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ABSTRACT

The accumulation and export of microplastics are associated with growing negative socio-environmental
impacts, which are intensified in coastal and estuarine areas. The Santos Estuarine System is the most
populous estuarine region and the largest seaport in Brazil, where the movement and accumulation of mi-
croplastics is an integrated effect of diverse hydrodynamic conditions. To identify the vulnerability of pollution
by microplastics in extreme conditions of sea surface elevation in this complex estuarine region, the coupling
between Lagrangian and Eulerian modelling was employed, an approach that has become popular in the
study of ocean movements. The trajectories of microplastics from potential sources were modelled using
Opendrift, forced by currents from the Eulerian model Estuarine, Coastal and Ocean Model (ECOM), and
waves from Wavewatch Ill. Particle concentrations and three-dimensional stochastic probability of contact
with the continent were evaluated, demonstrating that, regardless of the sea surface elevation condition, mi-
croplastics are more exported to the South Brazilian Bight than accumulated on the margins and/or bottom
of the system. During higher elevations of the sea surface, there is a greater accumulation of microplastics
on the estuary margins, with spring tide promoting faster accumulation. Although the entire coastline of
Santos and adjacent beaches are prone to the largest accumulations, portions further to the Northeast of
the estuary have not shown the propensity to be contaminated with microplastics released into estuarine
channels. The highest concentrations are actively drifting in the system’s water column.

Keywords: Lagrangian drift, ocean modelling, plastic pollution, Opendrift

INTRODUCTION s use for its production and logistics characteristics
10 (Lebreton et al. 2017, Sterl et al. 2020) — is noto-

Marine pollution is the first of the challenges of the ™ riously a form of growing pollution, having already

United Nations Oceans Decade, being relevantto ™ been detected in all marine environments (Van Se-
understanding and mapping sources of pollutants ' bille et al. 2012). Plastic degradation occurs due
and contaminants released into the sea. in addi- ' !0 environmental conditions, leading to plastic pol-
tion to their potential impacts on human health and s lution from macro to microscale (< 5 mm) (Poulain
marine ecosystems (MacLeod et al. 2021). The et al. 2018). Plastic particles on such a scale af-

accumulation of microplastics — due to widespread 7 fect the biosphere metabolically and structurally
1s  (Kershaw et al. 2019), as well as ecologically, en-

19 compassing impacts on food webs and changes
20 in biogeochemical cycles (Egger et al. 2020, Malli
a1 etal. 2022).

2 The coastal region is where the initial phase of
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the processes of variations in the size and proper-
ties of plastic debris takes place, due to the high en-
ergy of the coastal and estuarine systems combined
with the presence of abrasive elements (Kershaw
et al. 2019, Hardesty et al. 2017). However, the
use of numerical models to track and predict these
particles is more often with low spatial resolutions (>
1/12°) to the open ocean (Krelling et al. 2017, Kaan-
dorp et al. 2023).

The Santos Estuarine System (SES) (24°S,
46.3°W), on the South Brazil Bight (SBB), is an
important study area, covering 30 km in an east-
west direction and 19 km in a north-south direction
(Marengo et al. 2017). Due to its interconnected
estuarine channels, it has two connections with the
ocean and houses the largest maritime port in Brazil
(Porto de Santos) (Costa et al. 2020).

In an estuarine system such as Santos, the main
factors controlling plastic drift can be summarised in
the tide, abundance of microplastics, rainfall, wind,
Stokes drift, and buoyancy. The effect of the ebb
tide is to transport particles from the estuary to the
ocean, and in flood tide to reintroduce such particles
(Malli et al. 2022). Furthermore, the abundance of
microplastics is higher in the estuary beds during
the neap tide, and in the water column during spring
tide (Gorman et al. 2020).

The increase in flow associated with rainfall is ca-
pable of resuspending microplastics in the water col-
umn (Piehl et al. 2020), and remobilising particles
trapped in vegetation cover (Pinheiro et al. 2021).
Concomitantly, the wind affects the suspension and
deposition of microplastics (Strand et al. 2021), be-
ing able to import or export low-density films and mi-
croplastics to the estuary. Furthermore, microplas-
tics are redistributed in the water column due to
turbulent mixing caused by wind. Wind also causes
Stokes drift - due to the displacing of the particle
from its final position after a wave period (Dagestad
& Rohrs 2019).

An anomalous situation of meteo-oceanographic
conditions in a coastal and estuarine system, with
great economic and environmental impact, are the
storm surges - a constructive sign of the astronom-
ical and meteorological tide with the influence of
the local geomorphology (Costa et al. 2020). Storm
surges influence the dispersion and accumulation
of pollution in the coastal zone (Seiler et al. 2020).
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Such a direct influence of sea surface elevation on
the transport of pollutants becomes more prominent
in matters of climate change, and the consequent in-
crease in the frequency of cold fronts, storm surges,
as well as the epitome of the general rise in mean
sea level (Goldenberg et al. 2001).

Several coastal-scale studies have investigated
the transport and accumulation of plastic debris in
Brazil. In the Paranagua estuary, research has
tracked the movement of plastic waste (Krelling
et al. 2017). In the Santos estuary, seasonal vari-
ability in microplastic accumulation has been anal-
ysed, highlighting differences between wet and
dry periods (Gorman et al. 2020, Balthazar-Silva
et al. 2020). Additianally, a methed for predicting
plastic contributions using remote sensing has been
proposed (da Silva Ferreira et al. 2021).

A key approach for studying pollutant dispersion
is Lagrangian drift simulation, which enables rapid
analysis under various physicochemical conditions
(Sterl et al. 2020). However, despite its advantages,
this method still presents challenges in accurately
identifying when and where pollutants enter and
leave different oceanic systems.

In the Santos Estuarine System (SES), sea sur-
face elevation plays a crucial role in debris accu-
mulation near the estuary and along the sandy
beaches of Santos Bay (da Silva Ferreira et al.
2021). Additionally, wind-driven current inversions,
particularly those associated with the passage of
cold fronts from the southwest, further influence
plastic transport patterns (Costa et al. 2020). To
better understand these processes, this study inte-
grates three numerical models: an Eulerian model
for large-scale circulation, a Lagrangian model for
particle tracking, and a spectral model for surface
wave dynamics.

Thus, to evaluate the transport and accumulation
of microplastics in the SES under the influence of
different sea surface elevation conditions, this study
tested the hypothesis that (i) the dynamics of the
SES export microplastics to SBB under normal and
extreme conditions (positive and negative) of eleva-
tion of the sea surface, and that (ii) under conditions
of extreme elevation (lowering) of the sea surface,
the system acts to retain a greater (lesser) amount
of microplastics. By coupling Lagrangian, Eulerian,
and wave models, we sought to identify the hotspots
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of microplastic accumulation in Santos Bay and to
quantify the annual export of microplastics from the
SES to the SBB.

METHODS
STuDY AREA

The SES is located in the central and widest part
of the South Brazil Bight (SBB), and is classified as
partially mixed (Hansen & Rattray 1962). The SES
is under the influence of high and low-frequency
physical processes, such as tides, sea surface ele-
vation, and river discharge, the latter being related
to longitudinal baroclinic salinity gradient (Costa
et al. 2020). Composed of four main estuarine chan-
nels (Séo Vicente, Piagaguera, Bertioga and Porto
de Santos), the SES is of great importance in large-
scale activities, especially industries in Cubatao and
the Santos’ Harbour (Figure 1). The Santos Bay
has five artificial channels responsible for leading
diffuse rainfall from the city into the beaches, which
are regulated by floodgates. They are kept closed
during periods of low rainfall to prevent pollution due
to the irregular discharge of sewage (da Silva Fer-
reira et al. 2021). However, such gates are opened
in periods of significant rainfall, making the disper-
sion and transport of pollutants to Santos Bay an
important factor.

The SES connects to the Inner Continental
Shelf (ICS), where currents and sea surface height
(SSH), are controlled by density gradients, tides
and wind shear stress (Dottori & Castro 2009, Dot-
tori & Gastro 2018). Density gradients are caused
by the discharge of continental waters which,
when encountering waters from the shelf, generate
geostrophic currents parallel to the coast (Costa
et al. 2020). Wind shear presents the highest vari-
ability in driving currents and surface elevation. Pre-
vailing easterly and northeasterly winds, intensified
in summer, are the main pattern in this region, trans-
porting surface waters offshore, and reducing the
SSH (Dottori & Castro 2009). During the passage
of frontal system events, winds transport waters to-
wards the coast, contributing to increasing the SSH
(Stech & Lorenzzetti 1992).

The M2 tidal harmonic is the most energetically
significant (Dottori & Castro 2018). However, the
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Figure 1. Santos Estuarine System bathymetry with its
geographic location on the Brazilian coast (red square
at the lower right globe), and the locations of seeding lo-
cations at the two stages of the experiments by coloured
markers. The red circles represent the locations of the
drainage channels, labelled with the respective number
n (Cn).

tides are one order of magnitude lower than the
perpendicular currents generated by the combina-
tion of wind shear stress and the density gradient
(Costa et al. 2020).

NumeRricaL MODELS

The Eulerian ECOM Model

The current velocity results simulated with the Es-
tuarine and Coastal Ocean Model (ECOM) serve
as an Eulerian basis for the OpenDrift Lagrangian
framework. The ECOM — coastal and estuarine
three-dimensional version of the Princeton Ocean
Model (POM) (Blumberg & Mellor 1987) — simulates
the conservative variables (temperature, pressure
and salinity), currents and sea level through the so-
lution of the momentum and continuity equations
in an Arakawa C-grid in vertical sigma coordinates.
Analytically, the ECOM employs the hydrostatic and
the Boussinesq approximations, considering the
density field perturbations with the vertical momen-
tum component. Thus, there are prognostic vari-
ables such as the zonal, meridional and vertical
components of velocity, temperature, salinity and
elevation of the free sea surface through the Navier-
Stokes momentum equations, continuity, and con-
servation of temperature and salinity, in sigma ver-
tical coordinates (terrain following) (Blumberg &
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Mellor 1987).

The SES curvilinear grid comprises the four main
estuarine channels and Santos Bay, as well as the
adjacent portion of ICS (Figure 1). It has 322 cells
in the parallel direction by 132 cells in the perpendic-
ular direction to the coastline in Santos Bay. Curvi-
linear grid lines are drawn to create an orthogonal
grid with a low aspect ratio and relatively high hor-
izontal resolution within estuarine channels. The
average resolution is 144.5 m, ranging from 26.7 m
at the Sao Vicente and Bertioga to 444.5 m at the
southwest portion of the domain. Along the Santos
Harbour, the horizontal resolution is approximately
100 m (Costa et al. 2020).

The simulations carried out in this study used the
operational PreAMar system (Costa et al. 2020),
developed to provide daily updated 72-hour fore-
casts of sea surface elevation and currents in the
SES, forced by winds, tides and fluvial discharge
(Costa et al. 2020). PreAMar presents its forecast
based on seven tidal components (M2, S2, Of1,
K2, N2 and Q1) with phase distribution along the
edge. The initial thermohaline conditions are from
climatology (22.3°C, 30.4 PSU), and the thermo-
haline boundary conditions come from a regional
domain over the SBB, as well as the sea and tidal
free surface elevation boundary conditions. River
discharge is variable through space with 13 fresh-
water discharge points, also varying through the
seasons. Such Eulerian results were validated for
the region and period covered by the simulations of
the present study. (Costa et al. 2020).

The WaveWaichlll Wave Model
Significant wave height, Stokes drift and average
wave period results were generated by the Wave-
Watch Il wave model (ST6 formulation), which is a
third-generation maodel developed at NOAA/NCEP
based on Wave Modelling (WAM) (Komen 1994).
The WaveWatchlll equations include refraction
and deformation of the wave field due to temporal
and spatial variations in mean water depth, and
mean current (e.g: tides, storm surges.). Wave
propagation is considered linear, and relevant non-
linear effects, such as resonant interactions, are
included in the source terms (Cavaleri et al. 2007).
The wave simulations consist of nesting two grids
(global and South Atlantic grid), which provide the

wave spectrum for an unstructured grid over the
continental shelf off the state of Sao Paulo through
its boundary conditions. The global and spatial
grid resolution is respectively 2° followed by a 0.5°
regional grid covering the Sao Paulo coast (27 °S-
22°S, extending to 200m depth), constrained at
the edges by the directional wave spectrum gen-
erated through the nested simulation. Finally, this
Sé&o Paulo coast unstructured grid is interpolated to
match the high-resolution PreAmar grid within the
Santos Estuarine System (SES).

The OpenDrift Lagrangian model

OpenDirift is an open-source framework based on
the Python programming language; highly generic
and modular for numerical Lagrangian drift mod-
elling (Dagestad et al. 2018), in continuous devel-
opment, through which recent studies investigated
connections of biogeochemical processes in the
South Brazil Bight (Mendes et al. 2022), and bacte-
rial dispersion at Cananéia-lguape Estuarine Com-
plex (Birocchi et al. 2025). This framework is an
offline model for computing Lagrangian drift, which
is computationally economic when compared to an
online model, in which the drift is computed along
with the hydrodynamic fields in the Eulerian model.

The OceanDrift module — on which the Plas-
ticDrift used here is based — is the fundamental
module for passive particle drifting — particles that
quickly adjust their velocities to the velocity field
and do not affect the flow properties, thus satisfy-
ing the equations of the movement (Prants 2014).
This module includes Stokes drift forcings and wind
drag, among other easily enabled configurations
(Dagestad & Réhrs 2019). In PlasticDrift, particles
with sizes between 2 mm and 5 mm, are subjected
to three-dimensional transport by currents, surface
Stokes drift due to gravity waves, and wind drag.
The vertical movement consists of buoyancy and
mixing by oceanic turbulence, in which a random
scheme of diffusivity in vortices depends on the
wind (Strand et al. 2021).

The fourth-order Runge-Kutta scheme was used
to integrate over a specific time interval and result
in the position of the drifter in each time step, which
duration was set as 60 seconds, through bidimen-
sional nearest neighbour interpolation (Dagestad
et al. 2018). Such a scheme assumes that a

Ocean and Coastal Research 2025, v73 (in press) 4
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particle is passive in a three-dimensional flow
(Edwards et al. 2006). The integrated first-order
partial differential equation with initial value condi-
tion (LiCer et al. 2020) is then solved to incorporate
the Eulerian current, wind drag deviations (Callies
et al. 2017), and the Stokes drift.

EXPERIMENTS

To assess the annual export of microplastics from
the SES to SBB, the dispersion of particles was
simulated using OpenDirift for two subsequent years
(2019 and 2020), with inert particles that do not
interact with the temperature and salinity of the
environment.

We chose 8 seeding locations in the SES domain
(Figure 1). Six points are located near the artificial
channels (C1 - C6) and two are arbitrary points
(INF1 and INF2), chosen based on the surface and
subsurface sources of solid waste in a Bay, such
as factories, large urban centres, and junction flows
(Kaandorp et al. 2021, Balthazar-Silva et al. 2020).
For each seeding point, neutral buoyancy particles
were released every hour throughout the whale 2
years of simulations.

Henceforward, beaching refers to the permanent
retention of particles upon contact with coastal land
(dry shoreline). Stranding is defined as beaching or
the seabed contact without resuspension. So, there
is no longer movement of the particles when they
contact both the dry cells and the bottom of a wet
cell

The artificial channels are opened during periods
of intense rainfall to avoid urban flooding; however,
the information about the opening of these channels
is not available for public access, so we infer their
opening based on the prediction regime of interest.
For that, we used daily accumulated precipitation
time series provided by the public administration of
Santos for 2019 and 2020 (Figure 2), defining here
hypothetical openings on the day and the follow-
ing day of floodgates for a threshold of 2 standard
deviations above the average rainfall.

High variability in marine litter abundance, includ-
ing tidal swings, is especially evident in estuarine
environments (Bettim et al. 2021). Monitoring a fre-
quency comparable to spring and neap tidal cycles
provides the necessary information to better under-

215.0

— Rainfall 2019
e p+20

161.2 4

107.5 1

_______ A ﬂh ........................................

311035102113 031 55 0815 10511501061 107129y 081 501091 1015y 1 1K 2132

215.0

— Rainfall 2020
o g+ 20

161.2 4

0.0

3110320510232 021281 103178 108120, 10512 07128y 0812850912 101 Z 3112 12120

Figure 2. Rainfall [mm] at Santos City to 2019 (top)
and 2020 (bottom).. The red horizontal line indicates 2
standard deviations (&) from the temporal average (u).

stand the influence of meteorological and oceano-
graphic conditions on the amount and type of debris
on different coastlines (Moreira et al. 2016). There-
fore, to quantify the vulnerability to contamination
by microplastics in the SES in events of sea surface
extreme elevation, the years 2019 and 2020 were
simulated independently in OpenDirift in periods of
72 hours, to resolve half of a cycle of neap and
spring tides.

We defined three categories of sea surface el-
evation based on statistical thresholds applied to
the sea surface height (n) from the mean () and
the standard deviation from the mean (o): (i) Ex-
treme elevation, when the sea surface height ex-
ceeded two standard deviations above the mean
(n > p+20); (ii) Extreme decline, when it fell below
two standard deviations from the mean (n < u—20);
and (iii) Normal elevation, when it remained within
two standard deviations of the mean (u — 20 <7 <
W+ 20).

At each location (INF1, INF2, MID, and artifi-
cial channels C1-C6; see Figure 1), we released
42 neutrally buoyant particles per hour. These re-
leases occurred every 72 hours over the course of
a year. Particles were seeded at depths between
0 and 5 m to ensure accurate representation of
both surface dispersion and subsurface transport
dynamics, following the methodology of (Hardesty
et al. 2017).

Ocean and Coastal Research 2025, v73 (in press) | 5
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ANALYSIS

The particle amount per unit area (km2) was cal-
culated separately for 2019 and 2020 to estimate
the annual export of microplastics to the continental
shelf.

To quantify contamination, probability maps
were generated to illustrate the likelihood of par-
ticles making contact with land, highlighting the
regions within the Santos estuary and bay that
are most prone to microplastic accumulation (Sagu
et al. 2021).

The three-dimensional contact probability (P) is
given by:

C(x,y, t)nT
Nor

P(x,y, t) == }:E:

n 17=0
where C(x, y, t) is the number of particles’ contacts
in a grid cell centred on x and y at a given time
t, which varies between 0h and the total time of
the simulation. N is the total number of simulated
particles in time t, and S is the number of simula-
tions at a given elevation configuration (n) through
period (7). Naturally, P ranges from 0 to 1 (Sagu
et al. 2021). Through this probability, the temporal
variation of the spatial movement of microplastics
is evaluated.

The detection of accumulation’ hotspots was
based on identifying regions where the/probability
of contact exceeded 5% , considering all particles
released into the system..Each sea surface ele-
vation condition was analysed separately, and the
probability was evaluated at three-times intervals:
24, 48, and 72 hours.

For each 72 hours undera given elevation condi-
tion, the contactprobability was calculated and then
normalised by the total number of 72-hour periods
corresponding to that specific elevation condition.

(1)

DISPERSION VALIDATION AND CAVEATS

The main caveat of this work lies in the absence of
in situ data for validation during the simulated peri-
ods. Nevertheless, by employing an Eulerian model
that has been previously validated for this region
and period, we compared the results of our simula-
tions with the particle dispersal areas reported by
Gorman et al (2020). Their study used a simplified

414

415

416

417

Lagrangian approach, coupled with a coarser Eule-
rian model configured with a horizontal resolution
fixed at 1 km and run for the year 2008.

The seeding points used in the present study
were based on those of Gorman et al. {2020),
with further adaptations based on Kaandorp etal.
(2021). While the particle release locations are not
identical, they are conceptually consistent. Given
that the Eulerian model employed heré'has been
validated and is capable of capturing the dominant
and recurrent physical processes operating during
the years 2019 and 2020 (Costa et al. 2020), we
argue that the resulting dispersal areas«can be rea-
sonably compared withihose fram the earlier study.

The monthly-averaged dispersal patterns ob-
tained here (presented in the next section in area
values and percentual particle amount) are, in both
percentualéextent and spatial distribution (footprint),
qualitatively similar to those presented by Gorman
et al. (2020). ‘Specially the seeded particles at
INE1, INF2 and the artificial channels that match
the ‘beach region at Gorman et al. (2020), that
spanned from around 70 km?2 -80 km2 for INF1 and
INF2, and hear 20 km? for each channel.

We acknowledge that comparing results from
two different modelling studies — rather than di-
rectly validating against observational data — is
not ideal. However, in the absence of microplastic
observational data for the specific years simulated
and at matching spatial resolutions, this constitutes
a form of indirect validation currently feasible, once
Gorman et al. (2020) made in situ sampling at the
Santos’ beaches for 2008. The reader is refered to
Gorman et al. (2020) for further details about MP
footprint.

RESULTS
NATURAL SOURCES OF CONTAMINATION

Figure 3 shows the time evolution of the particles
released in INF1 and INF2, for 2019 and 2020, and
the time that the particles are stranded at a dry cell
(stranding time henceforward).

In 2019, the particle accumulation and exporta-
tion presented inverse patterns between INF1 and
INF2 (Figure 3). For the INF1 (INF2) releasing point,
particles presented an accumulation (exportation)

Ocean and Coastal Research 2025, v73 (in press) 6
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a: INF1 Exported & Stranded x Time - 2019 c: INF1 Exported & Stranded x Time - 2020
100

o
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— = Exported :
40| 0
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20 20
0 T r T T
d: INF2 Exported & Stranded x Time - 2020
s mm
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Figure 3. Cumulative export and stranding percentage
by time for particles released in 2019 and 2020 in INF1
(a,c) and INF2 (b,d)

within the SES. Particularly for the INF1 location,
this pattern affects directly the rate of particle ac-
cumulation, resulting in 94.6% particles stranded
and only 5.4% exported to the SBB. Particles from
INF1 reached an area of 70.37 km?, while INF2
reached a much larger area of 130.48 km?, due to
the fast stranding of particles released in INF1, in
the channel between Santos and Guaruja.

The 2020 scenario exhibited a similar pattern of
stranding and exportation between seeding points
INF1 and INF2. Throughout the analysis, particles
were more frequently exported than stranded within
the system (Figure 3c and d).

As in 2019, the export-to-stranding ratio influ-
enced the dispersion area. However, unlike the
previous year, the difference in coverage area be-
tween the two seeding points was approximately
30%. While INF1 covered an area of 88.65 kmz,
INF2 reached a larger area of 122.78 km2. Thus,
the exportation rates between the seeding points in
2020 were similar: 92.6% for INF1 and 85.3% for
INF2.

ARTIFICIAL SOURCES OF CONTAMINATION

Figure 4 illustrates the inverse relationship between
particle export from the SES artificial channels and
stranding along the coast or bay floor. Higher export
rates corresponded to lower stranding rates. The
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Figure 4. Cumulative percentage export{a,c) by time
and stranding (b,d) by time for particles released in the
artificial channels of Santos in 2019 and 2020.

logarithmic pattern shows periodic spikes coinciding
with particle release events, indicating that both
export and stranding occur shortly after seeding.
Notably, channel C1 exhibited significantly different
behaviour compared to the other channels (C2-C6),
with over 0.56% fewer particles exported and 0.67%
more particles stranded.

For the artificial channels, the percentage of
exported particles increased from 2.3% at C1 to
10.1% at C6. Conversely, the total percentage of
stranded particles followed an opposite trend, with
the highest stranding occurring at C1 (7.85%) and
the lowest at C6 (0.053%). This indicates a reduc-
tion in beach stranding as the channels transition
from Santos toward Guaruja.

Additionally, in 2019, particles released at INF1
exhibited a significantly higher export rate, with
nearly total stranding. The total affected area also
decreased along the channels, from 34.062 km?2 at
C1 to the smallest area of 17.121 km? at C6.

In 2020, similar to 2019, the total export in-
creased progressively from C1 to C6, although the
increment between C5 and C6 was smaller, only
0.13%. The total stranding also decreased progres-
sively from C1 to C6, but with a smaller decline
between the channels compared to 2019. This sug-
gests that, as with exports, stranding was also lower
in 2020, allowing particles to remain active in the
system for a longer period.

The total dispersion areas were larger in 2020
than in 2019 due to the earlier opening of the flood-
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gates—on the second day of 2020 compared to the
second week of 2019. This earlier opening allowed
more time for particle dispersion and exposed them
to stronger currents, increasing the dispersion po-
tential. However, unlike in 2019, the difference in
export and stranding between C1 and the other ar-
tificial channels was much smaller in 2020. The
difference between C1 and C2 was less than 100
stranded particles, as well as for those exported.
In summary, 17.8% of the particles released in
2019 were exported, compared to 28.12% in 2020.
Meanwhile, the proportion of stranded particles de-
creased from 14.8% in 2019 to 3.7% in 2020 (not
shown). These values further highlight that the
exportation suppresses the stranding, and also indi-
cate that most of the particles (67.4% in 2019 and
68.18% in 2020) keep active in the water column.

TIDAL DYNAMICS INFLUENCE ON MICROPLASTIC
RETENTION

To understand the microplastic accumulation under
different elevation scenarios, we computed the prob-
ability (%) of stranding. Only probabilities higher
than 5% within all 72-hour periods were used, com-
puting the total particles considering all seeding
points. Therefore, this analysis gives an under-
standing of which sea surface elevation conditions
the SES accumulates more marine litter,

Figure 5 presents the number of events in which
the probability (%) of contact exceeded 5% over
time within all 72-hour periods, considering the total
amount of particles from all launch points. These re-
sults demonstrate that the system retains microplas-
tics and increases contamination along the coast.

Under extreme subsidence conditions of sea sur-
face elevation, the number of contact events with
the shore was the lowest, both in terms of the num-
ber of affected points and the number of particles,
regardless of the tidal phase. Thus, lower extreme
elevations not only reduce particle accumulation
along the coast but also enhance exportation and
prolong the retention of microplastics within the wa-
ter column of the bay.

During neap tide, a higher sea surface elevation
led to an increased number of contacts with the
mainland and more events where the probability
of contact exceeded 5%. During spring tides, the

Spring Tide
1/ —ncp+20
—p-20<n<p+20
—n>p+20

Neap Tide
~=ncp+2o
== p-20<n<p+20
—=n>p+20

Number of events
® 8 8 & 8 4
s 3 8 8 g s

2
3

<
&8

o

Time (hours)

Figure 5. Number of events with a probability greater
than 5% of contact with a dry cell over the time in the
averaged 72h periods for 2019 and 2020 for all particles
released in INF1, INF2, MID and the artificial channels
(C1 - C6) according to sea surface height condition (n),
mean (u) and standard deviation (o).

greatest number of events with a contact probabil-
ity above 5%, as well as a higher concentration of
contaminated points (particularly in the interior of
the Santos Channel and the Sdo Vicente mouth),
occurred under normal sea surface elevation condi-
tions. Additionally, for all elevation conditions, the
total number of contact events exceeding 5% prob-
ability was higher during spring tides.

Thus, during spring tides, the highest contami-
nation probability occurs under normal sea surface
elevation conditions, whereas during neap tides,
it is associated with extreme elevations. However,
extreme subsidence consistently resulted in the low-
est contamination levels across all surface elevation
conditions.

To assess the likelihood of contamination, the
three-dimensional probabilities of contact after 72
hours of simulation are presented for all seeding
points with potential contamination in Santos Bay.
These probabilities are expressed as percentages
for each sea surface elevation condition. Addition-
ally, the regions associated with a contact probabil-
ity greater than 5% are highlighted.

Figure 6 illustrates these probabilities for neap
and spring tides. Similarly, Figure 7 presents the
corresponding analyses for the year 2020.

In 2020, particle dispersion extended to the out-
ermost regions of the Southeastern Shelf (SES),
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Figure 6. Probability of three-dimensional contactin SES
during neap tide (a,b,c) and spring tide (d,e,f), after 72h
of particles released in MID, INF1, IN2 and in channels
C1to C6in 2019 between 0 and -5 mforu — 20 < n <
u+ 20 (ad),n > u+ 20 (be),and n < p+ 20 (d,1).
According to sea surface height condition (n), mean (u)
and standard deviation (o).

reaching areas near Guaruja. However, no contact
probabilities exceeding 5% were observed beyond
the channel exit between Santos and Guaruja or
within Santos Bay (Figure 6).

Apart from the regions influenced by particles re-
leased at the MID point and the channel entrances
near INF1 and INF2, no significant contact probabil-
ity was detected within the SES or in the direction
of Bertioga for any of the years studied.

For the 72-hour periods, the largest accumula-
tions of particles, in both 2019 and 2020, during
neap and spring tides — occurred along the coast
(Figures 6 and 7). Contact probabilities greater than
5% were observed only on the beaches of Santos
Bay, at the mouths of the Santos and Sao Vicente
channels; and near the seeding points in the middle
estuary. Contact events increased during each 12-
hour period, with the lines representing the number
of events with a contact probability greater than 5%
becoming steeper toward the end of the period 5.

The lowest number of hotspots is observed un-
der extreme subsidence conditions (Figures 9 a and
9 b). The highest number of hotspots occurs under
extreme elevation conditions (Figures 8 b and 9 b),
although it is only slightly higher than under normal

() Neap: i -20 <N < p+20 (b) Neap: 1 > j +20 () Neap: n < j +20

ners
oS
oS
298's w1

s
20025

20005

(d) Spring: i -20 <n < i +20 (¢) Spring: n > i +20 (1) Spring: n < i + 20

ners
nos
n%'s
2085 1 W P &

s
21075

20045

Figure 7. Probability of three-dimensional contact in
SES during neap tide (a,b,c) and spring tide (d,e,f), af-
ter 72h of particles released in MID, INF1, IN2 and in
channels C1 to G6 in 2020 between 0 and -5 m for
uw—20 <n<ut+20(d,n>u+ 20 (be), and
n < p + 20 (d,f). According to sea surface height condi-
tion (1), mean (u) and standard deviation (o).

elevation conditions during neap tide (Figure 8 c).

A greater number of hotspots is observed with
the highest elevations, particularly in the middle por-
tion of the channel between Santos and Guaruja,
with an increase extending toward Guaruja and into
the channel between Guaruja and Santos. Between
the artificial channel C1 and the mouth of the Sao
Vicente channel, no accumulation hotspots were de-
tected. However, in the latter, there is a noticeable
increase in the number of points more susceptible
to microplastic contamination as surface elevation
rises. The entire shore of Santos Bay, between the
artificial channels, presents accumulation hotspots
for microplastics under any sea surface elevation
condition () (Figures 8 and 9).

Ocean and Coastal Research 2025, v73 (in press) = 9



SciELO Preprints - This document is a preprint and its current status is available at: https://doi.org/10.1590/SciELOPreprints.12903

Dialectaquiz et al.

2392

28948

2.96'S

2,085

24.02°S

20,04

ain<pe20

bin> pe20

cp-20<n<pe20

Figure 8. Hotspots (location with contact probability
higher than 5 %) of microplastic accumulation in the
SES during neap tide forn < w4+ 20 (a), n > u + 20
(b)and u — 20 <M < p+ 20 (C).
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Figure 9. Hotspots (location with contact probability
higher than 5 %) of microplastic accumulation in the
SES during spring tide forn < u+ 20 (a), n > u + 20
(b)and u — 20 < n < p+ 20 (C).
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DISCUSSION

The largest dispersion in Santos Bay occurs when ]

particles are seeded at the mouth of the Sao Vi-
cente channel (Figures 6 and 7). These particles
have the potential to reach the entire Bay of Santos
and S&o Vicente, but with limited inland dispersion.
This dispersion is primarily influenced by the tidal
cycle, with exportation during ebb tide and accumu-
lation during flood tide (Malli et al. 2022).

C6 is the closest station to the Porto Channel
and, consequently, to the INF1 release point. This
proximity resulted in contrasting outcomes between
2019 and 2020, with greater particle accumulation
observed in 2019 and higher export in 2020. How-
ever, due to the dispersion patterns and the com-
bined effects of particle export and stranding from
INF2 and the artificial channels, the overall export
of particles from the mouth of the Porto Channel to
the South Brazil Bight (SBB) was more pronounced.

The preferential southwestward flow in the in-
ner region of the SBB under high-pressure atmo-
spheric synoptic conditions (Dottori & Castro2009)
enhances the export of microplastics from sources
along this direction. This effect is further ampli-
fied by increased river discharge associated with
the Porto channel, driven by deeper waters due
to dredging activities and the connection between
the Piacaguera and Bertiaga channels (Figure 1)
(Pinheiro et al. 2021). Additionally, surface Stokes
drift dynamics linked to the wave climate(Stein &
Siegle 2019, Dagestad & Réhrs 2019), cold front in-
cursions (Stech & Lorenzzetti 1992), and buoyancy
advection from fresher waters toward the Equator
contribute to the annual-scale‘dispersion of parti-
cles toward Guaruja and Bertioga. This combina-
tion of forces is also thought to be responsible for
the drift of the exported particles from SES to the
SBB towards the Equator, until they meet more com-
plex.dynamics. However, further study is needed
for that conclusion.

The weakening of the tidal amplitude relative to
river flow during neap tides intensifies ebb currents
(Seiler et al. 2020). As a result, particles released
at INF1 and within the artificial channels near the
Sé&o Vicente channel exhibit a greater potential for
dispersion and export, driven by stronger ebb cur-
rents at these locations compared to the Harbour
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channel (Figure 5).

The exportation results show that the SES has a
greater annual potential for exporting microplastics
to SBB than retention, while the hydrodynamic and
differences associated with the Lagrangian model
(Dagestad & Rohrs 2019) that made 2020 export
more. The probability of contact demonstrated that
in the SES, there is a greater accumulation of mi-
croplastics on the coast with increasing sea sur-
face elevation, corroborating other studies (Gorman
et al. 2020, Vermeiren et al. 2016, da Silva Ferreira
et al. 2021).

The spring tide redistributes free particles in the
water column that have remained since the neap
tide (Malli et al. 2022). That is, during'neap tide, the
greater the elevation ofthe free surface, the greater
the accumulation of particles on the shore. During
the spring tide, however, the highest flood and ebb
velocities redistribute the particles that remained
active in the watercolumn (Figure 5). During spring
tide, favourable hydredynamic conditions accumu-
late the remaining pariicles, from the previous neap
tides onthe coast, both under normal and extreme
elevations.

Our results indicate an increase in contact points
along the coast, leading to intensified beaching of
particles near the port channel, particularly dur-
ing spring tides in both 2019 and 2020. This pat-
tern is primarily due to the lower ebb tide velocity
compared to the flood tide in this region (Seiler
et al. 2020).

The combination of ebb and flood tide varia-
tions, the limited area available for dispersion (Piehl
et al. 2020), and the considerable depth relative
to the narrow width of the channel forces surface
and subsurface particles to run aground before they
can reach lower-energy zones and disperse over
a longer period (Roéhrs et al. 2014). As a result, a
higher frequency of events with contact probabili-
ties exceeding 5% occurred during normal elevation
phases of the spring tide.

In summary, the flood tide during spring pro-
motes particle accumulation, while the regional ebb
tide under normal elevation conditions is insuffi-
cient to remove them, leading to prolonged reten-
tion. However, during extreme elevations in spring
tide, when astronomical forcing surpasses meteo-
rological influences, the ebb tide becomes strong
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enough to resuspend particles into the water col-
umn, preventing prolonged contact with the coast.

Regarding accumulation and the areas most sus-
ceptible to microplastic pollution in the Santos Estu-
arine System (SES), our results indicate that over
short periods, comparable to a few tidal cycles, par-
ticles tend to accumulate and run aground near their
release points, regardless of whether it is a spring
or neap tide.

However, in annual simulations, accumulation be-
comes more extensive, spreading along the entire
coast of Santos and Sao Vicente Bay, although con-
centrations remain higher near the sources. This
pattern suggests that, similar to what was observed
in Praia da Enseada do Guaruja (da Silva Ferreira
et al. 2021), plastic accumulation in the SES is influ-
enced by both proximity to the source and the mor-
phological characteristics of the region. More im-
portantly, the frequency of extreme elevation events
plays a crucial role in determining the overall distri-
bution and retention of microplastics.

SUMMARY

This study brings to SES the coupling between an
Eulerian model, a spectral wave model and a La-
grangian model in offline mode. Such an approach
is increasingly applied to studies of world oecean
pollution, optimizing simulation time and_error prop-
agation of hydrodynamic fields drifting‘from floating
microplastics neutral to quantify.the potential for
export, accumulation and dispersion of this growing
form of pollution, identifying thedegions most sus-
ceptible to contamination under different conditions
of elevation,ofthe'sea surface:

Annually, through' the density gradients and
quantification of particles that leave the numerical
grid of the SES and those that become attached
to the dry cells, the SES has a greater potential
for exporting microplastics to SBB (23% of the to-
tal released) than accumulation (8.9% of the total
released). Most of the microplastics released annu-
ally in the SES (68.1%), however, remain active in
the water column of the middle estuary and Santos
Bay.

The hydrodynamic configuration of the system,
characterised by a preferential southwestward flow,
Stokes drift pushing waves toward the coast, hy-
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drodynamic inversions due to cold front intrusions,
and buoyancy-driven advection toward the north-
east, collectively influence the movement of neu-
trally buoyant particles. These processes maintain
particle activity within the Bay of Santos and the
channels of Porto and S&o Vicente.

Thus, the SES exhibits a hydrodynamic regime
that favours the sustained suspension of seeded
particles in the water column, preventing their rapid
deposition and prolonging their residence time in
the system.

Extreme sea surface subelevation, defined as
values below two standard deviations from the
mean, reduces particle accumulation along the
coast and enhancesdispersion throughout Santos
Bay, regardless of whether it occurs during spring
or neap tides:

Conversely, sea surface elevations exceeding
two standard deviations from the mean promote
greater particle'aceumulation along the coast and
reduce dispersion within Santos Bay. This effect
is particularly pronounced toward the south due
to hydroedynamic inversions associated with such
extreme elevation conditions.

The spring tide plays a crucial role in transporting
particles toward the coast that were not advected to
the South Brazil Bight (SBB) during the neap tide.
This transport pathway highlights the vulnerability
of the Santos Estuarine System (SES) to microplas-
tic contamination, particularly under extreme sea
surface elevation events such as storm surges.

The areas most susceptible to microplastic con-
tamination are those closest to the primary sources
of microplastics, as well as regions influenced by
channel curvature, width, and ebb tide velocity,
which determines the efficiency of particle export
from the estuary.

Despite variations in sea surface elevation, the
SES remains an effective exporter of microplastics
to the SBB. However, within the SES itself, hydrody-
namic processes were not sufficient, even in annual
simulations, to transport microplastics to locations
further north of Guaruja. A three-dimensional anal-
ysis of contact probabilities further indicated that
microplastic particles did not significantly enter the
estuarine channels, as they tended to quickly run
aground along the channel sides or settle on the
bottom.
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Although this study provides valuable insights
into microplastic transport within the SES, further
research is needed to refine our understanding of
their dispersion patterns. Future studies should
investigate microplastic behaviour under various
extreme conditions, such as atmospheric blocking
events, which induce sea surface subelevation while
reducing river discharge (Silva & Dottori 2021), or
extreme precipitation scenarios. Additionally, simu-
lations with expanded numerical domains are nec-
essary to track the fate of microplastics after they
reach the SBB, which was beyond the scope of this
study.
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