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ABSTRACT

Occasionally, contaminants are found on beaches (oil, plastic, etc.), and determining their origin can
be challenging. However, the adaptation of computational tools with the capability of mathematical
modelling of the motion of Lagrangian tracers can offer a practical and objective solution. In this study,
it is presented a solution for the inverse problem of contaminant emission, with a focus on microplastic.
For that matter, the computational platform MOHID was used to simulate the movement of Lagrangian
tracers along the estuary connecting Sepetiba and Ilha Grande in Rio de Janeiro/Brazil. Two methods for
tracing the origin of the particle were used, traditional backtracking, and a mapping method, both based
on box and instantaneous emissions. The outputs were analysed and both methods yielded promising
results, though additional criteria-based decision was found to be significantly relevant. In addition,
it was observed the complex hydrodynamic ruling the particle motion, with significant longitude and
latitude parameter sensitivity for a microplastic search. The mapping method observed the advantage
of potentially reducing the time dependence of the model, while backtracking showed faster results. At
last, the time and detail of each model output showed important differences, reinforcing the necessity
for a criteria-based decision over the use of the model. This work contributes as a support tool for
microplastic mitigation and cleansing-related activities and can be extrapolated to address other types
of litter.
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RESUMO

Frequentemente, contaminantes sdo identificados em praias (6leo, plastico etc.) e determinar sua
origem é um desafio. No entanto, a adaptacdo de ferramentas computacionais com capacidade de
modelagem do movimento de tracadores Lagrangianos pode oferecer uma solu¢do pratica e objetiva.
Neste estudo, apresentou-se uma solucdo para o problema inverso da emissdo de um contaminante,
focado em microplastico. A plataforma computacional MOHID foi utilizada para simular o movimento
de tracadores no estuario entre Sepetiba e Ilha Grande no Rio de Janeiro/Brasil. Dois métodos para
rastrear a origem da particula foram utilizados, backtracking tradicional e um método de mapeamento,
ambos baseados em emissdes instantaneas e em caixa. Os resultados foram analisados e os métodos
apresentaram resultados promissores, embora critérios adicionais para a tomada de decisdes tenham
se mostrado relevantes. Ademais, observa-se a complexa hidrodindmica que orienta o0 movimento
das particulas, com significativa sensibilidade nos parametros de longitude e latitude para a busca
de microplasticos. O método de mapeamento ofereceu possivel vantagem em reduzir a dependéncia
temporal do modelo, enquanto o backtracking mostrou resultados mais rapidos. Por fim, o tempo e o
detalhe de cada saida do modelo mostraram diferencas importantes, reforcando a necessidade de uma
decisdo baseada em critérios sobre o uso do modelo. Este trabalho contribui como uma ferramenta de
suporte para atividades de mitigacdo e limpeza relacionadas a microplasticos e pode ser extrapolado
para abordar outros tipos de residuo.

Palavras-chave: MOHID; Problema Inverso; Contaminante

1 INTRODUCTION

Frequently, litter is found in beach regions across the world (Galgani et al., 2021;
Tang et al., 2023). Locating the origin of this litter can be essential to apply the legislation
and, most importantly, mitigate pollution. Litter, for this matter, can be considered any
type of contaminant and may happen as liquid (e.g. oil) or solid (e.g. microplastic), for
example (Lugon Jr et al., 2019; Souza, Lugon Junior, et al., 2021; Souza et al., 2023). The
use of computational models to recreate systems has been effectively used to trace the
forward motion of many types of particles (Dagestad et al., 2018; Souza et al., 2023).

A traditional strategy to move backwards in the models is the backtracking
model (Dagestad et al., 2018). This strategy typically reverses the signal of the
thorough displacement vector and adapts the timestep to simulate motion in reverse
(Breivik et al., 2012; Dagestad et al., 2018; Suneel et al., 2016). Its use is widely present

in publications (Abascal et al., 2011; Breivik et al., 2012). It is a potential solution,
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though weathering and dissolution reverse processes can be limited (Breivik et al.,
2012; Lammoglia & Souza Filho, 2015; Suneel et al., 2016). One observation is that
the backtracking emission ignites from the observed region (hereby denominated
final location) where litter was supposedly found. The lack of precision for measuring
the final location can alter significantly the backtracking results in sensitive areas
(Lugon Jr et al., 2019; Suneel et al., 2016).

The motion of Lagrangian tracers in the publication is generally influenced by
the phenomena of hydrodynamic (water velocity), the atmosphere (wind velocity), the
natural dispersion characteristics, and finally the unknown motion phenomena (random
walk) (Rodrigues, 2012).

Another strategy to find the source of an emission is the solution of inverse
problems. The objective is to find the best forward problem that recreates the intended
system (Barros et al., 2021). With attention to the challenges of non-uniqueness and
ill-posedness. The first indicates that there may be multiple possible inputs that can
resultin the same output, while the second shows potential sensitivity to small changes
in the data. These situations happen in the environment and additional criteria are
recommended for the decision (Breivik et al., 2012).

Finally, potential parameters, such as the pair of coordinates, obtained by the
inverse problem solution are imposed as Lagrangian parameters. The rationale is that
the iterative recreation of the emission process will eventually reach the intended final
location (Souza, Lugon Jr, et al., 2021).

This study will work with two inverse problem approaches, backtracking and
space-time mapping, to estimate the source area of microplastic pollution in Sepetiba
Bay. These methods were chosen for their complementary strengths. Backtracking
provides a rapid, computationally efficient method for preliminary source estimation.
Space-time mapping, on the other hand, offers a more detailed and spatially precise
solution by simulating a range of potential emission points simultaneously. Other

methods, such as Monte Carlo simulations or neural network models, were not
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employed in this work. The implementation of these methods would require higher
computational cost for pre-processing the parameters.

The objective of this work is to explore solutions provided by backtracking and
mapping strategy in the MOHID (Modelagem Hidrodinamica) platform (Rodrigues,
2012). This platform is an ANSI FORTRAN-95 algorithm that allows the user to
simulate particle motion over a pre-computed hydrodynamic basis. In addition to the
backtracking code implemented in MOHID, an extra study will be performed producing
a space-time mapping of simulated solutions evaluating the statistical distribution.
By estimating a hypothetical region where the pollutant was found, the use of the
backtracking method and a space-time mapping of the simulation was carried out.
This work discusses the efficiency of the models and the limitations observed.

This study also aims to contribute by addressing the gap of finding origin from
observed litter position, especially for microplastic particles which pose a potential

threat to modern society.
1.1 Lagrangian In MOHID

In environmental computational modelling, the use of Lagrangian tracers is an
important strategy for understanding the motion of particles over ocean complexities
(Ballent et al., 2012; Booth et al., 2017; Cloux et al., 2022). The Lagrangian method aims
to retrieve the horizontal and vertical velocities and positions, determined by the time
evolution (Rodrigues, 2012). The individual particles are subject to the forces of the
water layer, each one at its initial position during a timestep (Mateus & Neves, 2013).

The model uncertainties are calculated by the random walk process (Mateus
& Neves, 2013; Souza et al., 2023). In the MOHID platform, the variance and mixing
length is decisive for the average velocity, provided the turbulence model adopted in
the platform (Rodrigues, 2012; Spagnol et al., 2002).

The vertical motion can be calculated based on a constant or parametrised
random walk, based on the shear velocity from the Eulerian model (Souza et al., 2023).

The displacement in MOHID is calculated in sequence and is added to the other velocity
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components such as wind, current, stokes drift to determine the next step of the particle
(Rodrigues, 2012).

The computation points are distributed according to the Arakawa C scheme (Mateus
& Neves, 2013; Rodrigues, 2012). The horizontal advection of momentum employs a
hybrid method, combining upwind and central differences. Similarly, the vertical advection
and diffusion of momentum use hybrid schemes (Rodrigues, 2012). The diffusion of

momentum is computed using central differences (Mateus & Neves, 2013).
1.2 Inverse Problem Techniques

There are several methods in publications to provide potential candidates
for the model parametrization. However, the decision of the method must consider
computational efficiency, spatial data, and data availability. Authors suggest that
backtracking can provide a faster way to reduce potential source areas before more
computationally intensive methods are applied (Cividanes et al., 2024; Courtene-Jones
et al., 2021; Liubartseva et al., 2016).

Space-time mapping, by simulating multiple emission points, might offer a
higher resolution approach compared to backtracking, which could be limited in its
spatial accuracy (Courtene-jones et al., 2021; Dobler et al., 2019; Souza et al., 2023).

Several sophisticated methods are available in publications; however, it
is important to identify their potential drawbacks to this matter. Neural networks
(Bennett, 2002; Lugon et al., 2009), for example, while capable of handling complex
datasets, needs extensive training data. Additionally, the black box nature could mask
the decision-making process, hindering the goal of identifying the pollution source
(Bennett, 2002; Richter, 2020). Monte Carlo methods (Balseiro et al., 2003; Richter,
2020), while adept at handling errors and uncertainties, can be computationally
expensive, especially for complex models or when a large sample size is needed

for accurate estimations. Given that backtracking and space-time mapping were
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considered sufficient for a preliminary, and subsequently, a more refined analysis of
the source area, the added computational burden of Monte Carlo simulations was

considered unnecessary.

2 MODEL SETUP

A synthetic hydrodynamic model was designed to be the hydrodynamic
background of the Lagrangian model. The hydrodynamic model was implemented
as a tidal simulation in shallow waters. For a comprehensive representation of tidal
effects, the FES 2014 (Finite Element Solution) was used to capture tidal elevations and
currents at the boundaries (Lyard et al., 2006). Implicit calculations in MOHID Water
were carried out to provide the internal dynamics driven by the tide-generating forces
using the method provided by Kantha and Clayson (Kantha & Clayson, 2000). The

Coriolis acceleration force was calculated using the Eq(1):

Coriolis_Aceleration = Fyy * VUgperage (1)

where Fyy is the interpolation of Coriolis frequency and VUpperage is the average velocity component

The MOHID modelwas parameterized with wind data from the Global Forecasting
System in the National Oceanic and Atmosphere Administration database (NOAA,
2015). The resolution obtained was 0.25°. The random walk parameters were obtained
based on turbulence model and mixing length (Allen, 1982; Rodrigues, 2012; Villarreal,
2005). Horizontal and vertical viscosity were recreated at 10 m?/s and 0.001 m?/s. Water-
air and sediment-water interface rugosity were based on a constant value of 0.0025.
These parameters were interpolated in a 250 x 850 computational grid originating
from longitude and latitude [-44.7059, -23.3588] in WGS 1984 representation system
with cells being a squared 0.00166° representation.

The study site was Sepetiba and Angra dos Reis estuary in the region of Rio

de Janeiro/Brazil. This region is relevant due to its dense population, economic
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and touristic interest, and history of pollution (Rodrigues et al., 2023; Santos et al.,
2018). The simulation considered the period of summer (2022-Jan-01 to 2022-Feb-
01) for a hypothetical study case. The horizontal discretisation was provided in a
bi-dimensional regular grid with approximately 300 metres. The bathymetry was
interpolated from the data available at GEBCO for the specific region (Oceans, 2023).
To simplify the simulation and reduce the computational cost, the interpolation of
bathymetry was calculated on an 800-metre grid and the output was re-interpolated
onto a 300-metre grid.

The forward solution started with 100 particles emitted from a box at the central
canal between Sepetiba Bay and Ilha Grande Bay (Fig. 1). The box emission will create a
virtual three-dimensional box in the domain where particles will be randomly seeded.
For this computational experiment, all the emitted particles are buoyant only. The
emissions were designed at equidistant grid cell distances, keeping a random position
within the grid cell. Providing 100 particles was a solution to reduce bias in the result
and amplify the source area likelihood. Hence, the last output of the forward solution
will provide the final locations. The reconstruction of the system by backtracking
provides that the last position of the particles is known, and the period of travelling
is known, but the origin is not known. The backtracking method is then used in the
region of observance of the particles to identify their origin.

The backtracking simulation used the same parameters as the forward
simulation, except for the emission coordinates. The backtracking process in MOHID
follows a standard by opposing motion/time vectors of the forward problem models,
tailored to the reverse particle motion. Thus, reconstructing their past trajectories
while accounting for the physical processes.

Provided a hypothetical emission occurring in a region of the bay, after 30 days,
the particles will reach the final location to be backtracked (Fig. 1). Abox was developed
for the forward solution to account for the emission area and the target final location.
The target final location was considered as the area in blue in Fig. 1. The backtracking

solution box is created based on the target final location.
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Figure 1 - Representation of emissions. It is seen the final location of the forward
model (red dots), and the source area (in green). In the blue square, the area is used

as the target final location

Itaguai °

<y

Angra dos Re:s

Source: Authors (2024)

2.1 Space-time mapping design

The mapping strategy involved seeding 19,750 particles within a defined box
encompassing all grid cells within the study area. The Lagrangian box emission was
created based on the computational grid, with reduction in the lower corners. The left
corner was positioned at longitude and latitude [-44.5401, -23.3165], while the right
corner was positioned [-43.3886, -23.0757]. This horizon representation was made
considering the southerly island of Angra dos Reis (Jorge Grego Island).

Inspired by Souza et al. (2023), this design aimed to explore all potential source
points within the simulated environment, with the presumption that at least one
particle from a source region would reach the designated target location. The particle
movement was solely driven by the hydrodynamic forcing, and the threshold for
particle inclusion in the analysis was based on whether the particles reached the target
area at the end of the simulation. This design ensured a comprehensive exploration of

the solution space.
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To examine sensitivity to small changes in emission locations, seven tracers
were seeded within the same source region, but distributed across different grid cells.
This allowed the observation whether emissions from specific cells, separated by the
grid resolution of the model, would result in noticeably different trajectories.

As the forward solution is widely validated and accepted in publications (Lugon
Jretal., 2019; Mateus & Neves, 2013; Pablo et al., 2019), it is reasonable that recreating
a series of forward emissions would reach the target final location (Breivik et al., 2012;
Souza, Lugon Junior, et al., 2021; Souza et al., 2023). For this work, 19,750 particles were
seeded in a box (Fig. 2). The particles are moved due to the hydrodynamic forcing only,
exploring the solution space. The threshold was considered within the bathymetric

layer limits, as seen in Fig. 2.

Figure 2 - Emission region with 19750 lagrangian tracers seeded at initial conditions

overlaying the bathymetric layer background
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Source: Authors (2024)

3 RESULTS AND DISCUSSION

The backtracking model duration was significantly faster than the mapping

strategy. The first timeframe of the model estimates that the particles must have
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originated from the sources in green (Fig 3A) while the last timeframe reunites the

particle as defined by the model construction (Fig 3B).

Figure 3 - (A) Backtracking solution: possible regions of source and (B) backtracking

particles final location
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The backtracking system provides a fast and reasonable solution, however,
minor imprecisions in model design may affect overall accuracy (Breivik et al., 2012).

The space-time mapping strategy was designed to cover the entire region of
study and simulate several pairs of coordinates emission at once (Barros et al., 2021;
Souza et al., 2023).

A number of 8,992 tracers were still present in the domain at the last

timeframe (Fig 4).
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Figure 4 - Last timeframe of emissions and region of synthetic emission; in blue box

the target
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In Fig. 5 the initial timestep is reconstructed exclusively with the particles that
reach the target in Fig. 4B in the initial condition. The particles were counted in each

polygon as seen in Table 1.

Figure 5 - Representation of the initial timestep with particles that reach the target
area. From the left to the right, the polygons will be represented as P1 = polygon 1, P2

= polygon 2 and P3 = polygon 3

Source: Authors (2024)
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Table 1 - Number of particles emitted from the polygons 1, 2, and 3 in the initial

timestep that enter the search area of the last timestep of the forward model

Polygon ID: Particle Counts
Polygon 1 106
Polygon 2 76
Polygon 3 357
Outer area 52

Source: Organized by the Authors (2024)

Both predictors can be considered effective as they reach the hypothetical
source within their probable solutions. Nevertheless, as the simulation time
increases, there might be significant numerical dispersion observed in the process.
It should be highlighted that finding the likely source of an emission is too complex
for a deterministic solution (Richter, 2020). The backtracking model in the MOHID
platform was primarily prepared to work with oil, in which advection and diffusive
processes are calculatable, though weathering processes of the Lagrangian
tracers are not reversible (Rodrigues, 2012). For items such as microplastic, the
non-weathering feature does not represent an actual limitation (Ballent et al., 2012;
Booth et al., 2017; Tang et al., 2023), as it is observed that microplastic particles
take a significant time to weather and a group of plastic composition is based on
buoyant plastic (El-Sherif et al., 2022; Galgani et al., 2021; Tang et al., 2023). This is of
special importance to consider this method as a feasible operation.

For immediate needs, the authors acknowledge that the backtracking
solution is effective. The reason for this consideration takes into account time,
computational cost and complexity. However, merging methods is a potential
solution to reduce the initial search area and potentially reduce the complexity of
identifying the pollutant’s likely source (Richter, 2020).

The mapping strategy, however, provides a more detailed way to locate the

origin and a promising solution using heuristics. For both cases, the proper calibration
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of the hydrodynamic is thus essential as Lagrangian tracers will move along the water
and atmospheric influence.

Another important remark is that the mapping strategy does not bypass the
influence of the model sensitivity. This means that a small deviation in the initial
condition may alter the output significantly.

Although the mapping strategy (Fig 5) offered more detailed results when
compared to backtracking (Fig 1), the results did not approach the expected emission
site. In this simulation, the realism of the interplay among the hydrodynamic forces
and random walk on the passive tracers yielded in the concentration pattern of Fig.
5. Small deviations in the emission parameter yielded significant imprecisions in
prediction, as observed in Fig. 6.

Figure 6 explores the sensitivity of Lagrangian trajectories to initial position
variations, demonstrating the influence of grid resolution on particle dispersion.
Seven emission sites (6A-6G) are analysed, each representing a distinct location
within the study area. The central emission (6D) occurs at -44.1634° longitude and
-23.0622° latitude. For each emission site, seven tracers were released with initial
longitudinal or latitudinal offsets of 0.003°, corresponding to the grid resolution of
the model. Three particles were emitted to the West (6A-6C) and three particles to
the South (6E-6G), respectively. This spatial variation aims to capture the potential
variability of Lagrangian motion within neighbouring grid cell. The observed
dispersion patterns across the seven sites highlight the significant impact of
seemingly minor initial location changes on particle trajectories, emphasising the
role of subgrid-scale processes and initial location within a grid cell in determining

particle fate.
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Figure 6 - Dispersion of Lagrangian tracers from seven emission sites (6A-6G),
highlighting the sensitivity of particle trajectories to initial location variations. The
initial seeding point is marked with a yellow circle, other points are shown in grey,

and the final point is marked in a red cross

Source: Authors (2024)

It is important to reinforce that this mapping strategy considers that the

emission area is not known, thus a large hypothetical area (the entire domain)
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was considered a likely solution for emission. Determining searching criteria or
reducing the area of search are potential solutions for computational expense and
accuracy.

The mapping strategy can be considered an inverse problem method,
in which several inputs are proposed to obtain the best output (Lugon Jr et al.,
2019; Richter, 2020). Strategies to decide the best match include the cost function
concept (Barros et al., 2021). This concept aims to quantify how well the particle-
based model matches the observations, followed by an optimisation process. In
this context, the number of particles within the target box due to hydrodynamic
model can be considered the product of iterative seeding that seeks to minimise
the cost function. A heuristic approach of moving particles to areas where they
better match observations is the output of optimization (Barros etal., 2021; Mansour
& El-Fakih, 1999). The key to this study was to seed multiple particles at once and
optimising them simultaneously rather than sorted seeding (Barros et al., 2021;
LugonJr et al., 2019; Souza, Lugon Junior, et al., 2021).

There are methods that can be used in order to apply the inverse problem
solution such as the GRIPP platform (Barros et al., 2021; Lugon Jr et al., 2019; Souza,
LugonJunior, etal., 2021). The implementation simplicity and readily differentiability
are highlights while sensitivity to outliers due to hydrodynamic complexity can be

a potential limitation.
3.1 Limitations and Mitigation

Backtracking was highly sensitive to small errors in the assumed final location
of the tracers. One hypothesis is due to the chaotic nature of the ocean currents and
its stochastic representation. Thus, recreating the system would require a small-scale
precision in the initial parameters. Otherwise, accumulated errors could lead to a large-
scaleimprecision (Wichmann etal., 2019). In addition, few model limitations range from

factors such as grid resolution, numerical schemes, and incomplete representation of
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the physical processes. This represents a challenge to obtain an accurate deterministic
representation. Finally, the backtracking process may also depend on more data on
weathering, buoyancy and degradation processes for an appropriate recreation of the
system (Breivik et al., 2012).

Obtaining field data is also another important factor. A study in microplastics
discussed the need and gaps of drifter data to estimate dispersion parameters and
validate trajectories (Jalon-Rojas et al., 2019). In addition, other authors discuss the
need of accurate in-situ measurement and simplifications to provide Stokes Drift
(Dobler et al., 2019), amount of particle input (Taghavy et al., 2015), aggregations and
settling velocity parameters (Jalén-Rojas et al., 2019; Souza et al., 2023; Zhu et al., 2018),
and model sensitivity to small inaccuracies (Alosairi et al., 2020).

While effective for floating tracers, backtracking may present challenges
when applied to non-buoyant tracers or tracers that over time lose its buoyancy
capability. Typically, backtracking models neglect dynamic changes of the particle
(Breivik et al., 2012; Dagestad et al., 2018).

Inaccurate or incomplete hydrodynamic data can introduce significant biases in
the model results. When the temporal resolution of hydrodynamic data is insufficient
to capture the actual variability of ocean currents, it can lead to aliasing. Studies often
highlight the importance of accurate data for precise simulation (Al-Salem et al., 2017;
Wekerle et al., 2018). Solutions provided by authors suggest employing hydrodynamic
datasets with finer temporal resolution to capture short-term variability and transient
events more effectively (Wang & Hood, 2021). Other groups suggest data assimilation
techniques and ensembled models to validate the system recreation (Bennett, 2002;
Cedarholm et al., 2019; Dagestad et al., 2018). The interpolation used in the models will
createacontinuous field for modelling. Backtracking may be susceptible tointerpolation
bias (Al-Salem et al., 2017). Thus, controlling the interpolation results may anticipate
erroneous data points, which will minimise the impact of the error (Aral et al., 2001;

Bennett, 2002). Number of particles and its distribution pattern should be carefully
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considered, as they can improve predictions by a not significant computational cost
(Al-Salem et al., 2017).

Another limitation that is common is the duration of the simulation (Atiwesh
et al., 2021; Chubarenko et al., 2016; Tang et al., 2023). It is not possible to anticipate
the duration of the event on the water surface. In backtracking, this data is crucial
to obtain outputs, while in the mapping strategy, the result may be reasonably
interpreted as solutions in a partial time. Provided that the event actually started on
December 20*, for example, but particles only entered the domain on January 1=,
this strategy would be potentially effective to find the partial trajectory with higher
efficiency (as seen in Fig 5 - the lower edge particles) while backtracking is limited in
this operation. Applying these methods to real-world microplastic pollution scenarios
is crucial to validate their effectiveness and identify practical challenges.

These limitations highlight the need for further research into more robust
methods for microplastic source identification. Future studies should focus on
addressing the dynamics of the tracers. For microplastic, for example, the dynamic
on a buoyant particle that will submerge after biofilm development (Jal6n-Rojas et

al., 2022; Semcesen & Wells, 2021; Shang et al., 2014).

4 CONCLUSIONS

The conclusion of this work reinforces that there is no global solution. The
methods provided results which contained the approximated solution of the
hypothetical problem. However, additional search criteria were observed as crucial to
offering better solutions in both cases.

The backtracking model suggested several probable places of origin without
converging into a single area. On the other hand, the mapping showed a more detailed
behaviour of the likely emission area. On the other hand, the mapping showed a

potential detailed area of emission. The backtracking model showed a higher velocity
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of output than the mapping, which is expected since a simplified solution is being
performed. The decision of the dates for the simulation is a challenge in modelling the
inverse problem and the mapping strategy may be of important solution to address
this gap.

This study did not provide any additional criteria for the mapping strategy or
backtracking as it understands that each area of study is of particular interests and
criteria. The establishment of criteria can be effective to locate the origin of persistent
tracers such as microplastic, oil slick, and other contaminants.

Revealing the contaminants’ source may provide a significant contribution
to society. More studies on strategies and criteria should be developed to ensure

contamination mitigation and cleanse capabilities.
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