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H I G H L I G H T S

• CaMPSim-3D simulates 3D microplastics 
transport in aquatic environments.

• Uses ray tracing for precise particle track-
ing and complex boundary handling.

• Adds settling, resuspension, and turbu-
lent diffusion for realistic transport.

• Sensitivity analysis conducted for Sague-
nay Fjord and Ottawa River cases.

• Enhances prediction of microplastic ac-
cumulation and movement patterns.

 G R A P H I C A L  A B S T R A C T

A R T I C L E  I N F O
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 A B S T R A C T

A deeper understanding of the transport processes and pathways of pollutants and plastic debris in aquatic 
environments, such as water bodies, riverine and coastal zones, is required to effectively understand, prevent, 
and mitigate marine pollution. In this study, we present an updated version of the high-performance, three-
dimensional Canadian Microplastics Simulation (CaMPSim-3D) particle tracking model (PTM), focused on 
simulating microplastics transport in marine and riverine environments. CaMPSim-3D is an efficient tool 
that utilizes the principles of ray tracing to enhance the accuracy and performance of particle simulations. 
New features of the PTM include the implementation of free-slip boundary conditions, particle settling and 
resuspension mechanisms, and turbulent diffusion, which improve the solution of the diffusion equations. A 
novel method for computing gradients over triangular prism elements and a double ray casting approach to 
solve the diffusion equations are also proposed. Additionally, accurate particle settling velocity for circular 
and elliptical microplastic fibres has been incorporated into the model. Several test cases are presented to 
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demonstrate the new features of the PTM. A sensitivity analysis is performed to investigate the effects of 
different boundary conditions, particle settling velocity, and turbulent diffusion on the transport and fate of 
microplastics at two sites: the Saguenay Fjord and the Ottawa River. A test case for model validation against 
field sampling is also presented for the Ottawa River. The results show that the PTM is efficient, and the use 
of turbulent diffusion and settling/resuspension mechanisms is necessary, particularly when simulating sinking 
particles with higher density than water. The findings of this study provide valuable insights into the transport 
processes of microplastics in aquatic environments and can be used to improve the accuracy of microplastics 
simulations as well as to identify microplastics accumulation areas.

1. Introduction

Microplastics and nanoplastics, plastic particles less than 5mm and 
100 μm in size, respectively, are pervasive pollutants in the environ-
ment (da Costa et al., 2016; Hale et al., 2020). The amount of plastic 
found in rivers is strongly influenced by human activities, with studies 
showing a strong correlation between plastic concentrations and factors 
such as population density, urban development, wastewater treatment 
practices, and waste management systems (Wickramarachchi et al., 
2025). The ubiquitous presence of microplastics in aquatic environ-
ments has raised concerns due to significant threats posed to marine 
life, the food web, and consequently human health (Clark et al., 2016; 
Derraik, 2002; Koelmans et al., 2016). Microplastics can be found in the 
water column and sediments of marine and freshwater environments 
around the world (Kelly, 2024) and consequently have been the subject 
of extensive research over the past decade (Andrady, 2017).

Rivers play a crucial role in distributing microplastics from land 
to the ocean, acting as conduits for transporting microplastics from 
urban areas to larger marine environments (Kirby et al., 2025; Schmidt 
et al., 2017; van Emmerik et al., 2022; van Emmerik and Schwarz, 
2020). Recent estimates suggest that over 1000 rivers are responsible 
for approximately 80% of the global annual plastic emissions into 
the oceans, contributing between 0.8 and 2.7 million metric tons per 
year (Meijer et al., 2021). Notably, small urban rivers are among 
the most significant sources of pollution (Meijer et al., 2021). Ap-
proximately 80% of microplastics studies are conducted in marine 
environments rather than in lakes and rivers, highlighting the need 
for further spatio-temporal analysis and research in these areas (Park 
et al., 2024). Marine and riverine plastics are estimated to have degra-
dation half-lives ranging from 58 to 1200 years, highlighting their 
persistence in aquatic environments (Chamas et al., 2020). Under-
standing the fate and transport of microplastic pollutants in aquatic 
environments is a complex challenge that requires a multidisciplinary 
approach. Detecting and quantifying microplastics in water systems is 
extremely labour-intensive and time-consuming, often involving exten-
sive sampling and analysis procedures (Park et al., 2024). In addition 
to characterizing the area of study, transformation processes such as 
microplastic degradation from UV light (Gewert et al., 2015; Tirkey and 
Upadhyay, 2021), biofilm formation (He et al., 2022), and particle ad-
hesion (Kalčíková, 2023), along with inherent physical properties like 
particle size, density, and shape, significantly influence the behaviour 
of microplastics in open water environments  (Arbeloa and Marzadri, 
2025).

Advancing the understanding of microplastics dynamics in aquatic 
environments requires a combination of numerical modelling, phys-
ical modelling, and experimental studies. In recent years, extensive 
research has investigated the physical processes governing microplas-
tics transport, focusing on factors such as particle size, density, and 
settling velocity, which are key determinants of microplastic buoyancy 
and accumulation patterns (Goral et al., 2023; Guler et al., 2022; 
Nguyen et al., 2022, 2020; Waldschläger et al., 2020; Waldschläger 
and Schüttrumpf, 2019). Numerical predictive models that incorporate 
these physical characteristics are essential for identifying zones of 
microplastics concentration and potential accumulation areas within 
water bodies (Goral et al., 2023; Nguyen et al., 2020; Park et al., 
2024; Waldschläger et al., 2020). Such models provide valuable support 

for environmental management, informing mitigation strategies, and 
enabling evidence-based policymaking aimed at reducing microplastic 
pollution and its environmental impacts.

Particle tracking models (PTMs), particularly Lagrangian
approaches, are widely used numerical tools for studying the fate and 
transport of particulate pollutants such as microplastics and for identi-
fying accumulation zones in aquatic environments (Ghazizadeh et al., 
2025b; Jalón-Rojas et al., 2019; Pilechi et al., 2022). These models are 
fundamentally based on the numerical solution of advection-diffusion 
equations within a Lagrangian framework. Numerous PTMs have been 
developed to simulate discrete particles and microplastics in marine 
and riverine systems (Uzun et al., 2022). However, many existing 
models are limited to two-dimensional simulations, are applicable only 
to small regional scales, or assume that microplastic particles are 
neutrally buoyant, which does not always reflect real-world condi-
tions (Chen et al., 2025; Ghazizadeh et al., 2025b; Jalón-Rojas et al., 
2019; Uzun et al., 2022). In PTMs, factors such as boundary conditions 
and the choice of numerical methods for solving the advection-diffusion 
equations can significantly influence simulation outcomes (Ghazizadeh 
et al., 2025b; Jalón-Rojas et al., 2019; Park et al., 2024; Pilechi et al., 
2022; Wang et al., 2022; Wickramarachchi et al., 2025).

Lagrangian PTMs are typically coupled with Eulerian hydrodynamic 
models to obtain the necessary flow field data for simulating particle 
transport (Jalón-Rojas et al., 2019; Pilechi et al., 2022). In both Eule-
rian and Lagrangian models, the use of structured or semi-structured 
grids can decrease the computational cost in a simulation (Ghazizadeh 
et al., 2020; Jalón-Rojas et al., 2019). However, the choice of numerical 
grid — particularly the use of structured grids, which may not be 
suitable for capturing complex boundary conditions — can lead to 
inaccuracies in simulation results (Iwasaki et al., 2017; Jalón-Rojas 
et al., 2019). Moreover, Lagrangian approaches can be computation-
ally expensive when simulating large numbers of particles or complex 
boundary conditions (Ghazizadeh et al., 2025b). The advent of effi-
cient algorithms and high-performance computing (HPC) has greatly 
advanced the use of Lagrangian models for simulating the transport of 
large numbers of particles in large-scale and complex environments, 
which are typically associated with high computational costs and long 
simulation runtimes (Ghazizadeh et al., 2025b).

In this paper, we present an updated version of the three-
dimensional Canadian Microplastics Simulation (CaMPSim-3D) particle 
tracking model, originally developed at the National Research Coun-
cil Canada (NRC) (Ghazizadeh et al., 2025b; Pilechi et al., 2022). 
CaMPSim-3D is capable of simulating various types of particles, with 
a particular focus on microplastics in diverse aquatic environments, 
including rivers, coastal areas, estuaries, lakes, and regional domains. 
CaMPSim-3D is an HPC model capable of simulating billions of parti-
cles (Ghazizadeh et al., 2025b) over large-scale regional models, unlike 
some available 3D models in this area of study (Wickramarachchi 
et al., 2025) (e.g., over a 2000 km stretch of the St. Lawrence River 
and Gulf in Ghazizadeh et al., 2025c). In the present version, multiple 
boundary conditions as well as variable particle densities and sizes have 
been implemented, enabling a more comprehensive investigation of 
microplastic transport and fate in aquatic systems. The model can also 
compute particle beaching and washout, as well as vertical shifts due 
to discontinuities in water surface elevation from the hydrodynamic 
model (Ghazizadeh et al., 2025b).
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The current implementation employs the fundamental principles 
of Ray Tracing (RT)  (Wang et al., 2022), a technique widely used 
in computer graphics, computer vision, and scientific computing. For 
further details on the PTM and ray tracing methodology, we refer 
readers to Ghazizadeh et al. (2025b). Recently, RT has been successfully 
applied in computational fluid dynamics (CFD) and particle tracking. 
In CaMPSim-3D, both ray reflection and refraction are utilized to 
compute particle displacement and enhance model accuracy. Although 
the current implementation is first-order in time and space, it achieves 
higher accuracy than other first-order models due to the use of RT 
with refraction. However, CaMPSim-3D is not a high-fidelity model and 
is not intended for small-scale, high-fidelity simulations. The use of 
RT also facilitates efficient and robust handling of complex geometries 
and boundary conditions, which are prevalent in riverine and coastal 
environments, ensuring that simulated particles remain within the com-
putational domain throughout the simulation. CaMPSim-3D is based 
on an Eulerian–Lagrangian framework and is coupled offline (one-way) 
with TELEMAC-3D and Delft3D-Flow (Ghazizadeh et al., 2025b). This 
coupling offers both advantages and limitations. The offline approach 
provides greater flexibility in selecting hydrodynamic models and re-
duces computational costs, as the hydrodynamic model only needs to 
be run once. However, it also means that the PTM cannot account for 
feedback effects between the particles and the flow field, which may be 
important in certain cases (Park et al., 2024; Wickramarachchi et al., 
2025).

In the present version of CaMPSim-3D, several new features have 
been implemented. These features were included to enhance the
model’s capabilities in modelling microplastics. These include enhanced 
particle-boundary-interactions, improved boundary condition handling, 
and specification of particle density and exact settling velocity for 
microplastics (with a focus on fibres), and finally improved diffusion 
by incorporating the effect of turbulent diffusion. Some of the other 
algorithms behind the PTM have been further optimized to improve 
the model’s performance and efficiency.

Field validation of microplastics simulations remains challenging 
due to uncertainties in particle fate and transport, which complicate 
accurate modelling. Sensitivity analysis is therefore essential for evalu-
ating the robustness and reliability of numerical models. While previous 
studies have conducted sensitivity analyses for particle tracking mod-
els (Duhec et al., 2015; Iskandar et al., 2022, 2021; Kako et al., 2014; 
Shahidzadehasadi et al., 2024; Park et al., 2024), relatively few have fo-
cused specifically on the sensitivity of microplastics transport in aquatic 
environments (Park et al., 2024). Nonetheless, recent research has 
increasingly addressed the influence of model parameters and boundary 
conditions on microplastics transport predictions (Ghazizadeh et al., 
2025a; Jalón-Rojas et al., 2019; Kelly, 2024; Kirby et al., 2025).

In this paper, we conduct a sensitivity analysis of the proposed 
PTM to investigate the effects of boundary conditions, particle settling 
velocity, and turbulence on the transport and fate of microplastics in 
aquatic environments. These analyses are undertaken to assess the im-
pact of the implemented model enhancements. The sensitivity analysis 
is carried out by varying these parameters and evaluating their effects 
on model outputs, such as particle concentration and accumulation 
patterns. Section 2 provides a brief overview of the mathematical 
formulation for the Eulerian–Lagrangian model. Section 3 summarizes 
the model, highlighting new features and the PTM methodology. Test 
cases, including a real-world validation case, are presented in Section 4, 
followed by concluding remarks in Section 5.

2. Advection-diffusion motion

The motion of discrete particles can be described by the stochas-
tic differential equation of advection-diffusion and Brownian motion 
as Noetinger et al. (2016) and Wang et al. (2022) 
𝐱(𝑡𝑛+1) = 𝐱(𝑡𝑛) + 𝐮(𝐱(𝑡𝑛), 𝑡𝑛)𝛥𝑡 + 𝝃(𝑡𝑛)

√

2𝐊𝛥𝑡, (1)

Fig. 1. A triangular prism element 𝜎 (Ghazizadeh et al., 2025b).

where 𝑡 is time [𝑇 ], 𝐊 is the diffusion tensor [𝐿2𝑇 −1], 𝛥𝑡 is the size 
of the hydrodynamic timestep [𝑇 ] (i.e., the time interval that the 
hydrodynamic data has been stored), 𝐱(𝑡𝑛) is the vector of particle 
position [𝐿] at time 𝑡 ∶= 𝑡𝑛 of the hydrodynamic solution, 𝝃(𝑡𝑛) is a 
normally distributed random vector with zero mean and unit variance, 
and 𝐮 is the interpolated velocity [𝐿𝑇 −1] at 𝐱(𝑡𝑛), which is computed 
by the following Inverse Distance Weighting (IDW) interpolation 

𝐮𝑖 ∶=
𝑁
∑

𝑗=1

1
𝛼𝑗

𝐮𝑗
/ 𝑁

∑

𝑗=1

1
𝛼𝑗

, (2)

where 𝐮𝑖 is the particle velocity for 𝐩𝑖, 𝐮𝑗 is the velocity at vertex 𝐕𝑗
in Fig.  1, 𝛼𝑗 is the distance [𝐿] of the particle from each vertex, and 
𝑁 ∶= 6 in Fig.  1. We describe the general movement of particles in the 
proposed PTM as Ghazizadeh et al. (2025b) 
𝐱(𝑡𝑛+1) = 𝐱(𝑡𝑛) + 𝐝(𝐱(𝑡𝑛), 𝑡𝑛, 𝛥𝑡), (3)

where 𝐝 is the displacement vector [𝐿]. Particle displacement vector is 
derived by Eq. (1) for advection motion as 
𝐝𝑎𝑑𝑣 ∶= 𝐮(𝐱(𝑡𝑛), 𝑡𝑛)𝛥𝑡, (4)

and diffusion motion as 
𝐝𝑑𝑖𝑓 ∶= 𝝃(𝑡𝑛)

√

2𝐊𝛥𝑡. (5)

In the proposed study, several steps must be completed to track 
particles in the proposed Eulerian–Lagrangian framework. This process 
involves using an Eulerian model (TELEMAC-3D or Delft3D-FLOW) to 
compute variables such as velocity fields and water surfaces, seeding 
microplastics into the computational domain, and iteratively updating 
particle positions and attributes by integrating advection and diffusion 
equations, while checking for particle interactions with boundaries and 
beaching. For more information on the proposed model, we refer the 
readers to Ghazizadeh et al. (2025a) and Ghazizadeh et al. (2025b).

3. Particle tracking model

CaMPSim-3D is implemented using a ray tracing algorithm to track 
particles in aquatic environments. The PTM is based on the fundamen-
tal principles of ray reflection and refraction: upon particle interaction 
with external boundaries (i.e., shorelines), the particle will either par-
tially reflect or continue moving perpendicular to the unit normal 
of the boundary segment. Additionally, when particles intersect in-
ternal boundaries of each 3D computational cell, their velocity is 
updated using Eq. (2). The following sections describe the approaches 
implemented in the proposed model.
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3.1. Particle displacement with advection

In regions with high Péclet numbers (𝑃𝑒 ≫ 1; where the rate of ad-
vective transport greatly exceeds that of diffusive transport), advection 
is the dominant method of transport for particles and microplastics. At 
the beginning of each timestep, particle hosting cells and particle ve-
locity is known (Ghazizadeh et al., 2025b). In the ray tracing approach, 
a ray 𝐫𝑖 ∶= 𝐱𝑖(𝑡𝑛) + 𝐮𝑖(𝑡𝑛)𝛥𝑡𝑟,𝑖 is cast for each particle where 𝐱𝑖(𝑡𝑛) is the 
particle position, 𝐮𝑖(𝑡𝑛) is the particle velocity and 𝛥𝑡𝑟,𝑖 ∶= 𝛥𝑡. Since the 
hosting cell for each particle is known, the traverse time for particle 𝐩𝑖
to intersect (hit) facet 𝑓ℎ𝑖𝑡,𝑖, which is one of the 5 facets of the hosting 
cell can be computed as: 

𝛥𝑡ℎ𝑖𝑡,𝑗 ∶=
(𝐆𝑗 (𝑡𝑛) − 𝐱𝑖(𝑡𝑛)) ⋅ 𝐧𝑗 (𝑡𝑛)

𝐮𝑖(𝑡𝑛) ⋅ 𝐧𝑗 (𝑡𝑛)
, (6)

where 𝐆𝑗 (𝑡𝑛) is the centroid of each facet, 𝐧𝑗 (𝑡𝑛) is the unit normal of 
each facet, and 𝑗 = 5 for wet cells (Ghazizadeh et al., 2025b).

3.2. Random walk model

Diffusion is another form of particle motion that is prominent in 
highly concentrated areas or where advective motion is relatively neg-
ligible. The random walk model is a widely used method for simulating 
the stochastic transport of particles in fluid flows (Batchelor, 1949; 
Ghazizadeh et al., 2025b; Iwasaki et al., 2017; Jalón-Rojas et al., 2019; 
Wang et al., 2022). The stochastic differential equation for diffusion in 
the random walk model is given by 
𝐱𝑛+1 = 𝐱𝑛 + 𝝃𝑛

√

2𝐊(𝐱𝑛)𝛥𝑡. (7)

This formulation is known as the naive random walk model and 
is based on the assumption that 𝐊 is uniform in space and constant in 
time. However, in marine environments and freshwater ecosystems, the 
turbulent diffusion is not uniform. Using the naive random walk model 
in such cases can lead to artificial accumulation of particles in low 
diffusivity regions (Visser, 1997). In this paper, we adopt the following 
diffusive random walk model from Visser (1997) to include the effect 
of turbulent diffusion in particle transport 

𝐱𝑛+1 = 𝐱𝑛 +𝐊′(𝐱𝑛)𝛥𝑡 + 𝝃𝑛
√

2𝐊
(

𝐱𝑛 + 1
2
𝐊′(𝐱𝑛)𝛥𝑡

)

𝛥𝑡, (8)

where 𝐊′(𝐱𝑛) = 𝜕𝐊(𝐱𝑛)∕𝜕𝐱 and 𝐊(𝐱𝑛) is the diffusion tensor at 𝐱 and time 
𝑛. Note that 𝐊(𝐱𝑛) is computed using the eddy viscosity 𝝂(𝐱𝑛) which is 
calculated in the hydrodynamic model and with the use of the turbulent 
Schmidt number 𝑆𝑐 = 𝝂(𝐱𝑛)∕𝐊(𝐱𝑛) (Jalón-Rojas et al., 2019; Pilechi 
et al., 2022). Note that 𝝂(𝐱𝑛) is computed by solving turbulence models, 
such as 𝑘-𝜖 or 𝑘-𝜔. In river flows, the Schmidt number typically ranges 
between 0.8 and 1.2 (openTELEMAC, 2024). In this paper, we assume 
𝑆𝑐 = 1.

3.3. Particle displacement with diffusion

To solve diffusion in Eq. (8), we propose a double ray casting 
approach, in which two rays are cast for each particle during each 
timestep (i.e., the interval at which the hydrodynamic model data is 
stored). In the first step, for particle 𝐩𝑖, a ray 𝐫′𝑖 ∶= 𝐱𝑛 + 1∕2𝐊′𝛥𝑡′𝑟,𝑖 is 
cast, where 𝛥𝑡′𝑟,𝑖 ∶= 𝛥𝑡 for rays that do not hit a facet, and 𝛥𝑡′𝑟,𝑖 ∶= 𝛥𝑡′ℎ𝑖𝑡,𝑖
for rays that intersect with a facet. If 𝐫′𝑖  hits a facet, 𝐊𝑖 is computed 
using the IDW interpolation of 𝐊 of the facet nodes. Note that 𝐊′ is 
constant for each triangular prism element 𝜎 and is associated with the 
centroid of the element (see Section 3.4 for gradient computation).

In the second step, a second ray 𝐫𝑖 ∶= 𝐱𝑛 + 𝐊′𝛥𝑡𝑟,𝑖 + 𝝃𝑛
√

2𝐊(𝐱𝑛 + 1∕2𝐊′𝛥𝑡𝑟,𝑖)𝛥𝑡𝑟,𝑖 is cast. Consequently, each particle displaces 
for the duration of 𝛥𝑡′𝑟,𝑖. The value of 𝛥𝑡′𝑟,𝑖 is updated to 𝛥𝑡′𝑟,𝑖 ∶= 𝛥𝑡−𝛥𝑡′ℎ𝑖𝑡,𝑖. 
The double ray casting approach continues until each particle has 
been transported for the duration of 𝛥𝑡. Algorithm 1 summarizes the 
pseudo-code for the ray tracing particle displacement with turbulent 
diffusion.

Algorithm 1: Particle displacement through turbulent diffusion
foreach non-settled particle 𝐩𝑖 do

Set 𝛥𝑡′𝑟,𝑖 ∶= 𝛥𝑡;
while 𝛥𝑡′𝑟,𝑖 > 0 do

Cast 𝐫′𝑖 ∶= 𝐱𝑛 + 1
2𝐊

′𝛥𝑡′𝑟,𝑖 with traversal time 
𝛥𝑡′ℎ𝑖𝑡,𝑖 ∶=

(𝐆𝑗−𝐱𝑖)⋅𝐧𝑗
𝐮𝑖⋅𝐧𝑗

 for a hit ray;
if 𝛥𝑡′ℎ𝑖𝑡,𝑖 < 𝛥𝑡′𝑟,𝑖 then /* Ray intersects a facet */

Compute 𝐊𝑖 using the IDW interpolation of the facet 
nodes;

else
Compute 𝐊𝑖 using the IDW interpolation of the hosting 
cell nodes;

end
Set 𝛥𝑡𝑟,𝑖 ∶= 𝛥𝑡′𝑟,𝑖 and 𝛥𝑡′𝑟,𝑖 ∶= 𝛥𝑡′𝑟,𝑖 − 𝛥𝑡′ℎ𝑖𝑡,𝑖;
while 𝛥𝑡𝑟,𝑖 > 0 do

Cast 
𝐫𝑖 ∶= 𝐱𝑛 +𝐊′(𝐱𝑛)𝛥𝑡𝑟,𝑖 + 𝜉𝑛

√

2𝐊
(

𝐱𝑛 + 1
2𝐊

′(𝐱𝑛)𝛥𝑡𝑟,𝑖
)

𝛥𝑡𝑟,𝑖;

if 𝛥𝑡ℎ𝑖𝑡,𝑖 < 𝛥𝑡𝑟,𝑖 then /* Particle intersects a 
facet */

𝛥𝑡𝑟,𝑖 ∶= 𝛥𝑡𝑟,𝑖 − 𝛥𝑡ℎ𝑖𝑡,𝑖;
Update particle location to the intersection of 𝐫𝑖 and 
𝑓ℎ𝑖𝑡,𝑖;
if 𝑓ℎ𝑖𝑡,𝑖 ⋅ 𝑓𝑟𝑜𝑛𝑡 ≥ 0 then /* Internal facet */

Update particle hosting cell to 𝑓ℎ𝑖𝑡,𝑖 ⋅ 𝑓𝑟𝑜𝑛𝑡;
else /* Boundary facet */

Employ boundary conditions;
end

else /* Particle remains in the hosting cell 
*/
Traverse the particle for 𝛥𝑡𝑟,𝑖;

end
end 

end 
end 

3.4. Triangular prism cell gradient approximation

We propose the following scheme to compute the scalar field gra-
dient of 𝑓𝜎 in the 𝑥𝑦-plane for a triangular prism cell 𝜎 based on the 
approach in Mancinelli et al. (2018) in order to enhance CaMPSim-3D. 
The value of 𝑓𝑖, 𝑖 = 1,… , 6 is only known at the prism cell vertices 𝐕𝑖. 
(𝜕𝑓∕𝜕𝑥)𝑡 and (𝜕𝑓∕𝜕𝑦)𝑡 for the bottom and top triangular facets (T) in 
Fig.  1 computed using the following formula 

∇𝑓𝑏𝑜𝑡𝑡𝑜𝑚 = (𝑓2 − 𝑓1)
(𝐕1 − 𝐕3)⊥

2𝐴𝑡
+ (𝑓3 − 𝑓1)

(𝐕2 − 𝐕1)⊥

2𝐴𝑡
,

∇𝑓𝑡𝑜𝑝 = (𝑓5 − 𝑓4)
(𝐕4 − 𝐕6)⊥

2𝐴𝑡
+ (𝑓6 − 𝑓4)

(𝐕5 − 𝐕4)⊥

2𝐴𝑡
,

(9)

where 𝑒⊥ denotes edge 𝑒 rotated by 90◦ and 𝐴𝑡 is the area of the 
triangular facet. Note that in Eq. (9), ∇𝑓 is constant over its corre-
sponding triangular facet and in this work, is associated to the centroid 
of the triangular facet. By averaging the gradients at the bottom and 
top facets, the horizontal gradient for the triangular prism element is 
computed. In order to calculate the gradients in the vertical direction, 
the gradients for the overlaying vertices are computed (e.g., for 𝐕1 and 
𝐕4) and the average of the three values represents the vertical gradient 
of the prism element 𝜎. Note that (∇𝑓 )𝜎 is constant over the prism 
element and are associated to the centroid of the prism element.

Similarly, the gradients of the vector field 𝐟 =∶ [𝑓𝑥, 𝑓𝑦, 𝑓𝑧]⊤ can be 
calculated by employing the same approach in Eq. (9).
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Fig. 2. Circular fibre (left) and elliptical fibre (right) (Goral et al., 2023).

3.5. Particle settling velocity

Following previous studies of particle settling velocity, we incorpo-
rated the approach from Goral et al. (2023) to improve the representa-
tion of particle settling dynamics in CaMPSim-3D. Fibres are the most 
common type of microplastics (Goral et al., 2023; Waldschläger and 
Schüttrumpf, 2019). In this paper, microplastic particles are assumed to 
be fibres with either circular or elliptical cylinder shapes, as illustrated 
in Fig.  2. At the beginning of each simulation, the particle lengths 𝑎, 
𝑏, and 𝑐 are randomly assigned to each particle within user-defined 
ranges. Cylinders tend to settle with their long axis predominantly 
horizontal (Goral et al., 2023); this preferential settling orientation is 
assumed for fibre particles in this study.

With respect to the theoretical framework, from the fundamental 
principles of terminal velocity for settling particles, the drag coefficient 
𝐶𝐷 can be computed as Goral et al. (2023) and Yu et al. (2022): 

𝐶𝐷 ∶=
2𝑔(𝑠 − 1)𝑉

𝜔2
𝑠𝐴

=
4𝑔(𝑠 − 1)𝑑𝐷

3𝜔2
𝑠

, (10)

where 𝑔 is the gravitational constant, 𝑠 = 𝜌𝑝∕𝜌 is the relative density 
of the particle, 𝜔𝑠 is the settling velocity, 𝐴 = 𝑎𝑏 is the projected area, 
𝑉 = 𝜋

4 𝑎𝑏𝑐 is the particle’s volume, and 

𝑑𝐷 ∶= 3𝑉
2𝐴

= 3𝜋𝑐
8

. (11)

In Eq. (11), 𝑑𝐷 is a generalized equivalent diameter based only 
on the particle’s volume and its projected area, without assuming any 
particular shape or orientation in Eq. (10). We refer the reader to, 
e.g., Goral et al. (2023) and Waldschläger and Schüttrumpf (2019) for 
further details. Additionally, the empirical expression to approximate 
the drag coefficient for circular and elliptical fibres is given by Goral 
et al. (2023): 

𝐶𝐷 = max
(

19𝑅𝑒−0.6𝑝 , 0.86
)

, (12)

where 

𝑅𝑒𝑝 =
𝜔𝑠𝑑𝑝
𝜈

, (13)

in which 𝑑𝑝 ∶= 3
√

3
2𝑎𝑏𝑐 and 𝜈 is the kinematic viscosity of the fluid. 

Finally, by computing the drag coefficient 𝐶𝐷 through solving Eqs. (10), 
(12) and (13), the settling velocity 𝜔𝑠 can be obtained as follows: 

𝜔𝑠 ∶=

√

4𝑔(𝑠 − 1)𝑑𝐷
3𝐶𝐷

. (14)

After computing the settling velocity 𝜔𝑠,𝑖 for each particle, the ver-
tical component of the particle velocity is updated as 𝐮𝑖 ∶= [𝑢𝑖, 𝑣𝑖, 𝑤𝑖 ±
𝜔𝑠,𝑖]⊤, where [𝑢𝑖, 𝑣𝑖, 𝑤𝑖]⊤ is the interpolated velocity at the particle 
location before applying the settling velocity. Note that for settling 
particles, the settling velocity is subtracted from the vertical component 
of the particle velocity, while for floating particles, the settling velocity 
is added to the vertical component of the particle velocity.

3.6. Particle boundary interaction

Particle boundary interaction is a critical step in particle tracking 
models. Boundary conditions for the Lagrangian model are used to en-
sure that particles remain in the computational domain and to represent 
the physics of the problem as accurately as possible. In the PTM, three 
different types of physical boundaries are considered: i. the surface, ii. 
the bottom bed (e.g., riverbed), and iii. the shoreline boundaries.

3.6.1. Surface boundary
In the proposed model, two types of boundary conditions have been 

implemented for the surface boundary. The first is a partially reflec-
tive boundary condition, as proposed in Ghazizadeh et al. (2025b), 
where particles that hit the water surface are reflected back into the 
computational domain using the following equations: 
𝐮𝑟𝑒𝑓 ,𝑖(𝑡𝑛) = 𝐮𝑖(𝑡𝑛) − 2

[

𝐮𝑖(𝑡𝑛) ⋅ 𝐧(𝑡𝑛)
]

𝐧(𝑡𝑛), (15)

and 
𝐱𝑟𝑒𝑓 ,𝑖(𝑡𝑛) = 𝐱𝑖(𝑡𝑛) + 𝐮𝑟𝑒𝑓 ,𝑖(𝑡𝑛)𝛥𝑡𝑟𝑒𝑓 ,𝑖, (16)

where 𝐮𝑟𝑒𝑓 ,𝑖(𝑡𝑛) is the particle reflective velocity, 𝐮𝑖(𝑡𝑛) is the particle 
velocity before intersecting the water surface, 𝐧(𝑡𝑛) is the boundary 
segment unit normal, 𝐱𝑟𝑒𝑓 ,𝑖(𝑡𝑛) is the particle location after partial 
reflection, 𝐱𝑖(𝑡𝑛) is the particle intersection location with the boundary, 
and 𝛥𝑡𝑟𝑒𝑓 ,𝑖 is the time that particle traverses after hitting the boundary 
and before its velocity is updated. 𝛥𝑡𝑟𝑒𝑓 ,𝑖 for the water surface is 
computed as: 

𝛥𝑡𝑟𝑒𝑓 ,𝑖 ∶=
𝐾𝑠𝑏

|𝐮𝑟𝑒𝑓 ,𝑖(𝑡𝑛)|
, (17)

where 𝐾𝑠𝑏 is a constant that can be chosen based on the temporal 
(i.e., the timestep interval in the hydrodynamic data) and spatial res-
olution of the grid in the horizontal direction in the Eulerian model. 
In this study, we have chosen 𝐾𝑠𝑏 = 0.001, which is small enough to 
keep reflected particles close to the surface boundary. In this case, if 
a particle intersects with the surface boundary perpendicularly with a 
velocity of 1m s−1 the particle will travel 1mm away from the surface 
upon reflection.

The second surface boundary condition is a free-slip boundary 
condition. When a particle reaches the surface, a free-slip boundary 
condition is applied, and the particle is transported along the surface 
and perpendicular to the unit normal of the boundary section with the 
following velocity until it intersects with the next facet: 
𝐮𝑓𝑠,𝑖(𝑡𝑛) = 𝐮𝑖(𝑡𝑛) −

[

𝐮𝑖(𝑡𝑛) ⋅ 𝐧(𝑡𝑛)
]

𝐧(𝑡𝑛), (18)

where 𝐮𝑓𝑠,𝑖(𝑡𝑛) is the particle free-slip velocity, 𝐮𝑖(𝑡𝑛) is the particle 
velocity before intersecting the surface, and 𝐧(𝑡𝑛) is the boundary 
segment unit normal. Note that in the case of a floating particle with 
a positive settling velocity, the particle’s settling velocity will not be 
applied if the previous surface boundary intersection was also with 
the surface (i.e., the particle is assumed to be on the surface and its 
settling velocity will not apply until it intersects a side facet). This 
prevents excessive computational cost due to the particle’s continuous 
interaction with the surface boundary.

3.6.2. Bottom bed boundary
The bottom bed boundary is employed upon particle interaction 

with the bottom bed of the water body. Three bottom bed boundary 
conditions have been implemented in this study. The first boundary 
condition is a partial reflective boundary condition as described in 
Eqs. (15)–(17). The second bottom boundary condition is a free-slip 
boundary condition as described in Eq. (18). The third bottom bound-
ary condition is inspired by a no-slip boundary condition. The free-slip 
boundary condition in Eq. (18) is applied to floating and neutrally 
buoyant particles (with non-negative settling velocity) that intersect 
with the bottom bed. For sinking particles (with negative settling 
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velocity), particles will settle and remain on the bottom bed. Addi-
tionally, based on empirical data from the field of sediment transport 
and the Hjulström curve, we have introduced a particle resuspension 
mechanism to simulate the resuspension of particles from the bottom 
bed (Graf, 1984; Hjulström, 1935). Note that the use of the Hjul-
ström curve is an approximation for computing particle resuspension. 
To mitigate uncertainties, we implemented a mechanism to shift the 
model upward or downward and to scale the diagram. However, we 
did not incorporate this mitigation in this study. Future studies and 
experiments are needed to validate this approach. If the velocity at the 
position of the particle is greater than the corresponding velocity from 
the Hjulström plot, the particle will resuspend.

3.6.3. Shoreline boundary
A partial reflective boundary condition based on Eqs. (15) and (16) 

has been applied for shoreline boundaries. For shoreline boundaries, 
𝛥𝑡𝑟𝑒𝑓 ,𝑖 in Eq. (16) is computed with 

𝛥𝑡𝑟𝑒𝑓 ,𝑖 ∶=

√

2𝐴𝑖

𝐾𝑠𝑖𝑑𝑒|𝐮𝑟𝑒𝑓 ,𝑖(𝑡𝑛)|
, (19)

where 𝐴𝑖 is the area [𝐿2] of the hosting 2D triangular element and 
𝐾𝑠𝑖𝑑𝑒 is a constant that can be chosen based on the temporal and spatial 
resolution of the Eulerian model. In this study, we have chosen 𝐾𝑠𝑖𝑑𝑒 =
100 to keep reflected particles closer to the boundaries. Note that the 
larger 𝐾𝑠𝑖𝑑𝑒 is, the closer the particles will remain to the boundaries 
upon reflection, whereas the smaller 𝐾𝑠𝑖𝑑𝑒 is, the farther the particles 
will be from the boundaries upon reflection until the next intersection 
with mesh facets or until the end of the timestep. For example, if 
𝐾𝑠𝑖𝑑𝑒 = 2, the particle will travel a distance equal to half the height of 
an equilateral triangle with area (𝐴) equal to that of its hosting triangle.

4. Numerical test cases

Two sites — the Saguenay Fjord and the Ottawa River — were 
selected to study microplastics transport using CaMPSim-3D. The fol-
lowing sections describe the hydrodynamic models for each site and 
summarize the scenarios chosen to investigate microplastics transport. 
Note that the models have been validated in previous studies (Cornett 
et al., 2017; Kirby et al., 2025).

4.1. Hydrodynamic model

The hydrodynamic models are based on the TELEMAC-3D
model (openTELEMAC, 2024) (v8p5 for the Saguenay Fjord and v9p0 
for the Ottawa River), a finite element solver for the three-dimensional 
Navier–Stokes equations. Incorporating surface wind, boundary condi-
tions, and bottom roughness, TELEMAC-3D computes hydrodynamic 
variables such as velocity, water surface elevation, and turbulent vis-
cosity. For all simulations, a 30 s simulation timestep was applied in 
conjunction with a 𝑘-𝜖 turbulent closure model and constant bottom 
roughness of 1 cm. The hydrodynamic model for each site is described 
in the following sections.

4.1.1. Saguenay fjord
The Saguenay Fjord, located in Quebec, Canada, extends approxi-

mately 110 km between the communities of Chicoutimi, where the fjord 
transitions to the Saguenay River, and Tadoussac, where the fjord meets 
the St. Lawrence River. The fjord varies in width from 1.5 to 4 km and 
is characterized by deep waters and a complex hydrodynamic regime 
influenced by tidal forces, salinity gradients, and river discharge (Cor-
nett et al., 2017). Its unique morphology and hydrodynamics make it an 
ideal site for studying microplastic transport and deposition. The fjord 
is estimated to contain 90% salt water, with noticeable stratification 
stemming from the freshwater source to the brackish St. Lawrence 
River. The hydrodynamic simulation, including salinity, was performed 
on a triangular prism mesh with 22,838 triangles and 21 sigma layers 

(20 three-dimensional layers indexing from 0 to 19), resulting in a total 
of 456,760 triangular prism elements in the computational domain, as 
depicted in Fig.  3. The hydrodynamic model was run for a period of 
23 days using observed tidal water levels in June 2012 from the Baie-
Sainte-Catherine (03424) station for the downstream boundary and 
upstream flows from Cornett et al. (2017), with simulation data stored 
at 15-minute intervals for the particle tracking model (i.e., 𝛥𝑡 = 900 s).

4.1.2. Ottawa river
The second site investigated in this study is a 160 km stretch of the 

Ottawa River on the border between Ontario and Quebec, Canada from 
Chats Falls to Carillon Dam, as shown in Fig.  4. The average annual 
upstream flow of this stretch is 2250m3 s−1, with six main tributaries 
contributing a cumulative average flow of 1300m3 s−1. In the simulation 
case, a high flow rate of 3750m3 s−1 was selected with tributary flows 
totalling 1460m3 s−1, based on hydrometric data from Water Survey 
of Canada gauge station 02KF009 (Environment and Climate Change 
Canada, 2024), to focus the analysis on accumulation zones of mi-
croplastics. The Ottawa River is an inland river and is not influenced 
by tides. The hydrodynamic simulation was performed on a mesh with 
270,262 triangles in the horizontal plane and 6 sigma (bottom follow-
ing) vertical layers (5 three-dimensional layers indexing from 0 to 4), 
resulting in a total of 1,351,310 triangular prism elements in the com-
putational domain. The resolution of the mesh at shorelines is 20m with 
a growth rate of 1.06, resulting in maximum mesh resolution of 450 m 
at the widest parts of the river. Bathymetry for the model upstream of 
Chaudière Falls was collected via digitized nautical charts (Canadian 
Hydrographic Service, 2011) and downstream of Chaudière Falls was 
collected from the Canadian Hydrographic Non-Navigational (NONNA) 
sonar-based data (Chen et al., 2025). The simulation was run for a 
period of 60 days, with simulation data stored at one-hour intervals 
(𝛥𝑡 = 3600 s) (Chen et al., 2025; Kirby et al., 2025).

4.2. Particle tracking model

We tested CaMPSim-3D on the two aforementioned sites using 
different scenarios, summarized in Table  1, to investigate the effects of 
particle density, size, diffusion, and boundary conditions on microplas-
tics transport. In scenarios S1–S6, particles were considered neutrally 
buoyant (999.972 kgm−3 in case of fresh water). In scenarios S7–S12, 
particle density were assigned from the normal distribution between 
[900–1400]kgm−3. Therefore, in these scenarios, some particles sink 
while others float on the surface throughout the simulation. This is 
a more realistic representation of microplastics behaviour, as shown 
in field sampling studies (Kelly, 2024), and since the majority of 
microplastics are non-neutrally buoyant (Nakano et al., 2025). In this 
paper, and in the current implementation of the model, we assume 
that the particles are fibres, which are the most common type of 
microplastics. In scenarios S1–S6 the particle dimensions were set to 
𝑎 = 200 μm, 𝑏 = 150 μm, and 𝑐 = 150 μm. In scenarios S7–S12, the 
particle dimensions were randomly assigned from a normal distribution 
a ranges 𝑎 = [150–250] μm, 𝑏 = [5–150] μm, and 𝑐 = [50–150] μm. 
Moreover, in some simulations, turbulent diffusion as described in 
Eq. (8) was applied, while in others, the naive random walk model 
from Eq. (7) was used. Lastly, three different boundary conditions were 
applied to the particles upon interaction with boundaries:

- BC1—a partially reflective boundary condition for the surface, 
bottom bed, and shorelines;

- BC2—a partially reflective boundary condition for the surface 
and shorelines, with a free-slip boundary condition for floating 
particles and settling/resuspension for sinking particles at the 
bottom bed;

- BC3—a free-slip boundary condition for the surface, bottom bed, 
and shorelines.
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Fig. 3. Study area and hydrodynamic computational domain in the Saguenay Fjord. The red circle indicates the microplastics release point near the upstream 
boundary.

Fig. 4. Study area and hydrodynamic computational domain in the Ottawa River. The red circle indicates the microplastics release point downstream of the 
Chaudière Dam.

Table 1
Microplastic simulation scenarios based on varying materials, particle dimensions, turbulent diffusion, and 
boundary conditions.
 No. Materiala Density 

(kgm−3)
Dimensions (μm) Turbulent 

diffusion
Boundary conditions

 a b c BC1 BC2 BC3  
 1

NB 999.972 200 150 150

- � - -
 2 � � - -
 3 - - � -
 4 � - � -
 5 - - - �

 6 � - - �

 7

MX [900–1400]b [150–250]c [50–150] [50–150]

- � - -
 8 � � - -
 9 - - � -
 10 � - � -
 11 - - - �

 12 � - - �

 13 PLT 1380 200 150 150 - - � -

 14 NYL 1150 200 150 150 - - � -

a NB: Neutrally Buoyant; MX: Mixed; PLT: Polyethylene Terephthalate; NYL: Nylon.
b Particle density is randomly assigned to each particle within a specified range.
c Particle dimensions are randomly assigned to each particle within a specified range.

The PTM was run on a high-performance node with two AMD EPYC 
7543 processors (2 × 32 cores) and the Ubuntu 22.04 LTS operating 
system. For each site, 12 scenarios were chosen, and in each scenario, 
100,000 particles were released as a cluster at a predefined location 
in the computational domain (particle cluster release points are shown 
as red circles in Figs.  3 and 4). The average simulation time per 
timestep for each scenario is plotted in Fig.  5. Note that as the PTM 
moves particles with respect to their corresponding hosting cells, all 
computations are performed locally for each particle without commu-
nication with other particles or mesh elements. Therefore, increasing 
the size of the 3D mesh (i.e., expanding the computational domain) 
does not drastically increase the computational cost (Ghazizadeh et al., 
2025b). However, factors such as timestep size, turbulent flows, high 
Péclet number regions, local mesh refinements, settling velocity, and 
boundary conditions can affect the efficiency of the PTM, as seen in 
Fig.  5. For example, scenarios with free-slip boundary conditions (S11 

and S12) are more computationally expensive, as floating and sinking 
particles intersect with the surface and bottom bed boundaries many 
times throughout the simulations. In addition, simulation runtimes 
for the Ottawa River are longer than those for the Saguenay Fjord, 
as the Ottawa River hydrodynamic model uses a larger timestep 𝛥𝑡. 
Consequently, the probability of particles intersecting boundaries and 
internal mesh facets is higher in the Ottawa River scenario due to a 
shallower domain and complex shorelines.

4.3. Results and discussion

In this section we present the results of the PTM for the Saguenay 
Fjord and the Ottawa River. The results are discussed in terms of 
particle transport, accumulation patterns, and the influence of different 
scenarios on microplastics behaviour in each domain. To present the 
results of the PTM for each scenario, the computational domains of 
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Fig. 5. Hydrodynamic computational domain in the Saguenay Fjord. 

Table 2
Zones with highest number of particles and corresponding percentage of total 
particles in the Saguenay Fjord at timesteps 100, 300, 1000, and 2000 for 
S1–S12.
 Scenario No. Zone No. Particle percentage
 100 300 1000 2000 100 300 1000 2000 
 1 66 92 263 263 13.4 2.1 11.9 24.5  
 2 66 129 263 263 5.6 2.1 12.3 25.2  
 3 66 92 263 263 13.5 2.2 12.1 24.9  
 4 66 129 263 263 5.6 2.1 12.2 25.0  
 5 43 129 263 263 7.8 2.3 11.8 24.3  
 6 44 129 263 263 5.7 2.1 12.6 25.7  
 7 41 49 48 48 6.7 13.6 17.5 28.5  
 8 39 53 56 48 8.3 12.7 16.3 25.7  
 9 6 8 11 12 49.3 51.5 52.5 43.2  
 10 6 8 11 12 49.7 52.4 54.4 44.6  
 11 31 48 56 48 6.1 18.8 24.9 23.4  
 12 39 53 56 48 8.4 14.7 18.1 24.4  

both sites were divided into zones along the river centreline at 500m
intervals: 263 zones for the Saguenay Fjord and 240 zones for the 
Ottawa River, as shown in Figs.  3 and 4, with zone 1 located at the 
upstream end of each domain. This zonal division enables a spatially 
resolved analysis of microplastics transport and accumulation patterns 
throughout each domain.

4.3.1. Saguenay Fjord
For the Saguenay Fjord, the number of particles in each zone was 

computed at timesteps 100, 300, 1000, and 2000, as shown in Fig.  6. 
Due to the dominance of tidal flows in the fjord, particles are grad-
ually transported downstream and dispersed throughout the domain, 
eventually reaching the downstream boundary. Note that in zone 263, 
which is the last zone, the number of particles that have exited the 
computational domain through the downstream boundary is included, 
accounting for the high particle counts observed in timesteps 1000 and 
2000 in Fig.  6. 

In scenarios S1–S6, where particles are neutrally buoyant, the par-
ticles are transported and dispersed across the domain, with mini-
mal noticeable differences between scenarios. However, in scenarios 
S7–S12, where particles are assigned different densities, the number of 
particles reaching the downstream boundary is significantly lower than 
in the previous scenarios (e.g., at timestep 2000, 25% and 14.2% of the 
particles reach the downstream boundary in S4 and S10, respectively). 
Among all scenarios, S9 and S10 show the most distinct behaviour. This 
is due to the negative settling velocity of particles and the implemen-
tation of settling/resuspension at the bottom bed. Most particles with 
negative settling velocity settle and remain near the bottom bed, close 
to the release point, within approximately 20 km of the release location. 
In contrast, in S11 and S12, where a free-slip boundary condition is 

used (BC3), particles with negative settling velocity gradually disperse 
throughout the domain but tend to remain near the bottom bed, with 
some being transported to the shorelines and remaining there. Fig.  7 
illustrates scenarios S9 (BC2) and S11 (BC3) in the Saguenay Fjord, 
showing how particles are transported at timestep 1000. In this figure, 
it can be observed that heavier particles tend to settle and remain closer 
to the release point in S9, while in S11, particles do not settle and are 
transported across the domain. Table  2 summarizes the zones with the 
highest number of particles and the corresponding percentage of total 
particles in the Saguenay Fjord at timesteps 100, 300, 1000, and 2000 
for scenarios S1–S12.

Additionally, Fig.  8 illustrates scenarios S1 and S2, highlighting 
the difference between the naive random walk and turbulent diffusion 
approaches. The major difference between the two results can be seen 
in the blue circles in the figure. As expected from the formulations in 
Section 3.2, turbulent diffusion produces a more uniform distribution 
of microplastics (Fig.  8-bottom), whereas the naive random walk model 
leads to artificial congregation of particles. This effect is particularly 
noticeable in the upstream region, where tidal influence is weaker 
(the tides in the Fjord reach to where the blue circles are located on 
the left side of the domain). Note that tides are a primary driver of 
microplastics dispersion in the horizontal direction.

To investigate the effects of particle settling velocity on microplas-
tics transport, we also ran scenarios S13 and S14. In S13, microplastics 
were assumed to be composed of polyethylene terephthalate (PLT) with 
a density of 1380 kgm−3, while in S14, microplastics were assumed to 
be nylon with a density of 1150 kgm−3. These two types of microplastics 
were selected as they are commonly found in the environment (Goral 
et al., 2023; Kelly, 2024). Fig.  9 shows the particle distribution at 
timestep 2000 for scenarios S13 and S14. Particles in S13 remain closer 
to the release location, and in both scenarios, particles do not disperse 
significantly and tend to remain on the bottom bed.

4.3.2. Ottawa river
Similar to the previous site, the computational domain is divided 

into several zones, with zone 1 at the upstream end and zone 240 at 
the downstream end. Several scenarios based on Table  1 were run, and 
the number of particles in each zone at timesteps 10, 20, 30, and 50 are 
plotted in Fig.  10. In scenarios S1–S6, with neutrally buoyant particles, 
over 75% of the particles leave the computational domain through 
the downstream boundary. In contrast, in scenarios S7–S12, where 
particles have varying densities, the number of particles reaching the 
downstream boundary is significantly lower, as many particles settle 
and remain on the bottom bed or near the shorelines, and some become 
trapped in bays where water velocity is very low. In scenarios S7–S12, 
which include both settling and floating particles, S9 and S10 again ex-
hibit the most distinct behaviour due to the combined effects of particle 
settling and resuspension. Fig.  11 illustrates the particle distribution for 
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Fig. 6. From top to bottom: Corresponding number of microplastics at timestep 100, 300, 1000, and 2000 for 12 scenarios in the Saguenay Fjord.

Fig. 7. Particles at timestep 1000 for scenarios S9 (BC2, top) and S11 (BC3, bottom), illustrating the difference between BC2 and BC3, respectively. The particle 
colour scale indicates the depth of the particles, with blue representing particles near the bottom and red representing particles near the surface.
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Fig. 8. Particles at timestep 100 for scenarios S1 (top) and S2 (bottom), 
illustrating the difference between naive random walk and turbulent diffusion 
effects, respectively. The particle colour scale indicates the depth of the 
particles, with blue representing particles near the bottom and red representing 
particles near the surface.

Table 3
Zones with highest number of particles and corresponding percentage of total 
particles in the Ottawa River at timesteps 10, 20, 30, and 50 for S1–S12.
 Scenario No. Zone No. Particle percentage
 10 20 30 50 10 20 30 50  
 1 72 137 178 240 11.8 5.9 6.9 49.0 
 2 71 130 173 240 9.7 5.1 5.0 38.9 
 3 72 130 178 240 12.0 5.9 7.0 49.2 
 4 71 130 173 240 9.7 5.1 5.1 39.2 
 5 73 128 177 240 8.9 4.6 5.1 44.7 
 6 71 129 173 240 9.3 4.9 4.3 34.9 
 7 8 45 69 240 13.9 2.5 2.7 11.5 
 8 8 47 69 240 12.8 2.5 2.3 9.6  
 9 7 7 7 7 22.5 17.4 17.3 17.5 
 10 7 7 7 7 22.3 17.3 17.2 17.3 
 11 8 45 69 240 14.5 2.3 2.8 9.8  
 12 8 47 69 137 8.9 2.5 1.9 8.3  

S9 (BC2) and S11 (BC3) at timestep 30. In S9, sinking particles settle 
and may not resuspend, whereas in S11, particles move slowly along 
the bottom bed. Table  3 summarizes the zones with the highest number 
of particles and the corresponding percentage of total particles in the 
Ottawa River at timesteps 10, 20, 30, and 50 for scenarios S1–S12. 
For example, for S4, at timestep 50, zone 240 contains 39.2% of the 
total particles, indicating that a significant portion of the particles have 
reached the downstream boundary by this time. 

The Ottawa River is an inland river with relatively high flow veloc-
ity and no tidal influence, although its geometry is more complex than 
that of the Saguenay Fjord. Fig.  12(a) presents the particle distributions 
for S1 and S2 at timestep 10. This early timestep was selected as the 
majority of particles have not yet interacted with boundaries, allowing 
for a clearer comparison of the naive random walk and turbulent diffu-
sion effects. The normalized particle concentration is also presented in 
Fig.  12(b), which supports the finding that utilizing turbulent diffusion 
leads to greater dispersion.

Moreover, similar to scenarios S13 and S14 in the Saguenay Fjord, 
the effects of density and settling velocity in the Ottawa river was 
tested by releasing PLT and nylon particles. Distributions for these 
two scenarios at timestep 1400 are shown in Fig.  13. With higher 

Table 4
Microplastics (MP) counts per each sampling in the Ottawa River at Petrie 
Island Bay and Main Channel during Spring and Summer 2025.
 Spring Summer

 Bay Main Channel Bay Main Channel 
 Sample date 30-May-25 11-Jun-25 1-Aug-25 26-Aug-25  
 MP 10–100 (μm) 26.75 16.25 45.3 10.4  

average flow velocity in the Ottawa River, particles are transported 
further downstream compared to the Saguenay Fjord. However, as in 
the previous site, particles tend to remain near the bottom bed or 
shorelines and do not disperse significantly.

4.3.3. Field sampling and model application in the Ottawa River
In this section, we demonstrate the application of the PTM to a real-

world case study of microplastics transport in the Ottawa River, sup-
ported by recent field sampling. Microplastics between 10 and 100 μm
were sampled using Ocean Diagnostics’ automated depth sampler (As-
cension (Ocean Diagnostics, 0000)) at a depth of 1m below the water 
surface. Sampling was conducted at two locations: Petrie Island Main 
Channel and Petrie Island Bay, illustrated in Fig.  14. Two sampling 
campaigns were carried out in spring (May 30, 2025, Bay; June 11, 
2025, Main Channel) and two in summer (August 1, 2025, Bay; August 
26, 2025, Main Channel). For each sample, approximately 100–120L
of water was filtered onto discs for microplastics analysis. The average 
particle counts per sampling event are summarized in Table  4. Prelimi-
nary results indicate that microplastics counts were consistently higher 
in the Bay compared to the Main Channel during both sampling periods. 
Furthermore, particle counts were higher in summer than in spring, 
which is attributed to lower average water flow in the Ottawa River 
during the summer months.

To simulate the observed microplastics concentrations, the hydro-
dynamic model was run several days prior to each field sampling event 
in the Ottawa River. The average water flow rate is 2164m3 s−1 for the 
spring sampling and 1284m3 s−1 for the summer sampling in the Bay. 
Three particle clusters, representing microplastics in the 10–100 μm size 
range and with densities between 950 and 1050 kgm−3, were released in 
the particle tracking model. The clusters were released at key locations 
identified as major sources: (i) near the Ottawa-Gatineau urban center 
(20 000 particles), (ii) at the confluence of the Rideau River tributary 
(20 000 particles), and (iii) at the outflow of the Ottawa wastewater 
treatment plant (50 000 particles), with the latter reflecting the signif-
icant contribution of wastewater effluent to microplastics loading in 
the region (Kirby et al., 2025; Vermaire et al., 2017). Particles were 
timed to release 3 days prior to the spring sampling and 6 days prior to 
the summer sampling, ensuring that the majority of suspended particles 
would be present in the vicinity of the outflow boundary in the domain. 
Additionally, we chose BC2 boundary conditions to account for settling 
and resuspension processes at the bottom bed.

The observed trends in microplastic counts are reproduced by the 
model simulations, as illustrated in Fig.  14, which shows both sus-
pended and settled particle positions, as well as normalized concen-
trations for suspended particles near Petrie Island during the two 
sampling periods in the Bay. The elevated particle counts in the Bay 
are attributed to reduced flow velocities. Additionally, over 90% of the 
suspended particles in the Bay originated from the cluster released near 
the wastewater treatment plant, highlighting the importance of effluent 
discharges in microplastics transport and the formation of accumulation 
zones near such facilities. While these initial results demonstrate the 
model’s ability to capture key spatial and temporal patterns observed 
in the field, further extensive sampling is necessary to robustly validate 
the predictive accuracy of the PTM for microplastics transport in the 
Ottawa River. 
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Fig. 9. Particles for scenarios S13 and S14 at timestep 2000, illustrating the difference between Polyethylene and Nylon settling characteristics, respectively. Red 
circle illustrates the release point and the red and green bars indicate the number of particles in the corresponding locations at timestep 2000. The colour bars 
have been log-scaled to better visualize the results, and the total number of particles at each location is indicated at the top of each bar.

Fig. 10. From top to bottom: Corresponding number of microplastics at timestep 10, 20, 30, and 50 for 12 scenarios in the Ottawa River.

5. Conclusion

In this study, we presented an updated version of the CaMPSim-
3D model for simulating various types of particles, with a focus on 
microplastics transport in rivers and estuaries. The current imple-
mentation incorporates advanced features such as variable density, 
settling, resuspension, multiple boundary conditions, and turbulent 
diffusion. By implementing novel methodologies such as double ray 
casting and improved gradient calculation, the model enables more 
accurate predictions of particle behaviour in aquatic environments. 

The methodology was applied to two case studies: the Saguenay Fjord 
and the Ottawa River, where microplastics transport was simulated 
under various scenarios. The results demonstrate the model’s capability 
to simulate complex particle dynamics by incorporating properties 
such as particle density, settling velocity, and turbulent diffusion in 
microplastics transport.

Regarding turbulent diffusion, its impact may be less pronounced 
in simulations dominated by tides or highly complex geometries, as 
these factors can strongly influence particle transport and dispersion 
throughout the domain. It should be noted that incorporating turbulent 
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Fig. 11. Particles at timestep 30 for scenarios S9 (top) and S11 (bottom), illustrating the difference between BC2 and BC3, respectively. Particles in blue are 
near or on the bottom bed, while particles in red are near the surface.

 
(a) 

  
(b) 

 

Fig. 12. (a) Particle positions at timestep 10 for scenarios S1 (top) and S2 (bottom), and (b) normalized particle concentrations for S1 (top) and S2 (bottom), 
illustrating the differences between the naive random walk and turbulent diffusion approaches, respectively.

Fig. 13. Particles at timestep 1400 for scenarios S13 and S14, illustrating the difference between Polyethylene and Nylon settling characteristics, respectively. 
Red circle illustrates the release point and the red and green bars indicate the number of particles in the corresponding locations at timestep 1400. The colour 
bars have been log-scaled and the total number of particles at each location is indicated at the top of each bar.

diffusion increases computational cost, which may be a consideration 
if computational resources are limited. For particle settling velocity, 
heavier particles tend to remain closer to the source when settling 
and resuspension or free-slip boundary conditions are implemented. 
In real-world scenarios, microplastics are typically non-neutrally buoy-
ant (Nakano et al., 2025), necessitating the implementation of particle 

settling and resuspension mechanisms in the PTM to accurately repre-
sent the behaviour of sinking particles (Xia et al., 2023). Additionally, 
in simulations with neutrally buoyant particles, the resuspension mech-
anism is not required, as particles will not settle on the bottom bed. The 
use of a free-slip boundary condition can be advantageous, as it allows 
particles to remain closer to boundaries, which may be important in 
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(a) 

  
(b) 

 

 
(c) 

  
(d) 

 

Fig. 14. Simulation of particles in 30 May, 2025 (left) and 1 August, 2025 (right) near the Petrie Island: (a, b) particle positions, with white indicating settled 
particles on the bottom bed and red as suspended particles; (c, d) normalized particle concentrations for suspended particles only.

certain applications (e.g., when particles need to stay near shorelines 
in cases where the hosting cell is very large, such as 10 km2).

Finally, we acknowledge that the PTM provides a robust frame-
work for simulating microplastics and particle transport in aquatic 
environments. Nevertheless, comprehensive validation against field ob-
servations is essential to confirm the model’s accuracy and reliability. 
Future developments will focus on further expanding the model’s ca-
pabilities, integrating additional physical processes, and conducting 
thorough validation using extensive field data.
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