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Abstract—To cleanup marine plastics, accurate modeling is
needed. We outline and illustrate a new partial-differential-
equation methodology for characterizing and modeling plastic
transports in time and space (4D), showcasing results for Mas-
sachusetts Bay. We couple our primitive equation model for ocean
dynamics with our composition based advection for Lagrangian
transport. We show that the ocean physics predictions have skill
by comparison with synoptic data. We predict the fate of plastics
originating from four sources: rivers, beach and nearshore, local
Bay, and remote offshore. We analyze the transport patterns
and the regions where plastics accumulate, comparing results
with and without plastic settling. Simulations agree with existing
debris and plastics data. They also show new results: (i) Currents
set-up by wind events strongly affect floating plastics. Winds
can for example prevent Merrimack outflows reaching the Bay;
(ii) There is significant chaotic stirring between nearshore and
offshore floating plastics as explained by ridges of Lagrangian
Coherent Structures (LCSs); (iii) With 4D plastic motions and
settling, plastics from the Merrimack and nearshore regions
can settle to the seabed before offshore advection; (iv) Internal
waves and tides can bring plastics downward and out of main
currents, leading to settling to the deep bottom. (v) Attractive
LCSs ridges are frequent in the northern Cape Cod Bay, west
of the South Shore, and southern Stellwagen Bank. They lead to
plastic accumulation and sinking along thin subduction zones.

Index Terms—Ocean modeling, Lagrangian field analysis, Flow
map composition, Marine plastic, Settling, FTLE, Lagrangian
coherent structures, Massachusetts Bay

I. INTRODUCTION

Since the 19" and early-20*" century, plastics have become
ubiquitous in the world. They have outgrown most man-made
materials: plastics global volume production has surpassed that
of steel in the late 1980s [17]. Plastic pollution has proliferated
globally, in our lands, rivers and oceans, in wildlife, livestock
and consumables, and even in snow from the Alps to the
Arctic [4]. Plastic pollution has been described as the next
planetary crisis after ozone depletion [78]. Solving this crisis
can be broken into two problems: engineering sustainable
alternative materials and environmental cleanup of existing
plastic contamination, especially in the oceans. The latter
problem is of high importance due to the long decay times
of most polymeric materials in nature. One of the challenges
is the accurate characterization and modeling of the dynamics
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of marine plastics, from local to global scales. This is one of
our motivations.

The need for comprehensive modeling and smart observing
of marine plastic pollution is rapidly increasing. This is in part
because of the societal realization of the dangers posed by ma-
rine microplastics. A major recent effort is that of the “Ocean
Cleanup” team [77] who plans to remove surface plastic by
utilizing floating collection devices and the ocean currents to
gather debris, creating ‘sinks’ for collecting plastics. As part of
this effort, Lebreton et al. [46] modeled and measured plastic
concentration in the Great Pacific Garbage Patch (GPGP), and
found evidence that the patch is rapidly accumulating plastic.
They estimated that more than three-quarters of the GPGP
mass consisted of debris larger than 5 cm and that at least 46%
of it was comprised of fishing nets. These findings suggest that
cleaning larger plastics (macroplastics) is an important task.
They also indicate that macroplastics found in the open-ocean
likely have sources other than rivers.

Prior studies on marine plastic pollution can be classified
into observational and modeling efforts. Observational studies
are important because they help us understand the dynamics
of plastics in the ocean, and thus could guide the development
of plastic models [e.g. 9, 45]. Modeling studies either utilize
a global or a regional ocean model to track the dispersion
of plastics, using plastic observations for initialization, source
functions, and parameter tuning [e.g. 16, 46]. Most studies
model plastic as a passive tracer on the surface. However,
winds can cause subsurface mixing of microplastics [41];
thus three-dimensional plastic transport models are needed.
To go beyond passive tracers, dynamic plastic models are also
required to account for sinking, fragmentation, interaction with
biology (biofouling), etc. [e.g. 44, 32]. In this spirit, theoretical
developments in the motions of finite size particles in fluid
flows [e.g. 26, 75] could be extended to modeling of larger
plastic pieces as inertial particles. Finally, several modeling
efforts are source-inversion studies, with the aim of better
locating the sources of plastic pollution [e.g. 35, 34, 2, 39].
For such efforts, high-resolution regional modeling is needed
to better identify the main sources and best mitigate pollution.

There are many pathways through which plastics end up in
the coastal ocean. The prominent sources are river and sewage



discharges, beach and nearshore litter, and inflows from the
local and remote oceans. Both macroplastics and microplas-
tics contaminate coastal waters. The focus of the present
study is to outline and illustrate a new partial-differential-
equation (PDE) methodology for characterizing and modeling
such plastic transports in time and three-dimensional space
(4D), showcasing results for Massachusetts Bay (Mass. Bay).
Specifically, we couple our primitive equation solver for ocean
dynamics [24, 22] with our composition based advection
solver for 4D Lagrangian transport [42]. We quantify the skill
of our ocean physics predictions by comparison with synoptic
data. We then forecast for Mass. Bay the fate of plastics
originating from four different sources: rivers and sewage,
beach and nearshore, local Bay, and remote offshore. We
analyze the transport patterns and the regions where plastics
tend to accumulate, comparing the results obtained with and
without plastic settling. We evaluate our simulated transports
and attracting regions using debris and plastic data from the
literature and local monitoring systems. Finally, we illustrate
global-scale estimates of plastic concentrations.

The paper is organized as follows. The methodology is
outlined in Section II. The 4D predictions of ocean physics
and plastic transports for Mass. Bay are showcased, analyzed,
and evaluated in Section III. Global scales estimates of plastic
concentrations are in Section IV. Conclusions are in V.

II. METHODOLOGY: OCEAN AND PLASTIC MODELING

Ocean currents and dynamics are required to model the
influx, transport, dispersion, and accumulation of plastic waste
in marine systems. Rigorous Lagrangian analyses are essential
to understand and predict such transport characteristics, ideally
including settling, fragmentation, and degradation, for the
main plastic classes. To plan and implement mitigation and
cleanup strategies, understanding the origins and prominent
sources of plastics entering the worlds oceans is needed.
Identifying regions where plastics are prone to be mixed
and regions where plastics remain contained is equally use-
ful. Finally, such studies should be performed in full three-
dimensional (3D) domains as subduction zones and verti-
cal mixing may have key impacts on plastic transport. Our
methodology to address such modeling is outlined next.

A. Ocean Modeling

To model the ocean, we use PDEs that govern the 4D ve-
locity, temperature, and salinity fields, the so-called primitive-
equations [11], here also with a dynamic ocean free-surface
field and tidal and atmospheric forcing. The modeling system
is our Multidisciplinary Simulation, Estimation, and Assimi-
lation System (MSEAS) [24, 62, 22]. It has been used around
the world’s oceans [49, 57, 68, 23, 19, 71, 6, 37, 50, 52, 55].
Applications include monitoring [53]; real-time acoustic pre-
dictions and DA [85, 43, 56, 13]; environmental predictions
and management [3, 7, 8]; relocatable rapid response [74, 12];
path planning for autonomous vehicles [76, 60, 59, 54]; and,
adaptive sampling [48, 28, 29]. MSEAS has been tested and
validated in many real-time forecasting exercises [49, 19, 71,

56, 20, 51, 1, 50, 52, 55, 69]. Recently, we issued multi-
resolution forecasts of 3D Lagrangian transports, coherent
structures, and their uncertainties, and guided drifter releases
for optimal sampling (NSF-ALPHA). Using ensemble meth-
ods [48], we issued large-ensemble forecasts at high-resolution
for 3D underwater-GPS exercises (POINT). MSEAS also
includes finite-element codes for non-hydrostatic dynamics
[81, 83] and a stochastic modeling framework [80, 82].

B. Plastic Modeling

In the present study, we model marine plastics motions as
Lagrangian transport with vertical settling. In the horizontal,
plastics thus travel with ocean currents, i.e. they are passively
advected by the flow. In the vertical, their motion is however
driven by 2 components: (i) w, the ocean velocity in the
vertical, and (ii) ws, the local settling velocity of the plastic
material. That is, the total vertical velocity is wiot(x,t) =
w(x, t)+ws(x,t), where x is the 3D position in the domain of
interest  and ¢ is time, with ¢ € [0, T']. An implicit assumption
is thus of quasi-staticity, i.e. the material is assumed to reach
the settling velocity immediately.

We denote the plastic field by a(x,t). We assume that the
plastic quantity a(xg, tp) that was at location x¢ at time tg is
transported with the underlying fluid parcel that was at location
Xq at time %y and also settles due to the buoyancy effects, and
ends up at location x at time ¢. Thus, we have:

a(x,t) = a(xo, to) = ap(x0) - (1)
However, the motion of the fluid parcel is governed by,
x(t) = v(x(t), 1) ,

where v(x,t) is the velocity field in §2. As described earlier,
the motion of the plastic field can then be written as:

Xo(t) = v(x(t),t) + ws(x(t),t) = veor(x(t), )  (3)
given x(tp) = Xq .

given X(to) = Xp , (2)

For the dynamical system given by eq. 2, the forward flow
map between times ¢y and ¢1(> to) is defined as:

1, (x0) = x where x(t) = v(x(t),t) with x(to) =xq . (4)

That is, the forward flow map is simply the position of the fluid
parcel at some later time (¢) mapped onto its initial position (at
to). The inverse of the forward flow map, called the backward
flow map is given by eq. 5, where now the transport ODE (2)
is solved in backward time with a specific terminal condition,

¢f,(x) =x¢ where x(t) = v(x(t),t) with x(t) =x. (5)

Similarly, one can also define the forward and backward flow
maps for the modified dynamical system (eq. 3) that accounts
for plastic settling. These are given by eqs. 6 and 7,

1, (x0) = x where X(t) = vyor(x(t), ) with x(tg) = xo (6)
¢}, (x) = xo where X(t) = vioi(x(t), 1) with x(t) =x (7)
Substituting eq. 7 in eq. 1, we obtain eq. 8 that concisely states

a(x,t) = ag(9}, (x)) - (8)



Eq. 8 implies that computing the plastic transport amounts
to computing the flow maps of the underlying (modified)
dynamical system and composing the said flow maps with
the initial condition.

The forward and backward flow map fields also provide
a wealth of information about the flow characteristics over
the time interval of interest. ‘Finite time Lyapunov exponents’
(FTLEs), which are the logarithmic scaling of the singular
values of the Jacobians of these maps are often used to
identify Lagrangian Coherent Structures (LCSs) [70, 27]. Two
parcels that are close to each other at initial time but on
different sides of a forward FTLE ridge will tend to advect
further apart from each other than other parcels, and thus
forward FTLEs approximate repelling coherent structures. On
the other hand, ridges of the backward FTLEs act as repelling
coherent structures in backward time, i.e. attracting coherent
structures in forward time. Several other theories and metrics
rooted in the flow map are used to determine attracting -
repelling manifolds, coherent - incoherent material sets and
other quantities of interest in fluid flows [25, 21, 18].

The typical trajectory-based approach to compute flow maps
is to solve eq. 2 in forward or backward time using time-
marching schemes for all possible initial conditions. However,
for continuous fields, the same can also be achieved by solving
a single PDE whose characteristics are described by the said
ODE. Specifically, one can obtain the backward flow map ¢
by solving the PDE (9) forward in time from time 0 to ¢, with
the initial condition a(x) = x:

Ja

e +v-Va=0; ag(x) =x then a(x,t) = ¢ (x) . (9)

The flow map can then be composed with the tracer initial
condition to obtain the advected tracer field. Finally, instead of
computing the flow maps over the entire considered interval,
it is beneficial to compute flow maps over smaller intervals
and then compose them appropriately to obtain the flow maps
over the larger time interval. Specifically:
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(10)
(1)

We refer to this method are the ‘method of flow map compo-
sition’. Composing such independent flow maps over smaller
intervals presents the opportunity to parallelize the computa-
tion in the temporal direction, yielding a significant speedup.
The individual flow maps are computed over a short interval
and hence introduce minimal numerical errors. Further, the
individual flow map computations are independent and hence
the numerical errors are not compounded, which results in a
much lower total error. Further details can be found in [42].

III. PLASTIC PREDICTIONS IN MASS. BAY
A. Mass. Bay Regional Dynamics

The circulation in Mass. Bay is commonly from north to
south and remotely driven from the Gulf of Maine coastal
current and mean wind stress. However, it varies seasonally
and in response to wind events. The coastal current can have
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Fig. 1. MSEAS PE Mass. Bay modeling domain (boundary shown in
magenta) and bathymetry (m).

three branches [47]: one goes around the Bay, one enters the
Bay but not Cape Cod Bay, and one flows along Stellwagen
Bank, without entering the Bay. Two gyres are often present:
one in Cape Cod Bay and another to the north of Stellwagen
Basin, but their sense of rotation is variable. Below the main
pycnocline, currents are usually of smaller amplitudes than,
and of directions opposite to, the main buoyancy flow.

B. Mass. Bay Ocean Predictions

1) Ocean Simulation Set-up: Our MSEAS-PE modeling
system was used to produce analyses and forecasts for Mass.
Bay. The modeling domain (Fig. 1) off the northeast US coast
has a 333 m horizontal resolution and 100 vertical levels with
optimized level depths (e.g., in deeper water, higher resolution
near the surface or large vertical derivatives, while at coasts,
evenly spaced to minimize vertical CFL restrictions). The
bathymetry was obtained from the 3 arc-second USGS Gulf
of Maine digital elevation model [79]. The sub-tidal initial
and boundary conditions were downscaled from 1/12° Hybrid
Coordinate Ocean Model (HYCOM) analyses [10] via opti-
mization for our higher resolution coastlines and bathymetry
[22]. Local corrections were made using synoptic CTDs
of opportunity. Tidal forcing was computed from the high-
resolution TPXO8-Atlas from OSU [14, 15], by reprocessing
for our higher resolution bathymetry/coastline and quadratic
bottom drag (a nonlinear extension of [58]). The atmospheric
forcing consisted of hourly analyses/forecasts of wind stresses,
net heat flux, and surface fresh water flux from the 3 km North
American Mesoscale Forecast System (NAM) [63].

2) Atmospheric Forcing: The wind stress fields used to
force our simulations were computed from wind fields pro-
vided by the National Centers for Environmental Prediction
(NCEP) NAM forecasts (3 km at 1 hr temporal resolu-
tion) [63]. Our analysis of these winds showed six moderate
wind events (stresses at least 0.1 N/m?) and one major
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Fig. 2. Comparison of MSEAS-PE simulated temperature (°C; black line) and NDBC buoy temperature (red line) between August 19 12Z and September 13 0Z,
2019, at buoy 44029 (off Gloucester, MA; left), 44073 (near Isles of Shoals; center; stopped recording on August 31), and 44090 (Cape Cod Bay; right).

event. Specifically, during the first event (Jul. 31-Aug. 1), the
prevailing winds were toward the northeast; during the second
(Aug. 7-8), toward the northeast; during the third (Aug. 21—
22), toward the north-northeast; during the fourth (Aug. 24—
26), toward the west-southwest; during the fifth (Sep. 2-3),
toward the north; and during the sixth (Sep. 4-5), toward the
northeast. Finally, on Sep. 7-8, tropical storm force winds
from Hurricane Dorian were first toward the northwest, then
transitioned toward the southwest. At all other times during the
study period, winds were generally light and variable. Also
computed from NCEP NAM fields were net heat flux and
evaporation minus precipitation (E-P); analysis of the daily-
averaged net heat flux fields revealed cooling events on Aug. 6,
14-17, and 25, Sep. 1-2, 67, and Sep. 12; analysis of the
daily-averaged E-P fields revealed significant rain events on
Jul. 31, Aug. 8 and 29, Sep. 3, and Sep. 7.

3) Ocean Observations:

Temperature Buoys. Temperature fields predicted by our
simulations were compared to data recorded by four buoys
from the NOAA National Data Buoy Center (NDBC) [64].
One buoy (44090) is located near the center of Cape Cod
Bay; two (44013, 44029) are near the center of Mass. Bay;
the remaining one (44073) is by the Isles of Shoals, near the
northern boundary of our modeling domain. Data depths range
from 0.46 m to 1 m. The temporal resolution is 30 minutes
for buoy 44090 and 1 hour for the other buoys.

CTD Data. During Aug. 2019, the National Marine Fishery
Service conducted one of their regular surveys of the US
eastern seaboard (ECOMON GU1902 survey [65]). As a part
of this survey a number of CTD profiles were taken in the Gulf
of Maine, including eight profiles in our modeling domain. The
8 profiles were collected on Aug. 28.

Historical Current Meter Data. Data from a 2011 survey of
Boston Harbor and Mass. Bay were obtained from the National
Oceanic and Atmospheric Administration (NOAA) [67]. These
data consist of time series of velocity measurements at 2—10
minute intervals and at 10-20 depths at a single location. For
this survey, the duration was a bit over 1 month.

4) Ocean Model Validation and Data-Model Comparisons:
Mass. Bay has a fairly small extent (roughly %O x 1°) and
even smaller features affecting its circulation (e.g., Cape Cod,
Cape Ann, narrow coastal currents, river inputs). It is therefore
not feasible for a ﬁo global model to resolve its dynamics.
Hence, part of our downscaling methodology includes the use
of in situ data to correct the under-resolved fields. We were

able to acquire synoptic CTD data from the NMFS [65]. We
computed differences between these profiles and the HYCOM
fields and objectively mapped these error profiles to correct
the downscaled HYCOM IC/BC fields.

We used the historical NOAA current meter data to improve
our tidal forcing. From these data, time series of the barotropic
velocities were constructed. Tidal constituents were then best
fit to these series using the UTide code [5]. These were then
used to tune the bottom drag and friction parameters in our
barotropic tide model. The tuned tidal fields had a 30% smaller
RMSE than the original global TPXOS fields [14]. These tuned
tides were then used to force our MSEAS-PE simulations.

Having employed the CTD profiles in the downscaled
IC/BCs, they are no longer independent validation data. Hence,
for such validation, we used other data, including NOAA
NDBC buoy data [64]. In Fig. 2, we show the comparison
of near-surface temperature data from the buoys (red curves)
to the MSEAS-PE simulated temperature interpolated to the
buoy positions/depths (black curves). Given the uncertainties
in the 3 km atmospheric forcing and those arising from the
unresolved processes in the downscaled IC/BCs, we do not
expect tight matching in these point comparisons. Nonetheless,
we find that the MSEAS-PE produces similar daily cycle
excursions (both in amplitude and frequency). We also see
that the general trends and events do align well and that the
mismatches (typically between 0 and 2 °C) are what we expect
for the given uncertainties. We also note that by September, for
the two buoys that recorded data, the accuracy becomes very
good. Comparisons with SST and HF-radar data (not shown)
also indicate acceptable simulations.

5) Simulated Dynamics: During Aug.—Sep. 2019, several
wind events modified the coastal circulation, as in [47, 3].
Initially, the flow in the thermocline (30 m) enters Mass. Bay
from the north by Cape Ann (Fig. 3d). It proceeds southward
to the west of Stellwagen Bank and enters Cape Cod Bay. The
flow then moves up the shallower bathymetry of Cape Cod
Bay and joins an upper layer (10 m) anticyclonic circulation
in Cape Cod Bay before it exits Mass. Bay by Race Point (Fig.
3a). Also during this period, a number of small eddies persist
in the upper layers of north and central Mass. Bay but below
the mixed layer. Following the wind event of August 24-26,
the 30 m southward flow is displaced east of Stellwagen Bank
(bypassing Mass. Bay; Fig. 3e). In the upper layers (10 m) a
cyclonic coastal circulation is established all along Mass. Bay,
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Fig. 4. MSEAS-PE simulated temperature (Aug 21, 2019) in a section through
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including a cyclonic coastal flow in Cape Cod Bay (Fig. 3b).
The small subsurface eddies are replaced by a large cyclonic
eddy in northern Mass. Bay whose western side is part of
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the cyclonic coastal circulation. During Aug. 26-31, the 30 m
flow reestablishes itself in Mass. Bay. The 30 m inflow by
Cape Ann is maintained through the wind event of Sep. 2-3,
along with the general southward flow in the northern half of
the Mass. Bay (Fig. 3f). South of 42° 12°, the flow is still
mainly south but with some rising along bathymetry on the
western side and in Cape Cod Bay. At 10 m depth south of
42° 6’, the remnants of the cyclonic coastal circulation carry
the water that came up from 30 m around to the south of
Cape Cod Bay where it again climbs topography to join an
anticyclonic circulation at the surface (Fig. 3c). These overall
conditions are modified by tides and resulting internal tides
and solitary waves generated by the bathymetry, especially
from Stellwagen Bank (Fig. 4).

C. Mass. Bay Plastics Predictions: Surface Passive Tracers

We now showcase the method of composition to predict and
analyze plastic transport in Mass. Bay, using the MSEAS-PE
4D current fields. We first consider surface plastics and assume
that plastics are passively advected by the surface ocean flow
during Aug. 16-Sep. 5, 2019. We consider four initial sources
of surface plastics: (i) river mouths, (ii) beach and nearshore,
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Fig. 5. Surface plastic location initially and after 10 and 20 days of simulated passive advection. Red denotes plastic originating at the mouth of the Merrimack
River, beige plastic originating at the shoreline, blue plastic originating in the rest of the Mass. Bay domain, and white plastic originating outside the domain.
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(plastics entering the domain during the simulation), as shown ason y !
in Fig. 5(a). The final surface plastic field after 10 and 20 days /

of passive advection are shown on Figs. 5(b) and (c), respec- I
tively. We observe that there is significant stirring between 4275
the nearshore and interior plastics, especially over 20 days.

Further, plastics from the Merrimack River mouth exit the 42isol
domain through the northern boundary. This is largely driven

by winds over the first 3 days. Although not strong, the daily I
average winds are consistently to the northwest during this 4229
time, north of Cape Ann, while the instantaneous winds are to

the northwest and north-northeast. We further observe that the I
surface waters (and hence the passively advected plastics) that 42

start around the Stellwagen Bank area are replaced by waters |
from outside the domain especially after 20 days. 173
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(a) Backward FTLE field over 10 days

Comparing the advected fields (Fig. 5) with the attracting
FTLE fields (Fig. 6), we clearly observe the chaotic stirring in
the Stellwagen Bank and BaSin’ and BOStOIl ha'rbor regions’ as Backward FTLE between 16-Aug-2019 12:00:00 and 05-Sep-2019 12:00:00 GMT
delineated by the presence of several entangled FTLE ridges. . I
We also observe strong attractive ridges near Cape Cod that e 4
include regions of subduction. These ridges attract the surface I
waters and also the passively advected plastics in this region, 4273
as corroborated by Fig. 5(b). Much of the beach and nearshore
plastic from northern Mass. Bay is flushed into the Stellwagen |
Bank/Basin stirring region by the cyclonic circulation set up 259
during the wind event of Aug. 24-26 (see Sect. III-B5). The
cyclonic circulation established in Cape Cod Bay by the same msl
wind event also drives the beach and nearshore plastic from
the “Upper Cape” (southwest portion of the Bay) into the
attracting ridges of the northern Cape Cod Bay, while the
beach and nearshore plastic from the “Middle Cape” (southern
portion of the Bay) is driven to the western shore of the 41JSI
“Lower and Outer Cape” (southeast corner of the Bay). Later, R4 Y
the surface anticyclone that develops from the Sep. 2-3 wind e 71w 70°W
event flushes the plastic off this south-southeast corner of the (b) Backward FTLE field over 20 days
Bay and into the large patch that develops in western Cape Fig. 6. Predicted backward (i.e., attracting) FTLE fields over the Mass. Bay
Cod Bay extending northeast to Stellwagen Bank. domain: (a) Aug. 16-26 and (b) Aug. 16-Sep. 3, 2019.
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D. Mass. Bay Plastics Predictions: 3D active tracers with /
without settling

We now analyze 3D simulations of plastic transport, with
and without plastic settling. For this settling, we assume that
the plastic settles down homogeneously at a vertical velocity
of 1 m/day (based on published values [31, 36, 38, 40]). In
reality, plastics of different types and sizes settle at different
velocities. Further, the local dynamics (such as the temperature
and density) also affects settling velocities.

Plastics are now initialized within a 10m deep layer at the
surface. We highlight the same source regions as before: mouth
of Merrimack, beach and nearshore, offshore inside domain,
and offshore outside. Fig. 7 shows the final plastic positions,
but colored with their final vertically-averaged depths, after
10 days of advection and settling.

Most of the plastics that start at the mouth of the Merrimack
settle to the bottom near the coast (especially off Plum Island).
Some plastics make it as far south as Cape Ann. We find that
the majority of the plastics that started nearshore also settle
in shallow water. A large portion of that nearshore plastics
in western Cape Cod Bay follows the cyclonic flow which
develops from the August 24-26 winds (Sect. III-B5) to end
up along the western shore of Cape Cod. A bit of plastics
that started nearshore sink deeper in the interior of Mass.
Bay. Some of the plastics that start within Mass. Bay, but
away from the shore, manage to get closer to the shoreline
(following the cyclonic coastal circulation, especially near the
South Shore). However, most remain in the interior but sink
deeper, especially in Stellwagen Basin where large solitary
waves from Stellwagen Bank may bring the plastics to depth
where they become entrained in the deeper flows, see Fig. 4.
Finally, we observe a sizable influx of plastics from outside
the domain, mainly from the eastern boundary. These plastics
have 3 distinct zones: (i) the ones that end up near the eastern
boundary of Cape Cod rise close to the surface (following
flows forced up topography, not shown); (ii) the ones at the
eastern boundary of the domain settle deeper, around 85m;
and (iii) the others settle at around 50 m. The regions outside
Mass. Bay have a general slight bias towards downward ocean
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| 42.28

vertical velocities at depth in this time period (not shown). The
regions where plastics reach 85m are regions where internal
tides are frequently propagating (not shown), with smaller
amplitudes than the solitary waves of Stellwagen Basin but
more wide spread. These waves can give an initial downward
impetus into the zones with the slight downward bias.

When comparing these results with those from Fig. 5, we
observe that plastics that started at the mouth of the Merrimack
sink before they can exit the domain (as they did in Fig. 5).
We also find that in the 3D case, the plastics that started off
near the coast do not spread as much. They instead accumulate
and sink around the attracting ridges at the surface near Cape
Cod, indicating subduction. Finally, we also observe that when
settling is on, plastics that enter our modeling domain from
the outside do not advect west (towards the coast) as much as
they did in the case of 2D floating plastics, see Fig. 5(b).

E. Mass. Bay Plastics Observations

There are no sustained comprehensive plastic observation
programs in Mass. Bay, but debris and plastic data have
been collected in the region off and on in the past decades
[72, 61, 84, 66]. In the Gulf of Maine, [30] find that most
debris from beach cleanups appear to be from shore-based
sources, while commercial fishermen account for half of the
ocean-based debris. Overall, the Northeast region, with a
limited population growth, has relatively limited land-based
and general-source debris loads [73].

Mortimer [61] observed surface debris and humpback
whales from 17,700 km of trackline by commercial whale
watch vessels during the summer of 2014. These synoptic
data indicate that plastic and other floating trash and debris
concentrated in several areas, in accord with our modeling
results. Plastics were found in the region from the South Shore
(e.g. Scituate) to Provincetown, and the southwest corner of
Stellwagen Bank, as in Fig. 5 and in accord with FTLEs.
Another region was around the northwest corner of Stellwagen
Bank, but plastics there were more dispersed, again in accord
with our simulation results. The MWRA samples the Mass.
Bay outfall every year and has completed debris and plastic
surveys [72]. They found that much of the surface debris
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Fig. 7. Predicted final spatial location and depth of marine plastics after 10 days of advection with settling (Aug. 16-26) when starting within 0—10 m depth,
from the: (a) mouth of Merrimack, (b) shoreline, (c) offshore inside domain, and (d) offshore outside. Final location colored by vertically-averaged depth.



caught in tows were likely advected by wind-driven currents,
as in our simulations. Several smaller debris and plastic pieces
were also sampled, indicating that microplastics from rivers
and offshore sources were also present.

IV. GLOBAL-SCALE ESTIMATES OF PLASTIC TRANSPORTS

Considering the global ocean, a critical question in the
context of plastic cleanup efforts is simply the size of the area
that must be filtered in order to remove a significant fraction
of floating plastics. Fig. 8 shows an estimate of global plastic
distribution using classic particles seeded in the eddy-resolving
HYCOM velocity fields. This result suggests that the so called
garbage patches extend for millions of square kilometers.
Similar experiments (not shown) carried out with coarse-
resolution models result in much smaller patches, indicating
that small-scale eddies act to spread out the patches. Global
simulations can also estimate the transports of plastics across
different oceans. This is important for international regulatory
frameworks given that plastic sources are inhomogeneous [33].
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Fig. 8. Global concentration of plastics estimated using passive particles in
the eddy-resolving HYCOM model. The size of the 5 global garbage patches
are delineated by black contours containing 50% and 90% of the plastics in
each basin, and the center of mass shown as a black dot.

V. CONCLUSIONS

In this work, we outlined our MSEAS coupled data-driven
ocean modeling and Lagrangian transport PDE methodology
for marine plastics, and showcased results in Mass. Bay.

We showed that our ocean physics predictions had skill
by comparison with synoptic data. We predicted the fate of
plastics originating from four sources: rivers, nearshore, local
Bay, and remote offshore. We showed that the distribution
of floating plastics vary in time and space, often in response
to wind-driven ocean circulations. However, intermittent pref-
erential locations are likely since wind events tend to be
similar. We also found that: (i) Currents set-up by wind events
strongly affect floating plastics. Winds can for example prevent
Merrimack outflows to reach the Bay; (ii) There is significant
chaotic stirring between nearshore and offshore floating plas-
tics as explained by ridges of Lagrangian Coherent Structures
(LCSs); (iii) With 4D plastic motions and settling, plastics
from the Merrimack and nearshore regions can settle to the
seabed before offshore advection; (iv) Internal waves and tides
can bring plastics downward and out of main currents, leading

to settling to the deep bottom. (v) Attractive LCSs ridges are
frequent in the northern Cape Cod Bay, west of the South
Shore, and southern Stellwagen Bank. They lead to plastic
accumulation and sinking along thin subduction zones. Our
study can help guide plastic cleanup strategies in the region.
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