experiments. For all realistic
marine litter objects, the drift enhancement factor was generally larger for larger relative size, which was achieved
by changing the wavelength; this confirms the generality of the result obtained for idealized objects (Category I).
We examine the more detailed behavior of each realistic marine litter object in turn.

The small and large bottle caps both experience clear increases in drift with values of the drift enhancement factor

even exceeding those for discs of similar relative size. The same holds for the medium tray and the cable guide,
which have plate-like geometries similar to a disc. The medium tray was actually very slightly negatively
buoyant, and sank when placed upside down. The two long plates illustrate the subtle effect of shape with the
second plate experiencing a larger drift enhancement factor despite similar relative size and geometry. This is a

result of the first plate, which is somewhat smoother in shape, occasionally becoming submerged below the waves

for a short time, reducing the drift. Although the aforementioned rigid objects generally remained floating, the

1.15 T T T T T
Theory 8 =0.2
Theory 8 =0.35
Theory 8 = 0.5

11k Theory 3 = 0.65
Theory 8 = 0.8
Experiments
>
1.05

0 0.5 1 1.5 2 2.5 3
5 %)

Figure 6. Comparison of experimental results for the drift enhancement
factor of spheres with theoretical predictions by Calvert et al. (2021) (with
relative densities f = p,/p,, = 0.2-0.8). Eulerian-mean currents are
eliminated from the experimental results using Method 2, and the shaded
region covers one standard deviation either side of the mean.

nets, which are flexible and close to neutrally buoyant, all became submerged
below the surface, traveling forwards at a much-reduced speed except for the
most buoyant fine square net. This seems to suggest that there is a significant
effect of density that only becomes important when objects are near-neutrally
buoyant, such that they can be submerged into the water column by wave
action.

4. Estimation of Drift for Floating Marine Litter in the
Great Pacific Garbage Patch

In this section, we will examine the implications of our experimental findings
for floating marine litter in wave conditions that are realistic for the Great
Pacific Garbage Patch (GPGP) or the deep ocean more generally. Our ex-
periments have shown that the main driver for increased wave-induced
transport is object size relative to wavelength. The deep ocean is character-
ized by dominant wavelengths that are generally much larger than in our
experiments, resulting in much smaller relative object size and thus much
reduced drift enhancement in realistic ocean wave conditions compared to the
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Figure 7. Histogram of significant wave height H, and peak period 7, for 1 year of 1-hr wave spectra in the GPGP: (a) shows
(T,, H,) for each 1-hr spectrum, and (b) and (c) show the histograms for H, and T,,, respectively.

laboratory. Crucially, realistic wave conditions are irregular, that is, they are best represented by a spectrum of
waves with different wavelengths. In such an irregular sea, it becomes unclear which wavelength to use in
evaluating relative size, § = D/A, in Equation 1. We will consider different approaches to this problem below.

4.1. Wave Conditions

We obtain spectra from a WaveWatch-III model of the North East Pacific (Tolman, 2009) at three locations inside
the GPGP ([229.5°E, 42.6°N; 222.6°E, 40.8°N; 217.5°E, 30.5°N]). The WaveWatch-III implementation from
which these spectra are extracted has previously been validated by comparing with wave buoys, unmanned
surface vehicle motion derived wave characteristics and X-band radar measurements conducted during a field
campaign in 2019 (Wrenger et al., 2012). Figure 7 shows a histogram of significant wave heights H, and peak
periods 7, during the 1-year period measured in the GPGP.

4.2. A Model for Estimating Drift Enhancement in Irregular Seas

To characterize realistic ocean wave conditions, we use 1-hr directional wave spectra we have modeled for the
GPGP during a 1-year period. We will estimate the drift enhancement factor for all the 1-hr spectra during this 1-
year period, which are then averaged over the 1-year period. The Stokes drift is computed from the energy
spectrum S(w) according to Kenyon (1969a):

@max 0)3
us(z = 0) = f @) do @
wml" \ J

=ilg|._o(®)
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where we have set z = 0, corresponding to the still-water level, and we have used the wavenumber and angular
frequency limits set by the frequency limits of the modeled data (@, = 0.25 rad/s and w,,,, = 12.6 rad/s
corresponding to f;, = 0.04 Hz and f,,,, = 2.0 Hz).

We assume each spectral component of the Stokes drift, that is, fg|,_o(®) = S(w)w?/g, is independent, and these
components can be summed together as in Equation 2 to obtain the Stokes drift, assumptions that are commonly
made (Breivik, Bidlot, & Janssen, 2014; Kenyon, 1969b; Lenain & Pizzo, 2020; Webb & Fox-Kemper, 2011). In
doing so, we have assumed that the entire spectrum consists of free waves, and bound waves do not play a role.
Importantly, we note that Stokes drift (of non-breaking waves) may be underestimated significantly if the high-
frequency tail is ignored (Lenain & Pizzo, 2020). The importance of the high-frequency spectral tail's contribution

to the Stokes drift arises as a result of the multiplicative factor & (or °) in Equation 2. As finite-size objects have
a larger relative size in shorter waves (larger k), the tail of the spectrum is potentially more important for their
enhanced transport. Accordingly, we set out to estimate a spectrally weighted drift enhancement factor ype.

Although our experiments were for monochromatic waves, we further assume that each spectral component of the
Stokes drift @g|._,(w) can be multiplied by its own drift enhancement factor y(D, k(w)) given by Equation 5,
resulting in a spectral object drift component #gl|,_o(w,D) = S(w)w*/gy(D,k(w)), which are then summed
together. We thus define the spectrally weighted drift enhancement factor y.. as the object drift normalized by
the Stokes drift (in the absence of Eulerian-mean flows):

(D, k()i (0)dw

D) = @min = . 3
)(spec( ) /w"m ﬁs(w)dw ( )

4.3. The Spectral Drift Enhancement Factor (D, k(w))

To estimate the spectrally weighted drift enhancement factor y,.. in Equation 3, we need to determine the spectral
drift enhancement factor y(D, k(w)). Two limitations of our experiments need to be overcome. First, our ex-
periments were for regular waves and not for a spectrum of irregular waves, for which it is not clear a priori that
the independence assumption of spectral components underlying Equation 3 can be justified. Second, the range of
relative sizes considered in our experiments does not cover the entire high-frequency tail of the Stokes drift
spectrum, requiring extrapolation. We examine two approaches.

4.3.1. Approach 1: Based on Peak Frequency

Approach 1 calculates the drift enhancement based on a single frequency (and wavelength) representative of the
peak of the spectrum (i.e., ¥(D, k(®)) = x(D, k,(®,)), so that y can be taken outside of the integral in Equation 3
and the integrals in the numerator and the denominator become equal). A peak frequency w,, can be extracted from
each 1-hr spectrum, corresponding to a peak wavenumber &, using the deep-water dispersion relation. The drift
enhancement factor for Approach 1 becomes:

Xspecal = 1 +5.6Dk,/(27), @)

where we have set the drift enhancement factor of an infinitely small object y(D = 0) = y, = 1, so that such a
particle is transported with the Stokes drift. We have used the value of y5 = 5.6 for discs, as our data for discs
covers a much larger range of relative sizes than for spheres. We have not included the effect of steepness,
setting y, = 0.

If we take a sample of object sizes of 10, 50, and 100 cm representative of plastic larger plastic found in GPGP
(Lebreton et al., 2018), we obtain average drift increases over the 1-year period of 0.3% (0.07%—2%), 1.6% (0.3%—
10%), and 3.1% (0.7%—21%), where the values in brackets correspond to the 1-hr spectra during the 1-year period
that gives the smallest and largest drift increases, respectively. It is evident that these increases are generally
small, so small that they can be ignored, both on average over the 1-year period and in most 1-hr spectra, except
for very large objects in a few very specific 1-hr spectra dominated by short waves.
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4.3.2. Approach 2: Based on All Frequencies Independently

Approach 2 considers the drift enhancement of each frequency independently and sums the wave-induced drift
from each frequency multiplied by a spectral drift enhancement factor (cf. Equation 3) based on our results for
drift enhancement for the relative size 6 = D/A corresponding to that frequency. Specifically, we use

145.66 if 6§<0.128,
1+5.66 Approach a
_ J|173 Approach b
d) = 5
7x2(0) =1 its>0128, O
1.73 — 5.6(6 — 0.128) for 6 < 0.256, 1 for 5 > 0.256 Approach ¢
1 Approach d

where we consider four different approaches (a—d) to extrapolating y(J) to large relative sizes for which we do not
have measurements (restricted by possible wave frequencies generated by the wavemaker and object sizes
available in the experiments), namely for (6§ > 0.128): (a) continuation of the linear trend, (b) a constant value of
x = 1.73 at the largest constant value we have measured, (c) a linear decrease of y with ¢ back to zero with the
same absolute slope, and (d) a constant value of y = 1. Figure 8 illustrates this by showing Equation 5 as a function
of @ (for a D = 50 cm object), as this facilitates inclusion into Equation 3. Going from Approach 2a to 2d, the
extrapolations used include less and less drift enhancement. Although we don't observe this in our experiments,
the drift enhancement must stop increasing with relative size at large enough relative size. We understand neither
the mechanism that would cause this nor the relative size at which it would occur. Our approach to this uncertainty
in the present paper has been to adopt the above four different extrapolation techniques: 2a assumes this unknown
limit is very far away from the range of our experiments, 2d that it occurs exactly at the end of our experimental
range. We begin by examining Approach 2b as our base case.

4.4. Wave and (Enhanced) Stokes Drift Spectra (Approach 2b)

Figures 9a and 9c show the modeled energy spectra S(w) for the two cases shown in Figure 7 as Case 1 and Case 2,
chosen as those 1-hr spectra that give rise to the largest and the smallest total drift enhancement. Also shown for
comparison are JONSWAP spectra fitted to the modeled spectra using least squares. Case 2 is represented well by
a JONSWAP spectrum, whereas Case 1 has a much more complex tail, and the spectrum is potentially bi-modal.
Both the energy spectrum S(w) (left vertical axes) and the drift enhancement factor y(w) for D = 10, 50 and
100 cm (right vertical axes) are shown in Figures 9a and 9c for Cases 1 and 2.

Figures 9b and 9d show both the spectral components of the Stokes drift, #g|._(w) = S(w)w*/g, and of the
enhanced object drift, y(D,w)iis|,_,(w), as a function of angular frequency w for the three different object sizes
(D =10, 50, and 100 cm). Comparing the energy spectra in Figures 9a and 9c¢ with the Stokes drift spectra in
Figures 9b and 9d confirms the tail of the spectrum makes a large contribution to the Stokes drift (cf. Lenain &
Pizzo, 2020) (N.B. the logarithmic vertical axes). When relative size of the objects is taken into account (using
Approach 2b, cf. (cf. Equation 5), the effect of the tail becomes even larger). The spectrally weighted drift en-
hancements factors y;,. for the three different object sizes are shown in Figures 9b and 9d. It is immediately
evident that the case with the most pronounced spectral tail (Case 1) results in the largest drift enhancement.

Evaluating the integrals in Equation 3 for all the 1-hr spectra for the GPGP during a 1-year period, we predict
average (minimum-maximum) increases in drift (i.€., (Yspec, a2 — 1) X 100%) of 3% (2%—6%), 27% (18%—47%),
51% (36%—68%), and 59% (43%—70%) for 1, 10, 50, and 100 cm diameters, respectively, as shown in Table 5. The
strong effect of object size is evident, with 1 cm objects experiencing a negligibly small increase in drift but
100 cm objects experiencing a very substantial increase.

From Figures 9b and 9d the importance of the spectral tail and its short waves with large spectral drift
enhancement factors (truncated at 1.73) is clear, which we examine further by varying the frequency upper limit
®max- The integrals over frequency for the Stokes drift Equation 4 and the wave-induced object drift (numerator of
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Figure 8. Different extrapolation techniques used to extend the spectral drift
enhancement factor beyond measured values (interpolation, black line) to

the extrapolation region (gray) for a D = 50 cm object for the spectral

frequency range measured in the GPGP.

Equation 5) can be evaluated with different upper limits @,,,,, resulting in the
spectral tail playing a more or less important role. Similar to results found in
Lenain and Pizzo (2020), the spectral tail has a significant contribution to the
Stokes drift, as shown in the left panels of Figure 10, where the value of the
(total) Stokes drift decays quickly when the upper limit @,,,,, is reduced. This
can also be seen in the spectrally weighted drift enhancement factor ygpe. a2b
for the three finite-size objects in the right panels of Figure 10. The spectral
tail has shorter wavelengths and so higher drift enhancements factors for
larger objects. Although the tail contributes the most to any enhanced wave-
induced object drift, there is an increase in drift for larger objects for even low
values of the upper limit. The reason the values of y.. aop begin to saturate
for higher values of @,,,, is the truncation of our drift enhancement factor y to
a maximum value of 1.73 for values of relative size above what we have
measured in our experiments in extrapolation Approach 2b.

4.5. Comparing the Different Extrapolation Approaches

Table 6 shows that all four extrapolation methods predict an increase in wave-
induced drift, but that the magnitude of the enhancement predicted depends

significantly on the extrapolation approach taken. For example, the maximum increase for an 100 cm floating

marine litter object varies between 590% and 14% depending on whether Approach 2d or 2a is used, where we

note that these two methods probably cover the range of what is possible in reality. Furthermore, we note that

these predictions are based on experiments for disc-shaped objects, which displayed the greatest drift of all objects

we considered in our experiments. Nevertheless, we conclude from Table 6 that large objects will likely expe-

rience an appreciable increase in drift compared to their Lagrangian counterparts in realistic wave conditions. For

(a)

(c)

S [m?s]

10°

10°

(b)
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1.8
1.6 —
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14 2 ‘i\ =100 cm — Xspec,A2b — 1="70%
g D =50 cm — Xspec,a2p — 1 = 68%
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Figure 9. Two 1-hr wave energy spectra and corresponding (enhanced) Stokes drift spectra for the Great Pacific Garbage
Patch, showing Case 1 (top row) and Case 2 (bottom row) as defined in Figure 7: (a, ¢) modeled energy spectra and fitted
JONSWAP spectra S(w) (left axis) and spectral drift enhancement factors y (D, @) for D = 10, 50 and 100 cm (right axis)
using Approach 2b (cf. Equation 5)); (b, d) Stokes drift spectra, iis|._o(®), and enhanced Stokes drift spectra,

Z a2 (D,o)iis|,_o(@), also showing the values of the resulting spectrally weighted drift enhancements factors ype.. a2 fOr
D =10, 50 and 100 cm.
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on the Stokes drift (left) and on the spectrally weighted drift

enhancement factor Xspec, A2b (right) for the 1-year averaged (top), case 1 (middle) and case 2 (bottom) wave conditions. The

Stokes drift ug(w

max.

Table 6

max

) as a function of its frequency upper limit o,
maximum value of the upper limit (i.e., @
calculating the spectrally weighted drift enhancement factor y,.. as a function of

max

max

is normalized by the Stokes drift ug corresponding to the
= 2.0 X 2z rad/s). The effect of the upper limit is shown on the right by
using extrapolation Approach 2b.

Effect of the Different Extrapolation Approaches (1, 2a—2d) on the Predicted Spectrally Weighted Drift Enhancements
((Xspec — 1) X 100%) for Floating Marine Litter Objects With Different Sizes Averaged Over a 1-Year Period and With Values
in Brackets Showing the 1-Hour Spectra Within This Period With Minimum and Maximum Drift Enhancements

Extrapolation Approach

1cm

10 cm

50 cm

100 cm

1

2a
2b
2c
2d

0.03% (0.01%-0.3%)

3.2% (2.1%-6.0%)
3.2% (2.1%—6.0%)
3.2% (2.1%—6.0%)
3.2% (2.1%—6.0%)

0.3% (0.07%—2%)
27% (21%—59%)
27% (18%—47%)
23% (15%-36%)
16% (11%—14%)

1.6% (0.3%—10%)
164% (110%—-300%)
51% (36%—68%)
19% (9.6%—23%)
11% (3.6%—14%)

3.1% (0.7%-21%)
320% (210%-590%)
59% (43%—70%)
116% (4.5%—20%)
10% (2.1%—-14%)

Note. There is no extrapolation applied to a 1 cm object.
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context, we note that although mega-plastic, defined as objects greater than 50 cm in size, had the lowest count of
any size class collected from the GPGP, it accounted for over 60% of the mass of plastic collected (Lebreton
etal., 2018). We note that to enable comparison with potential field measurements of drift of objects with different
sizes, both the effects identified in the present paper and the effects of directional spreading (Webb & Fox-
Kemper, 2015), Coriolis forces (Cunningham et al., 2022; Higgins et al., 2020), and wave breaking (Deike
et al., 2017; Eeltink et al., 2023; Lenain et al., 2019; Sinnis et al., 2021) should be taken into account.

5. Conclusions

Large-scale laboratory flume experiments have been used to examine how the surface wave-induced drift of
floating marine litter objects of finite size depends on their size, density and shape. Our results are only valid for
deep-water waves (kd > 3) and thus apply directly to coastal but only indirectly to nearshore conditions. In these
experiments, we have systematically varied the size and density of idealized objects (spheres and discs) and also
examined realistic marine litter with often complex shapes. Although wave-induced Eulerian-mean flows have
often prevented observation of Stokes drift in laboratory wave flumes (Monismith, 2020; Monismith et al., 2007;
van den Bremer & Breivik, 2017), we have corrected for their effect, by simultaneously measuring the Eulerian
current and by always considering the drift of larger objects compared to the drift of very small objects.

We observe increases in drift of 95% compared to Stokes drift for discs with diameters of 13% of the wavelength
and up to 23% for spheres with diameters of 3% of the wavelength (the smallest objects we consider). A linear
regression analysis of the drift enhancement factor on object size relative to wavelength, object density and wave
steepness, shows a clear linear dependence of the drift enhancement factor on relative size. As a rule of thumb, the
drift enhancement factor goes up by 3% points for spheres and by 5%—6% points for discs when their relative sizes
go up by 1% point. Discs are thus generally transported faster than spheres. For spheres, this experimental finding
agrees reasonably well with the theoretical prediction by Calvert et al. (2021), although the role of object density
deserves further attention (the theoretical model of Calvert et al. (2021) only considered spheres). We do not find
a significant effect of density for the idealized objects, where f < 0.92. Finally, we do find a significant positive
linear dependence of the drift enhancement factor on the steepness, suggesting that breaking increases the wave-
induced drift compared to the Stokes drift, as found by Deike et al. (2017), Lenain et al. (2019), and Sinnis
et al. (2021), although we have not examined this in sufficient detail to draw firm conclusions. Rigid floating
marine litter objects also experience an increased drift, and the drift enhancement is of a comparable magnitude to
discs of similar size. On the contrary, fishing nets, which can deform and are close to neutrally buoyant (beta 1),
do not stay afloat in a wave field, but become submerged below the surface, traveling forwards at a much-reduced
speed compared to the Stokes drift.

The size-enhanced wave-induced drift of floating marine litter we have observed in our experiments depends
crucially on the size of the objects not being too small relative to the wavelength. Noting that the high-frequency
tail of the spectrum makes a large contribution to the Stokes drift (Lenain & Pizzo, 2020) and an even larger
contribution to size enhanced wave-induced drift, we have estimated the drift enhancement for modeled wave
spectra in the Great Pacific Garbage Patch. These results depend strongly on the amount of energy present in the
tail of the wave spectrum and its contribution to the Stokes drift. Individual wave components in the spectral tail
will result in large relative object sizes for that spectral component alone, beyond the range we have studied
experimentally, for which our linear relationship between the drift enhancement factor and relative size will likely
become invalid. Different extrapolations have been examined, all of which show an increase in wave-induced
drift, but whose magnitude depends very strongly on the approach to extrapolation taken. Future experiments
should examine this, not only by conducting experiments with monochromatic waves for larger relative object
sizes, but also by considering irregular waves based on a spectrum with a realistic tail, so that the validity of linear
superposition of (enhanced) drift components can be interrogated.

We have not examined or considered the effect of surface tension in this paper. We propose this is a reasonable
approximation for floating objects provided their diameter D > ZW, where y is the surface tension, p the
density of water and g the gravitational acceleration (e.g., Falkovich et al., 2005). For water, this criterion is
satisfied for objects of diameters exceeding 5 mm, resulting in the findings of this paper being invalid for micro-
plastic objects. However, such small objects are unlikely to experience drift enhancement due to the effect
examined herein (N.B. our smallest object has a 20 mm diamater). We can thus conclude that the regime in which
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Table A1 surface tension is important and the regime in which significant drift
Expanded Version of Table 2 Giving Description, Shape and Parameter enhancement occurs, as observed in this paper, are likely mutually exclusive.
Range for the Idealized Objects (Category I) Separately, we have not examined the thin (viscous) wave-driven surface
No. Picture Description and shape D (mm) po (kg/m’) boundary layer that can form in the laboratory and the field and takes the form
1-15 D Spheres 20-50 195-920 of a strongly sheared Eulerian-mean flow that is in the direction of the waves,
1 Sphere 20 395 thus enhancing Lagrangian-mean transport. This so-called boundary layer
2 Sphere 18 260 streaming (Longuet-Higgins, 1953) can be significant in large-steepness
waves (Grue & Kolaas, 2017). It is conceivable that different floating ob-
3 Sphere 50 196 jects could penetrate a different distance into the (thin) surface boundary
4 Sphere = 689 layer, and this could be a cause of differential contributions of boundary layer
5 Sphere 40 472 streaming to the drift of different objects and the properties of the boundary
6 Sphere 50 504 layer (namely Reynolds number and thus the scale of experiments) becoming
7 Sphere 20 477 important. Future work should examine this.
8 Sphere 38 652 We foresee that the size-enhanced wave-induced drift we have identified will
9 Sphere 50 611 result in the wave-driven transport due to Stokes drift being more important
10 Sphere 20 716 than previously thought in studies of global marine litter transport, especially
1 Stem 38 766 of macro-plastic. It may lead to a sorting of plastic by size, which may be
further enhanced by wind drag. Size-enhanced wave-induced drift may be
12 Sphere 49 797 . .
even more important in the coastal zones, where shorter wavelengths are
= Sislisrs 19 AU dominant. In future work, experiments with irregular and directionally spread
14 Sphere 38 920 waves based on realistic spectra should be carried out to verify our pre-
15 Sphere 48 920 dictions, although we emphasize that such experiments should be carried out
16-19 D Discs 50-200 750-880 at a scale as large as possible, as the mechanism for drift enhancement may
16 Disc 50 878 depend on the drag the waves exerts on the objects (Calvert et al., 2021) and
. thus on Reynolds and Stokes numbers (Sutherland et al., 2023).
17 Disc 99 806
18 Disc 149 818
19 Disc 200 753 Appendix A: Detailed Table of Idealized Object Properties
(Category I)
Table Al gives provides a list of the properties of the Idealized Objects
(Category I).
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