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Abstract

We report on the development and implementation of a novel physics-based algorithm that
includes the effect of subsurface current on buoyant particles in a Lagrangian particle tracking
model, specifically the Larval TRANSport Lagrangian (LTRANS) model. In the upper ocean, the
direction and the magnitude of horizontal current change with water depth due to local effects
such as the Ekman balance and large-scale influences such as the thermal wind balance. The
subsurface current alters both the advection and the dispersion of weakly buoyant particles that
could be suspended in the ocean surface boundary layer by turbulence. The transport and fate of
riverborne plastics from the Mississippi and Atchafalaya Rivers were examined using a hindcast
model solution for the Louisiana and Texas Continental Shelf (LATEX shelf). The model results
show that after leaving the river outlets, plastic particles travel on average in a southwestward
direction over the LATEX shelf for up to four months, transiting from a few hundred kilometers
to more than a thousand kilometers. The pathways and the fate of particles change as a function
of the particle size, with smaller particles traveling faster. Also, less buoyant particles transit
longer distances over more offshore regions and remain longer on the LATEX shelf. Particle
pathways also display strong seasonal cycle associate with the seasonal cycle of circulation on
the LATEX shelf. The model results further reveal that more than 50% of the plastic particles
delivered by the Mississippi and Atchafalaya Rivers reach the land boundary of the LATEX shelf,
and more than 18% of those reach the land boundary west of Louisiana including Texas and
portions of Mexico. This modeling framework can be used to study transport of other positively

buoyant particulate materials in the ocean, such as spilled oil and plankton.

1. Introduction

Plastic debris has emerged as one of the major pollutants in the oceans and a growing concern
and threat to the ocean environment and marine organisms [e.g., Andrady 2011, Law 2017].
Plastic concentrations appear to be increasing in some, if not all ocean basins [e.g. Ostle et al.
2019; Wilcox et al. 2020]. Plastic debris in the ocean is generated by various human activities
and enters the ocean along hotspots such as ship tracks, beaches and ocean platforms [e.g.,
Kershaw et al. 2011]. In addition, plastic debris introduced into inland aquatic environments

reaches the ocean through river outflows. The majority of plastic debris floats and remains close
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to the ocean surface due to a lower density than that of seawater. For example, Moret-Ferguson
et al. [2010] found that the density of plastic debris in the western north Atlantic Ocean ranges
from 808 to 1240 kg m™ and has an average value of 965 kg m™. After entering the ocean, plastic
debris moves under the combined influence of ocean currents and its own buoyant rising/sinking.
It accumulates in the convergence zones of horizontal currents, which are known as ocean
garbage patches [e.g., van Sebille et al. 2012; van Sebille et al. 2015]. In the ocean, plastic
degrades via physical, chemical, and biological processes [Wayman & Niemann, 2021] and the
degradation may take hundreds to thousands of years [Andrady, 2011]. Because of its long life in
the ocean, plastic debris can be carried long distances from its source and is now found in all

ocean basins and marginal seas.

Transport and fate of plastic debris is commonly studied by analyzing surface drifters [e.g.,
Maximenko et al. 2012; van Sebille et al. 2012] and computer model solutions of particle
dispersal [e.g., Lebreton et al. 2012; Wichmann et al. 2019]. In those studies, Lagrangian
particles representing plastic debris are advected by pre-saved drifter-derived or simulated
current fields. Past studies have largely relied on surface currents since the largest concentration
of plastic debris is at the ocean surface. Those studies have been able to reproduce the observed
locations of ocean garbage patches [e.g., Lebreton et al. 2012; Maximenko et al. 2012; van
Sebille et al. 2012]. However, observations have also shown that plastic debris, particularly
microplastics (< ~ 5 mm), does not remain at the ocean surface and substantial amounts of those
particles can be mixed into the boundary layer [e.g., Kukulka et al. 2012; Reisser et al. 2015].
Due to the earth’s rotation, both the magnitude and the direction of the wind- and wave-driven
horizontal currents change with water depth within the ocean surface boundary layer where
buoyant plastic debris is located. Furthermore, horizontal currents also change with depth due to
larger-scale circulations, such as the thermal wind current in the presence of a horizontal density
gradient. Buoyant particles such as plastic debris under the influence of subsurface current
moves at different rates and directions from that purely driven by surface currents [e.g., Yang et
al. 2015]. In addition to the advective effect of subsurface current, a vertically varying horizontal
current also disperses particles that constantly transit across the shear. Using a series of
simulations with three simplified representations of vertical mixing and idealized representations
of subsurface current effects, Wichmann et al. [2019] demonstrated that subsurface currents alter

the large-scale meridional transport of plastic debris and allows more plastic debris to be
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transported from low to high latitude regions such as the Arctic region. A more mechanistic

representation of subsurface currents has not been tested.

With a combined annual discharge of 730.86 billion m® y!, the Mississippi and Atchafalaya
Rivers (Fig. 1) drain a catchment with a population of over 100 million people. While major
river systems are widely acknowledged as being primary conduits for plastics from land to the
sea (Schmidt et al. 2017; van Emmerik and Schwarz, 2019), few estimates of the numerical or
mass flux of plastics in the Mississippi are available. Scircle et al., (2020) estimated that 87 to
129 trillion plastic particles (>0.30 pm) were transported daily by the Mississippi River at New
Orleans. Toner (2020) estimated a daily flux of 897 million particles (500 to 5000 um). The
orders of magnitude difference between these estimates is likely due to the vastly different size
ranges considered and the sample volumes used (1 L versus 10s of cubic meters, respectively).
Despite the paucity and range of data on plastic flux in the Mississippi River, it is undoubtedly
an important source of plastic debris for the northern Gulf of Mexico (NGoM) (Di Mauro et al.
2017). The transport and fate of riverborne plastics in the NGOM has not been previously
studied. While models have explored transport of other positively buoyant particulate materials
in this region, such as macroalgae Sargassum [e.g., Zhong et al. 2012], spilled oil [e.g., Liu et al.
2011; Weisberg et al. 2018], and coral larvae [e.g. Davies et al. 2017; Limer et al. 2020] and
generic floating particles [e.g., Bracco et al. 2019], neither riverine input of particulate material

nor the effect of subsurface current were addressed in those studies.

The NGoM is characterized by a broad continental shelf (<200 m deep), i.e., the Louisiana-Texas
(LATEX) continental shelf, usually defined as inshore of the 100-m isobath, which is tens of
kilometers wide (Fig. 1). Over the shelf, wind forcing and ocean circulation exhibit distinct
seasonal cycles [Figs. 2a to 2d]. In non-summer months, the primary circulation over the LATEX
shelf, called the Louisiana coastal current (LCC), is westward (downcoast) (Fig. 2c), while the
LCC reverses its direction and is eastward (upcoast) in summer months (Fig. 2d) [e.g., Wiseman
et al. 1997; Hetland and DiMarco 2008]. The seasonal cycle of the LCC is primarily driven by
the wind (Figs. 2a and 2b) whose alongshore component has the same seasonal cycle as the
coastal currents [e.g., Nowlin et al. 2005]. South of the LCC, the western boundary current of the
GoM with a magnitude of around 0.5 m s7!, i.e., the Mexican current (MC) [e.g., Zavala-Hidalgo
et al. 2003], flow in the opposite direction as the LCC except during summer. The LCC and the

MC are important in the pathway and fate of dissolved and particulate materials from the

4
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Mississippi and the Atchafalaya rivers, such as dissolved salts [e.g., Morey et al. 2003], inorganic
nutrients [e.g., Justic et al. 2002], dissolved organic matters [e.g., da Silva and Castelao 2018;
Liu et al. 2019], sediments [e.g., Walker et al. 2005] and spilled oil [e.g., Thyng 2019], in the
NGOM.

The objectives of this study are threefold: (1) to develop and implement a physics-based
algorithm that includes the effect of subsurface current on buoyant particles in a Lagrangian
particle tracking model; (2) to study the transport and fate of plastics delivered by the Mississippi
and Atchafalaya on the Louisiana-Texas continental shelf; and (3) to assess the importance of
subsurface current on plastic transport in this region. The rest of the paper is organized as follows:
Section 2 describes the algorithm and its implementation. Section 3 introduces the application of
the model to the LATEX shelf; Section 4 discusses simulation results and their relevance to
transport and fate of riverborne plastics; Section 5 is a summary; and the acknowledgement

section contains the access information to the computer code described in the study.

2. A Physics-based Algorithm for Including the Effect of Subsurface Currents in
Lagrangian Particle Models

2.1 Formulation and Implementation

Ocean plastics are commonly tracked using Lagrangian particle models, as Lagrangian particle
model avoids the spurious diffusive and dispersive errors inherent to the solutions of Eulerian
material concentration models that are a combination of hyperbolic and parabolic partial
differential equations [e.g., Morton and Mayers 2005]. In most existing Lagrangian tracking
studies of marine plastics, surface currents are used to calculate the location of plastic particles

[e.g., Lebreton et al. 2012], i.e.,
x(t + 6t) = x(t) + f(ussc, 6t) (la)

y(t + 6t) = y(t) + f(usse, 6t) (1b)

where, ¢ is time, Jf is the time step, (x, y) are horizontal locations; (us, vsi) are the horizontal
velocities at the ocean surface, and f (usfc, St) is the time integration scheme. Observations,

however, show that plastic particles, particularly small ones with small buoyant rising speeds,
move up and down rapidly in the ocean surface boundary layer (the upper few to tens of meters)

under the combined influence of turbulent current and their own buoyancy [Kukulka et al. 2012].
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Therefore, plastic particle transport is influenced by not only the surface current, but also
subsurface currents. Forecasting/hindcasting ocean models are based on the hydrostatic
assumption, vertical currents in those models are due to meso- to large-scale circulations (~107
m/s to 10® m/s) and are orders of magnitudes weaker than the vertical currents associated with
boundary layer turbulence (~102 cm/s). In fact, the vertical current in forecasting/hindcasting
models is so weak that even weakly buoyant particles cannot be suspended. Even for particles of
buoyant rising speed comparable to the vertical current in forecasting/hindcasting models, they
are not able to move up and down quickly in the ocean surface boundary layer where both the
magnitude and direction change drastically with water depth under the combined influence of the
earth’s rotation, surface and lateral forcings. Therefore, the inability to resolve the rapid vertical
turnover of particles in the turbulent ocean surface boundary layer in Lagrangian tracking models
leads to inaccurate estimate of horizontal speed and transport of weakly buoyant particles such as

microplastics.

To include the effect of subsurface currents for weakly buoyant particles, the calculation of

particle location in the LTRANS model, i.e., equation (1), is modified as,
x(t+6t) = x(t) + f(U, 6t) + x545(x,y, 1) (2a)

y(t +6t) = y(t) + f(0,6t) + Ysg5(x, ¥, 1) (2b)

where (u v) are the weighted-averaged horizontal velocities in (x, y); and X and yses are the
subgrid-scale (SGS) displacements. The weighted-averaged velocities, i.e., (4, V), are calculated

as,
u(x,y,t) = (ulx,y, OF(x,y,2,t))/(F(x,y,21)) (3a)

v(x,y,t) = (v(x,y, OF (x, 9,2, O)/(F(x,y,2,1)) (3b)

10 :
Here, the angle bracket denotes the depth average, e.g., < u >= - f_hu dz with h the boundary

layer depth; and F(x, y, z ) is the mean particle distribution. It is calculated by assuming the
distribution is stationary so that the balance between advection by buoyant rising and turbulent
diffusion, i.e., wpF, = (AxsF;), with zero flux at the surface and the base of the ocean surface

boundary layer, is achieved,
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where C is a constant and is set to ensure (F) = 1 in the model for simplicity; wp is the rising
velocity of the particles; and Ax(x,y,z) is the vertical diffusivity at horizontal location (x,y) and
depth z.

The subgrid-scale displacement in equation (2) is calculated using the random displacement

model as [e.g., Griffa 1996],
Xsgs = (kax)l/zdf (5a)
Vsgs = (Zkyy)l/zdf (5b)

In the above equation, d¢ is a Gaussian white noise with its variance d¢; and k. and k,, are the

effective diffusivity calculated as,

kyx = —((u—u)M) (6a)
kyy = —((v —D)N) (6b)
z Yy (2.8,

where the perturbation particle concentration M (x,y,z,t) = F(x,y,z,t) f_ Oy DAy oD
2o, ks\X,)V,5,

V.5t .
and N(x,y,zt) = F(x,v,2,t) f_zh F(x,yl,p:t(;i:(x?y,si) ds with ¥, (x,y,2,t) = f_zh(u(x, y,5,t) —

w)F(x,y,s,t)ds, and Y, (x,y,2,t) = f_zh(v(x, y,s,t) —V)F(x,y,s,t)ds. Equation (6) is based
on fluid dynamical principles, and is derived by applying the multiscale expansions and the
method of moments on the Fokker-Plank equation for the probability density function of particle
concentrations. It mechanistically takes into the account of the vertical shear of horizontal

currents. Detailed derivation can be found in Liang et al. [2018].

The rationale behind the revised algorithm is that each Lagrangian particle represents numerous
actual buoyant particles that follow a vertical distribution F(x, y, z, t) determined locally by the
balanced between turbulent mixing and buoyant rising at its location. The Lagrangian particles
still move in only the horizontal direction, as the actual particles are still confined in the ocean
surface boundary layer due to their buoyancy. Instead of being moved around by the surface
current as in most existing plastic tracking studies, the Lagrangian particles are advected by

weighted-averaged current (i, ¥) and disperse following the effective diffusivity (kyy, k).
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In this study, Equations (2) to (6) are implemented in the Larval TRANSport Lagrangian model
(LTRANS) [North et al., 2011]. The time advancement follows that in the LTRANS model, i.e.,
the Runge-Kutta 3™ scheme. The LTRANS model is an off-line particle tracking model that is
driven by stored current fields from hindcasting/forecasting ocean models. The model has been
used for the tracking of a variety of ocean particles such as marine organisms [e.g., North et al.
2008] and spilled oil [e.g., North et al. 2011]. The LTRANS model is similar to other Lagrangian
particle tracking models [e.g., Paris et al. 2013; Lange and van Sebille, 2017; Delandmeter and
van Sebille 2019; Peytavin et al. 2021]. The LTRANS model was selected for this study because
it is compatible with outputs using the Regional Ocean Modeling System (ROMS) [e.g.,
Shchepetkin and McWilliams 2005; Haidvogal et al. 2008], namely C-Grid predictions with

sigma-coordinates.

3. Model Application to Riverborne Plastics over the NGOM

To study transport and fate of plastics from the Mississippi and Atchafalaya Rivers, the Texas-
Louisiana (TX-LA) hindcast solutions [Zhang et al. 2012b; Kobashi and Hetland, 2020] were
used to drive the LTRANS model. The TX-LA hindcast solutions were obtained by configuring
the ROMS model at a curvilinear grid that covers the continental shelf off the coast of Texas and
Louisiana (Fig. 1). The horizontal resolution of the model ranges from about 0.5 km close to the
coast to approximately 3 km close to the open boundaries. Submesoscale currents are permitted,
but are not fully resolved with the finest resolutions, while mesoscale and regional-scale currents
are fully resolved in the model solution. Surface boundary conditions were interpolated using the
ECMWEF’s ERA interim data set [Dee et al. 2011], and the lateral boundary conditions were
interpolated from the Global Hybrid Coordinate Ocean Model (Glo-HYCOM) [Cummings and
Smedstad, 2013, http://www.hycom.org] and Global Mercator (https://marine.copernicus.eu).

Other details of the model configuration and extensive validation with observational datasets are
given in Kobashi and Hetland [2020]. Three-dimensional ocean velocities, temperature, salinity,
and eddy viscosity saved at three-hour intervals are inputs to the LTRANS model and are

interpolated to the location of the particles.

In the hindcast solution, eddy viscosity is diagnosed using the generic length scale (GLS) model
[Umlauf and Burchard 2001]. Surface boundary layer depth is not an output of ROMS solutions
using the GLS model for vertical mixing, but is needed in the algorithm presented in section 2.1.

It is therefore determined using model outputs of density and diffusivity profiles. When surface
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forcing is strong, the ocean surface boundary layer is limited by pycnocline and is effectively the
mixed layer. When surface forcing is weak, the surface boundary layer could be shallower than
the mixed layer. To include both scenarios, the bottom of the boundary layer is defined as the
smallest depth where one of the following two criteria is met: (a) the density at the depth is 0.01
kg m™ larger than the surface density; or (b) the vertical diffusivity (4i) at the depth is smaller
than 1x10* m? s and the absolute difference of vertical diffusivity from the model element right
above is smaller than 1x10* m? s™!. Surface momentum and buoyancy fluxes together with the
profiles of density, diffusivity and horizontal currents were examined for a large number of
locations and occurrences and the criteria to identify boundary layer depth is deemed robust. The
same criteria could be applied to determine boundary layer depth when other vertical mixing

schemes are used.

The difference between the horizontal current averaged over the ocean surface boundary layer
(OSBL) and the surface current, i.e., the subsurface current effects for neutrally buoyant particles,
is shown in Figs. 2(e) and 2(f), and the magnitude and direction of the subgrid-scale effective
diffusivity (kmajor and kminor) for neutrally buoyant particles is shown in Figs. 2(g) and 2(h). The
OSBL-averaged current is weaker than the corresponding surface current in regions where the
surface current is strong. The difference from the surface current is more than 30% during non-
summer months over most of the domain. In the summer months, the difference in magnitude is
smaller, and but is still larger than 5% over most of the domain. The magnitude of the SGS
diffusivity is at the order of 10s of m?/s. The SGS diffusivity is highly anisotropic, and its

direction generally aligns with the along-shore direction.

Three groups of simulations are conducted. In the first group of simulations, particles are
assumed to float at the surface and represent particles that have a large rising speed (indicated as
wp = o hereafter). This group of simulations is also used to represent traditional plastic trajectory
simulations where the effects of subsurface currents are neglected. In the next two groups of
simulations, particles are assigned a constant rising speed of 0.5 mm/s and 10 mm/s, respectively.
Observations in the North Atlantic Gyre (Fig. 5 of Reisser et al. [2015]) show that the majority of
plastic particles have a rising speed between the two values chosen in this study, and those being
mixed into the ocean surface boundary layer have a rising speed smaller than 10 mm/s.
Depending on the shape and density of plastics, the two rising speeds correspond to plastic

particles with a size range of sub-millimeter to tens of millimeters [Reisser et al. 2015]. In each

9
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simulation, a total of 1200 particles are released at three different locations, i.e., the outlets of the
Mississippi River (~[28.9°N, 89.45°W)), the Atchafalaya River (~[29.44°N, 91.28°W]), and the
Wax Lake Pass (~[29.47°N, 91.45°W]). The particle releases are repeated on the 1% and 16" day
of each month from January 2008 to December 2015 and a total of 576 simulations were
conducted. A climatology of the trajectory and the fate of plastic particles is established using the
8-year solutions with hourly outputs. The tracking for each particle is conducted until a particle
reaches either the open boundaries or the land boundaries of the computational domain. In this
study, we consider that a particle “beaches” when it hit the land boundary. It has been observed
that buoyant materials that are within hundreds of meters from the land boundary are largely
retained in the region and the nearshore water is called sticky water [e.g., Wolanski and Spangol,
2000] or coastal boundary layer [e.g., Nickols et al. 2012]. It was also shown that waves greatly
enhance the beaching of oil brought to the nearshore ocean by circulations [Weisberg et al. 2017].
While the model grid next to the land boundary has a resolution of a few hundred meters and
does not resolve surf-zone processes, particles that hit the land boundary are considered beached

in this study.
4. Results

Figure 3 shows the mean paths (lines), and the percentage reaching a location of the domain
(heat maps) for particles released from the Mississippi and the Atchafalaya Rivers between 2008
and 2015. Particles from the Atchafalaya River outlet and the Wax Lake outlet is grouped
together as from the Atchafalaya particles as both outlets drain the Atchafalaya River. The total
transit distance, transit time and average speed are summarized in Fig. 3. Here, the total transit
distance is the sum of transit distance using neighboring outputs. The total transit distance is
substantially longer than that shown by the mean trajectories in Fig. 2, as particle motions
associated with eddies and inertial oscillation are smoothed out in the mean trajectories. The fate
locations of the plastic particles in the domain are summarized in Fig. 4. Note that all results in
Figs. 2 and 4 assume that particles are released evenly in time. In reality, plastic fluxes from the

rivers are not uniform in time, as will be discussed in Section 5.

4.1 Simulated Transport and Fate
We will first focus on the climatological trajectory and fate of floating particles (w» = o) as those

particles are the ones tracked in existing plastics transport models. On average, floating particles

10
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move southwestward after leaving the river outlets (Fig. 3(a) and 3(b)) and their trajectories
cover the whole LATEX shelf. Particles from the Mississippi River travel approximately 722 km
over ~37 days and those from the Atchafalaya River travel about 455 km over ~34 days (Fig. 4).
Mississippi River particles transit through regions further offshore and at a >30% higher speed
compared to those from the Atchafalaya River/Wax Lake Outlet, consistent with a previous study
showing that the Mississippi River plume is faster than the Atchafalaya River plume [Zhang et al.
2012a]. Around 65% of the Mississippi River particles and about 90% of the Atchafalaya River
particles stop (or beach) at the land boundary. Particles that stop at the open boundary may move
eastward to other parts of the Gulf with the Mexican Current and some may even leave the Gulf
advected with the Loop Current, as is evidenced by the studies of the fate of the river plume
water [e.g., Hu et al. 2005; Walker et al. 1994]. It is also possible that some of the particles that
stop at the open boundary of the domain re-enter the domain with westward propagating loop
current eddies [e.g., Alvera-Azcarate et al. 2009; Liu et al. 2016] and eventually reach the land
boundary, particularly the coastline west of Louisiana, including that of Texas and portions of
Mexico. The fate of particles that stop at the open boundary can only be evaluated using
circulation fields that encompass the whole Gulf of Mexico. The particle beaching statistics
presented in this study, therefore, are likely conservative estimates. Only slightly more than 20%
of the floating particles from both rivers stop at the coast west of Louisiana. Since the mean
surface current in the LATEX is westward, except during summer when the winds can become

weakly upwelling favorable, only about 20% of the floating particles stop east of their origins.
4.2 Effect of Subsurface Current

Subsurface current alters both the trajectory and the fate of weakly buoyant particles and the
effect of subsurface current increases with decreasing buoyant rising speed (Figs. 3, 4, and 5).
With decreasing rising speed, particles transit through more offshore regions. For example, for
the slowest rising Mississippi River particles (w» = 0.5 mm/s), the mean trajectory ends offshore
of the 50-m isobath while that of faster-rising Mississippi River particles stop inshore of the 50-
m isobath (Fig. 3). They also travel a substantially longer distance and for a significantly longer
period before stopping at the boundaries than the faster-rising particles from the same origin. The
slowest rising Mississippi River particles on average travel >1185 km over >65 days before
reaching the boundaries (Fig. 4). The transit speed is slightly lower for weakly buoyant particles.

This is expected as the surface current is stronger when wind and the background current is in

11



313
314
315
316
317
318

319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334

335
336
337
338

339
340
341
342

the same direction, as is mostly the case over the region. Slower-rising particles (w, = 0.5 mm/s)
have a lower chance of stopping at the land boundary than floating and faster-rising particles do
(Figs. 5(a) and 5(e)). They have a lower chance of stopping at the land boundary of Louisiana
(Figs. 5(b) and 5(f)) but have a higher chance of stopping at the land boundary west of Louisiana
(Figs. 5(c) and 5(g)). The zonal fate of the particles is not influenced by the subsurface current
(Fig. 5(d) and 5(h)).

The effect of subsurface current on the fate of particles could be understood by examining a
transect of horizontal currents (Fig. 6) that is representative of that in the LATEX shelf. The
seasonal cycle of mixed layer depth, the Louisiana coastal current, and the
upwelling/downwelling circulation is evident. Inshore of the 100-m isobath, the alongshore
current is the strongest near the surface and decreases with depth. The alongshore current is
substantially stronger than the cross-shore current. As shown in Zhang et al. [2014], the mean
along-shore current is primarily in thermal-wind balance, driven by the strong cross-shore
density gradient, particularly in non-summer months. The shore-ward current, largely associated
with downwelling circulation, is also surface-intensified. Therefore, slower-rising buoyant
particles have a slower shoreward motion and might stay for a longer period in the ocean before
beaching. At higher frequencies, the inertial and weather band flows often reverse with depth,
creating a two (or more) layer flow; this is in part due to the coastal constraint that confines the
depth average cross-shore flow to be small. Particles rising through this strongly sheared flow
may enhance particle dispersion in the alongshore direction. The mean vertical shear in the
alongshore direction also dominates over that in the cross-shore direction. Therefore, the

effective diffusivity is largely in the alongshore direction (Figs. 2e and 2f).

4.3 Seasonal Cycle
Since both the wind and the circulation show a strong seasonal cycle, the trajectory and the fate
of riverine particles also exhibit strong seasonal cycles (Figs. 4 and 5). For particles of different

rising speeds, the seasonal cycle is qualitatively similar, but quantitatively different.

For Mississippi River particles, both the transit distance and transit time are lower in the first half
of the year than the second half of the year (Figs. 4a and 4b). Particles released between January
and April have a relatively high chance of beaching at the coast of Louisiana (Fig. 5b). During

those months, there is a strong surface-intensified shoreward current driven by downwelling
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favorable wind and the Louisiana coastal current in the largely alongshore direction is westward.
Particles released between May and July have a relatively low probability of beaching and a
relatively high probability of stopping east of the river outlet due to the reversal of the Louisiana
coastal current. Therefore, particles released during the two seasons travel for a relatively short
distance before beaching. Note that the seasonal cycle for beaching at the coast of Louisiana (Fig.
5b) is less evident for weakly buoyant particles (w, = 0.5 mm/s) than for strongly buoyant (w; =
10 mm/s) and floating particles (w, = ). As discussed earlier, weakly buoyant particles are
subject to less influence of the shoreward surface-intensified downwelling current because they
spend substantial time below the ocean surface. The seasonal cycle for Atchafalaya particles

qualitatively similar though less evident than that for Mississippi particles.
5. Transport and Fate of Riverborne Plastics over the LATEX shelf

The riverine plastics discharge likely changes over an annual cycle and so the trajectory and fate
of plastics are therefore different from the averages shown in Figs. 4 and 5. A climatological
plastics discharge from the Mississippi and Atchafalaya rivers has yet to be established. Here, we
use an 11-month observation of plastics flux at the Baton Rouge and New Orleans stations of the
Mississippi River [Toner, 2020] to represent the seasonal plastics flux from the Mississippi and
Atchafalaya rivers (Fig. 7). This is the first observational attempt to quantify plastics flux from
the two rivers. The observations were collected with a Manta net at five stations spanning Baton
Rouge and New Orleans, Louisiana between day 309 (Nov. 5 of 2016 and day 273 (Sept. 30™)
of 2017. The count is for plastics between 0.5 and 5 mm (microplastics), although the size and
shape distributions of the measured plastics are not established. Therefore, plastic particles of
different sizes are assumed to have the same seasonal cycle. Plastics discharge reaches its peak at
around May and is the lowest in late fall and winter. The peak of the plastics discharge lags about
a month behind the peak in the riverine freshwater discharge [e.g., Martinez-Lopez and Zavala-

Hidalgo 2009].

The plastics discharge flux is used to calculate the annual mean statistics for riverine plastics
(Table 1). In the calculation, plastics discharge for October that is missing from the observations
is linearly interpolated from the rest of the time series. Since plastic flux has its peak in late
spring and early summer, the statistics for plastics is influenced more strongly by those months

when buoyant particles travel shorter distances, over shorter time periods, at higher speeds, with
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fewer particles stopping at the land boundaries, in particular the coast west of Louisiana. On
average, Mississippi River plastics travels >600 km over >30 days. Both travel distance and
travel time is more than 50% larger for weakly buoyant plastics than for floating plastics.
Atchafalaya River plastics travels over a shorter distance than Mississippi River plastics. The
difference in travel time is small for floating plastics (w» = ) but is more evident for weakly
buoyant plastics (ws = 0.5 mm/s). At least 50% Mississippi plastics and 80% Atchafalaya plastics
stop at the land boundaries of the LATEX shelf. The percentage is likely higher because plastic
particles that stop at the open boundary of the domain may be swept into the domain again and
eventually reach the land boundary. Subsurface currents move plastics more offshore, as
explained in Section 4.2, and the percentage of plastic reaching the land boundary decreases with

decreasing rising speed.

6. Summary and Future Directions
The major conclusions of the paper are:

(1) An algorithm that mechanistically includes the effect of subsurface currents on the
horizontal movement of buoyant particles is implemented in the Larval TRANSport
Lagrangian (LTRANS) model in a dynamically consistent way. The updated LTRANS
model is readily run in conjunction with for standard output from the Regional Ocean

Modeling System (ROMS) (Sections 2 and 3).

(2) Buoyant particles from the Mississippi and the Atchafalaya rivers on average move

southwestward and cover the LATEX shelf (Section 4).

(3) Both the trajectory and fate of weakly buoyant particles are affected by subsurface
currents. The slowest rising particles on average travel a longer distance for a longer
period at a lower speed. They also are less affected by the surface-intensified
downwelling/upwelling currents, showing a weaker seasonal cycle for beaching in the

state of Louisiana (Section 4).

(4) More than 50% of the Mississippi River plastics and 80% of the Atchafalaya River
plastics stop at the land boundaries of the LATEX shelf. The probability of beaching

decreases with decreasing buoyant rising speed (Section 5).

The modeling framework presented here is not only useful for the tracking of marine plastics, it

can also be applied for the tracking of other weakly buoyant particulate materials in the ocean,
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such as oil droplets and plankton. While oil slicks float at the ocean surface, they are broken into
droplets of 10s to 100s of microns after the application of dispersant. Many planktonic organisms

are also weakly buoyant and have rising speed of a few mm/s or smaller.

There are still uncertainties associated with the estimate of the trajectory and the fate of
simulated riverine plastic particles over the LATEX shelf. Those uncertainties could be reduced
by more accurate plastics flux estimates from the Mississippi and the Atchafalaya Rivers, by
more realistic representation of plastics dynamics and by the resolving more physics in the ocean

circulation fields.

Comprehensive, long-term observations of plastics in the Mississippi and Atchafalaya Rivers,
including particle properties, are needed to better constrain the model. Extreme plastics pulse
events, such as the nurdle spill event near New Orleans in August 2020

(https://www.nola.com/news/environment/article_b4tba760-e18d-11ea-9b0b-

b3a2123cf48b.html), are likely to have a substantial impact on plastics concentration over the

LATEX shelf.

While the rising speed of a Lagrangian particle is constant in the simulation, the rising speed of
plastic particles is variable in the realistic ocean. It could vary due to the change in seawater
density that is significant from river outflows to the open ocean. It could also change due to the
aggregation of plastic particles with negatively buoyant particulate materials of either organic or
mineral origins [e.g. van Sebille et al. 2020]. Since rising speed determines the importance of
particle speed and direction, change in rising speed during their transport influence the pathway

and destine of plastics.

Regarding the physics of the circulation field, the biggest uncertainty may be associated with the
effects of ocean surface gravity waves that are not included in the hindcast solution for the
LATEX shelf. The inclusion of ocean surface gravity waves could alter the trajectories of
buoyant particles in the following two ways. First, waves alter the vertical mixing in the upper
ocean. Waves can enhance vertical mixing by the generation of Langmuir circulation [e.g.,
D’ Asaro 2014] or by the wave orbital velocities [e.g., Dai et al. 2010; DiBenedetto 2020]. Waves
can also suppress vertical mixing when it is in the opposite direction of near-surface current [e.g.,
van Roekel et al. 2012; McWilliams et al. 2014]. The effect of waves on vertical mixing is

important in many regions of the global ocean [Li et al. 2019] including over the Gulf of Mexico
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[e.g., Ali et al. 2019]. Vertical mixing controls the distribution of buoyant particles including
plastics in the ocean surface boundary layer [e.g., Chor et al. 2018; Kukulka and Brunner 2015;
Liang et al. 2012] and therefore the effect of subsurface currents on plastics. In addition to the
effect of waves, recent studies also demonstrate that the northward component of the earth’s
rotation [e.g., Liu et al. 2018] and submesoscale currents [e.g., Hamlington et al. 2014; Yuan and
Liang et al. 2021] could further alter vertical mixing and thereby the effect of subsurface currents
on plastics. Secondly, the wave-induced Stokes drift is important in the transport of floating
materials such as plastics. Ocean surface gravity waves and Stokes drift can be in very different
directions from the wind and the current over the world’s ocean [e.g., Hanley et al. 2010],
including over the Gulf of Mexico and the LATEX shelf [Abolfazli et al. 2020]. In the open
ocean, Stokes drift has been shown to influence the large-scale transport of plastics [e.g., Fraser
et al. 2018; Dobler et al. 2019] when only surface current is considered. In the coastal ocean,
waves refract due to bottom topography and propagate perpendicular towards the shoreline when
approaching the coastline. It was shown that Stokes drift is responsible for oil beaching in the
northern Gulf beaches [Weisberg et al. 2017]. The effect of Stokes drift on plastic propagation
over the LATEX shelf remains to be investigated.

Another important dynamical process not fully resolved in the circulation field is submesoscale
currents. With a spatial resolution of 500 m and an archive interval of 3 hours, the model output
in this study marginally resolves submesoscale currents. Sensitivity studies using 6-hourly
ROMS solutions were also conducted. The particle solutions using 3-hourly and 6-hourly ROMS
outputs are qualitatively the same, though as expected, slightly quantitatively different. In a
recent study that examines the sensitivity of Lagrangian particle solutions to the resolution of
archived hydrodynamic solutions, Dauhajre et al. [2019] showed that the model grid needs to be
finer than about 100 m and the output interval has to be smaller than 30 minutes to fully resolve
the effect of submesoscale currents on tracer transport in the nearshore region (~1 km from the
shoreline) and further reducing model resolution beyond that yield no difference in particle
trajectories and fates. Submesoscale currents also interacts with surface gravity waves [e.g.,
Romero et al. 2020], further altering the effects of both waves and submesoscale currents on
plastic transport. On the other hand, it is still formidable to run a model and archive multi-year
model outputs at that spatial and temporal scale for a regional ocean, as noted by Dauhaire et al.

[2019]. Also, the regional-ocean scale transport is still governed by mesoscale and large-scale
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circulations, the effects of submesoscale currents on the particle distributions in a regional ocean

are another open research question.

All the missing dynamical processes could be straightforwardly added to the modeling

framework described in Section 2. For example, to include the effect of the Stokes drift, (&, ¥)

will be replaced by (ugy + Ugt, Vo + Ve ) With subscripts cir and st implying circulation and
Stokes drift field from a coupled ocean-wave model. To include the effect of wave-induced
mixing, diffusivity with wave-induced mixing will be used as input for 4. To include the effect
of submesoscale currents, circulation fields with a spatial resolution of 100 m archived every 30
minutes will be used as input in an off-line particle tracking model, or an online Lagrangian
particle tracking model, i.e., a model that concurrently simulates particle trajectories and

circulation fields, can be used [e.g., Stanev and Ricker 2020; Ricker and Stanev 2020].

The study also points to the need in plastic trajectory studies that the ocean instrumentation and
observing community could contribute to. As noted by the authors and pointed out by the
anonymous reviewers, there are no observations that accurately follow the motion of the weakly
buoyant microplastics that could be compared with the modeling results. Most ocean drifters and
floats move at the ocean surface or along constant density surface in the ocean interior [e.g.,
Lumpkins et al. 2017]. The only instrument that could follow the turbulent motions of
neutrally/weakly particles in the ocean surface boundary layer, to the authors’ best knowledge, is
the Lagrangian floats developed by Eric D’Asaro [e.g., D’Asaro et al. 1996]. Those floats are
relatively expensive and have only been deployed at small spatial and temporal scales, therefore,
have never been used to study the trajectories of microplastics. The development and deployment
of low-cost weakly buoyant drifters that mimic the motion of microplastics would greatly
improve our understanding of the trajectory and fate of microplastics and other weakly buoyant

particulate materials in the ocean.
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Table 1. Statistics of riverborne plastics over the Louisiana/Texas continental shelf

Origin Wh Distance | Time Speed | Beaching | Beaching | Beaching | East of
[mm/s] [km] [day] | [km/day] [%] west of @ LA | Origin
LA %] [7o] [70]
o0 626.9 31.3 24.5 62.7 18.5 44.2 26.9
Missis
sippi 10 674.5 34.6 23.9 63.6 21.8 41.8 26.7
River
0.5 10432 | 574 22.1 52.6 26.0 26.5 28.2
o0 417.4 31.7 14.5 88.1 18.2 69.9 225
Atchaf
alaya 10 420.6 323 14.1 88.6 19.7 68.9 22.1
River
0.5 690.9 49.2 14.3 80.9 24.0 56.9 21.3
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Figure 1. The geographic location of the simulation domain (solid gray lines) and regional
circulations (thick solid blue lines) including the Louisiana coastal current (LCC), the Mexican
current, the Loop current and the Loop current eddies. The direction of the LCC in the schematic
is for non-summer months. The current reverses its direction during summer months. Both the
colormap and the contours are for water depth. The dashed gray line is the location of the

transect shown in Fig. 6.
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Figure 2. The upper two panels are the maps of surface wind stress (N/m?) in (a) non-summer
(months other than June, July and August) and (b) June, July and August (JJA). Colormap is the
magnitude and arrows indicate the direction. The panels in the second row are maps of surface
current (m/s) in (c) non-summer and (d) JJA. The panels in the second row are the maps of
horizontal currents averaged over the ocean surface boundary layer and the surface currents (m/s)
in (e) non-summer and (f) JJA. Colormap is the magnitude difference between the OSBL-
averaged and the surface currents. The black arrows indicate the direction of the surface currents
and the gray arrows indicate the direction of the OSBL-averaged currents. The bottom two
panels are the maps of effective horizontal diffusivity due to vertical shear of horizontal currents
in the ocean surface boundary layer (m?%/s) in (g) non-summer and (h) JJA. The colormap is for

magnitude while the ellipses are for the direction. The diffusivity is highly anisotropic.
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Figure 3. The annually averaged trajectories (solid blue lines) and heat maps (color, probability
per km?) of plastics from the Mississippi and the Atchafalaya Rivers. Panels (a) to (b) are for
those from the Mississippi River; panels (d) to (f) are for those from the Atchafalaya River;
panels (a) and (d) are for floating particles; panels (b) and (e) are for those with a rising speed of
10 mm/s; and panels (c) and (f) are for those with a rising speed of 0.5 mm/s. Dashed lines are

contours of bottom bathymetry.
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Figure 5. The monthly climatology for the fractions of particles that stop at the land boundary of
the domain (first column), those that stop at the land boundaries of Louisiana (second column);
those that stop at the land boundaries east of Louisiana (third column); and those that stop east of
their origin (fourth column). The upper panels are for particles from the Mississippi River and

the lower panels are for particles from the Atchafalaya River.
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Figure 6. Along-shore (upper row) and cross-shore current (lower row) along the transect
denoted by the dashed gray line in Fig. 1. Positive is for eastward along-shore current and
shoreward cross-shore current, respectively. The solid grey line is the depth of the ocean surface
boundary layer. The left column are averages over non-summer months, i.e., months except June,

July, and August (JJA). The right column are averages over summer months (JJA).
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Figure 7. Monthly climatology of plastic flux in the Mississippi River. The measurement was

taken from November 2016 to September 2017. Details of the measurement are in Toner [2020].
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