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 11 

Abstract 12 

Numerical modelling is a key tool in understanding and determining the sources, trajectories and fates 13 

of micro-plastic debris (MPD). In this study, we introduce TrackMPD, a new modelling framework for 14 

the 3D transport of marine debris. TrackMPD fills the gaps in previous models by: (1) using a three-15 

dimensional approach; (2) providing compatibility with a variety of ocean models; and (3) including a 16 

wide range of physical processes (advection, dispersion, windage, sinking, settling, beaching and re-17 

floating) and MPD behaviours that depend on particle dynamical properties, and the fouling and 18 

degradation states.  We implement a sensitivity analysis based on 44 scenarios to assess the relative 19 

importance of the different processes and behaviours on the MPD trajectories and fates. Results show 20 

that the MPD dynamical properties that impact their sinking, in particular plastic density and biofilm 21 

thickness and density, have the biggest effect on the MPD transport, followed by turbulent dispersion 22 

and washing-off. 23 
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Highlights 7 

- Novel three-dimensional approach for modelling marine plastic debris transport 8 

- Innovative modelling of physical processes and behaviour of microplastics 9 

- High influence of vertical current shear on the dispersion of microplastics 10 

- High impact of density and biofouling on sinking, and thus on trajectories and fates 11 

- Particle size impacts the trajectories of spherical particles, but not of cylindrical  12 
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1. Introduction 1 

Plastic pollution in marine regions is one of the most critical environmental issues affecting the world 2 

today. Global plastic production has dramatically increased over the last decades, up to 620% between 3 

1975 and 2012 (PlasticsEurope, 2013), as did the amount of plastic waste entering the ocean. Plastic 4 

debris is now ubiquitous throughout marine systems in both surface waters and the sea bottom (Ivar do 5 

Sul, 2007; Barnes et al., 2009; Eriksen et al., 2014, Ling et al., 2017), while the incoming flux of 6 

plastic is expected to increase by an order of magnitude in the next decade (Jamberk et al., 2015). The 7 

growing spread of marine macro- (>5 mm) and micro- (<5 mm) plastic debris brings about a variety of 8 

ecological and socioeconomic risks, including physical damage of organisms (Gregory, 2009), habitat 9 

modifications (Gall and Thompson, 2015), the loss of ecosystem services (Smith, 2012) and the loss of 10 

tourism revenue (Jang et al., 2014). Microplastics can also enter and rise up the food chain, and be an 11 

effective vector for invasive species and chemical pollutants, harming biodiversity and human health 12 

(Derraik, 2002; Browne et al., 2013; Clark et al., 2016; Koelmans et al., 2016).  13 

Increasing environmental concern about micro-plastic debris (MPD) has motivated numerous studies on 14 

its impacts, and there is a need for a better understanding of MPD behaviour, transport and fate 15 

(Hidalgo-Ruz et al., 2012; Ivar do Sul and Costa, 2014). Experimental research on MPD dynamic 16 

behaviour and numerical modelling are key approaches to progress in this field. Despite the former still 17 

being rare, recent studies have demonstrated the impact of physical properties of MPD on its motion. 18 

Plastic density, size and shape are the main properties governing the buoyancy and mobility of MPD 19 

(Browne et al., 2010; Filella et al., 2015, Chubarenko et al., 2016; Zhang, 2017). Higher densities and 20 

sizes decrease the buoyancy of MPD, which can affect its environmental distribution. This is shown by 21 

several in-situ surveys (Hidalgo-Ruz et al., 2012; Enders et al., 2015). 22 

Quite recently, Khatmullina and Isachenko (2017) have made progress in parameterizing the impact of 23 

physical properties on MPD settling velocity by measuring the settling velocity of MPD of different 24 

densities, sizes and shapes, and comparing the values with existing semi-empirical formulations 25 

developed for natural sediments. This highlighted the most accurate formulations, and motivated the 26 

definition of a new formulation for cylindrical particles. MPD dynamic properties may be modified by 27 

fouling by organisms (so-called biofouling, Barnes, 2002; Zettler et al., 2013) and their incorporation in 28 

aggregates (Long et al., 2015). Biofouling increases the MPD specific density and size, contributing to a 29 

loss in buoyancy and an increase in settling velocity (Morét-Ferguson et al., 2010; Hidalgo-Ruz et al., 30 

2012; Chubarenko et al., 2016; Kaiser et al., 2017). This may affect the MPD’s final fate (Rummel et 31 

al., 2017). MPD may also become brittle over time as part of the degradation process, fragmenting into 32 

progressively smaller particles (Weinstein et al., 2016; Jahnke et al., 2017). There is evidence that the 33 

physical properties of MPD influence their buoyancy and motion, but the impact on the particles’ final 34 

fate is still poorly understood. 35 
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Numerical models, in particular Lagrangian particle-tracking models coupled to ocean circulation 1 

models, are widely used to evaluate and predict potential MPD sources, pathways and fates under 2 

changing environmental conditions (see the compilation by Liubartseva et al., 2016). However, most of 3 

these models assume marine debris to be neutral particles drifting within the surface layers, omitting 4 

their dynamic behaviour and assuming a 2D approach (Wakata and Sugimori, 1990; Isobe et al., 2009; 5 

Martinez et al., 2009; Kako et al., 2010; Yoon et al., 2010; Ebbesmeyer et al., 2012; Lebreton et al., 6 

2012; Neumann, 2014; Mansui, 2015; Gajšt et al., 2016; Carlson et al., 2017; Liubartseva et al., 2018; 7 

Murray et al., 2018). This may be attributed to the lack of parameterization, until recently, of MPD 8 

physical properties. The majority of MPD transport models thus not only ignore the sinking of particles, 9 

being only valid for neustic MPD, but also other physical and biological processes such as washing-off 10 

from the beach, bottom deposition, re-suspension from the bottom, fragmentation and biofouling 11 

(Hardesty et al., 2017; Zhang, 2017). Wind drift is usually included in numerical models tracking large 12 

macroplastics or objects (Kako et al., 2010; Ebbesmeyer et al., 2012; Critchell and Lambrechts, 2016; 13 

Murray et al., 2018). The omission of physical processes can in part be related to the fact that most 14 

studies on MPD transport focus on oceanic scales or in regional seas (review by Liubartseva et al., 15 

2016) and ignore coastal processes. In addition, Lagrangian tracking models are typically inflexible, as 16 

they use hydrodynamic inputs from a specific ocean model (Fredj et al., 2016).  17 

Despite these general features, some models have included improvements. Liubartseva et al. (2018) 18 

consider the sedimentation and washing-off of MPD using a Monte Carlo probability technique based 19 

on the particle age for sedimentation and the specific rate of washing-off and on the mean retention time 20 

on the beach for washing-off. The probability of sinking was considered to increase exponentially over 21 

time due to biofouling and interaction with sediments, but was independent of the particle properties. In 22 

addition, the vertical transport of particles, and therefore the different horizontal currents at different 23 

vertical layers, was taken into account. Critchell and Lambrechts (2016) also consider the MPD sinking 24 

and washing-off, but through temporal rates: beached particles washed-off into the sea surface layer and 25 

suspended particles settled on the bottom after a given time. Particle sinking was considered 26 

instantaneous and independent of biofouling and particle characteristics. Iwasaki et al. (2017) used a 27 

particle-tracking model that allowed particles to move vertically as a function of their size, but within a 28 

depth of 0–5 m. These studies used a 2D approach, and hence ignored the fact that the settling of 29 

particles together with vertical current shear can impact the MPD transport. The importance of vertical 30 

current shear in the transport of microplastics has indeed been demonstrated for low-density floating 31 

microplastics moving in a coastal bay under strong turbulence (Jalón-Rojas et al., 2019). Until now, the 32 

sinking velocities of particles in a 3D approach has only been considered in the MARBLE model 33 

(Bagaeve et al., 2017). Both MARBLE and the OceanParcels Lagrangian analysis toolkit (Lange and 34 

Van Sebille, 2017) track plastic particles in the flow field simulated by external hydrodynamic models. 35 

Notwithstanding these developments, MPD tracking models still need substantial improvement to better 36 
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represent the different dynamical behaviours of particles and the key physical processes, so as to 1 

improve their predictive capabilities.  2 

The aim of this work is to develop and present TrackMPD, a new modelling framework for the 3D 3 

transport of marine plastic debris that incorporates the main physical processes relevant to plastic and 4 

MPD behaviours. Following recent experimental work (Zhiyao et al., 2008; Chubarenko et al., 2016; 5 

Khatmullina and Isachenko, 2017), TrackMPD includes the particle properties that define the MPD 6 

behaviour (density, size, shape), the processes affecting their variations (biofouling, degradation) and 7 

the parameterizations of physical processes (advection, diffusion, windage, sinking, beaching, washing-8 

off, deposition). Based on the Particle Tracking and Analysis Toolbox (PaTATO, Fredj et al., 2016), 9 

TrackMPD is a user-friendly tool, compatible with velocity data from different sources. We implement 10 

the model for Jervis Bay and its adjacent coast (SE Australia) in order to illustrate application of the 11 

model and answer the following questions:  12 

- to what extent is it important to model the transport of different types of MPD in three dimensions? 13 

- how do physical processes and the physical properties of particles affect the transport and fate of MPD 14 

and what is their relative impact? 15 

This paper is organized as follows. Model structure, equations and numerical solutions are provided in 16 

Section 2. Section 3 describes and discusses a sensitivity analysis to assess the relative influence of 17 

different processes and behaviour model parameters on MPD trajectories and fates, using Jervis Bay as 18 

a natural laboratory. Conclusions are drawn in Section 4.   19 

 20 

2. The TrackMPD modelling framework v.1 21 

TrackMPD is a three-dimensional non-Lagrangian particle-tracking model for the transport of marine 22 

plastic debris in oceans and coastal systems. The power of TrackMPD lies in: (1) its compatibility with 23 

diverse formats of current-velocity inputs; and (2) its ability to extend the Lagrangian modelling of 24 

advection-diffusion by adding more-complex and realistic particle behaviours and physical processes, 25 

which can either be included or excluded depending on the application. At present, TrackMPD can 26 

include windage, beaching, washing-off, degradation, biofouling, sinking and deposition. In particular, 27 

sinking and deposition depend on particle behaviour, which relies on the particle density, size, shape, 28 

fouling state and degradation state. The model can incorporate new processes and behaviours, and 29 

change the implementation of already existing ones, with new experimental findings or particular 30 

applications. 31 

TrackMPD has thus a structured and coherent modelling framework to satisfy the criteria of flexibility, 32 

extendability and interchangeability. This framework is based on the Particle Tracking and Analysis 33 
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Toolbox (PaTATO, Fredj et al., 2016), which can already use velocity data from various sources, such 1 

as different ocean general circulation models (OGCM: e.g. POM, ROMS and MITgcm) and satellite 2 

observations, and can compute forward and backward trajectories in two or three dimensions. The 3 

model consists thus of a set of coupled and mutually interacting modules. Modules are independent 4 

functions or classes that define behaviours, read the inputs from a certain source, implement a given 5 

physical process or perform auxiliary tasks such as create outputs. This allows independent 6 

development of modules that can be easily added to the model without the need to change the other 7 

modules. Furthermore, TrackMPD is a user-friendly tool developed in Matlab, and therefore is easily 8 

accessible by a wide audience. 9 

2.1. Modular structure 10 

2.1.1. Input modules 11 

As a first step, TrackMPD reads the input file (Fig. 1), in which users define the following information. 12 

• Hydrodynamic model name, domain, grid and parameters. TrackMPD supports velocities 13 

defined in rectangular Arakawa A and C grids, and in depth (z) and sigma (σ) vertical 14 

coordinates. Version 1.x is compatible with a range of OGCM, such as POM, ROMS and 15 

MITgcm; this range will be extended in future versions. 16 

• Physical processes and behaviours. Turbulence, behaviour, washing-off and windage 17 

modules can be turned on/off. Parameters of selected processes (Section 2.2) are defined at this 18 

step. 19 

• Trajectory setting. The simulation period is defined by the time step, the trajectory duration, 20 

the trajectory direction (forward or backward) and the time of particles’ release. The particle 21 

location is defined from a .cvs file which contains four columns: longitude; latitude; depth (in 22 

meters); and date of birth (the time in seconds from when the simulation starts until when the 23 

particle is released). 24 

2.1.2. Trajectory computation module 25 

The marine debris trajectories are calculated off-line, i.e. after the OGCM has been integrated and the 26 

velocity fields have been stored (Fig. 1). This makes it possible to calculate many more trajectories than 27 

with online calculation. The model has external and internal time steps, ∆ti and ∆tG, respectively. 28 

Boundary-condition algorithms prevent particles from leaving the model domain and determine if a 29 

particle has beached or been deposited on the bottom. The external time step ∆tG is the time step of the 30 

OGCM model output (e.g. 30 min). The internal time step ∆ti is the time interval during which particle 31 

movement is calculated (e.g. 1 min). The internal time step is smaller than the external time step so that 32 

particles do not move in large jumps that could cause inconsistencies between the predictions of the 33 
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OGCM model and the particle-tracking model. At each internal timestep of TrackMPD, particle motion 1 

is calculated as the sum of movement due to advection, turbulence and behaviour. The model contains 2 

sub-models for each of these components (Fig. 1). The equations and solution methods used in these 3 

subroutines are detailed in Section 2.2. 4 

 5 

Fig. 1. Flow diagram of the TrackMPD transport model. Optional processes are indicated by brackets. 6 

Black arrows represent the external and internal loops. Grey arrows represent the data exchange 7 

between the external and internal loops.  8 

 9 

2.1.3 Output module 10 

TrackMPD allows users to select the output parameters, time step and format (Matlab or NetCDF). 11 

Output data can contain model results, such as particles trajectories and fate (position and type – water, 12 

seafloor or land), and the model setting and inputs. The NetCDF format allows the output visualization 13 

and postprocessing in a range of software packages.  14 

 15 

2.2. Equations and solution methods 16 

2.2.1. General equations 17 

TrackMPD is established in a three-dimensional domain extending in the zonal (x), meridional (y) and 18 

vertical (z) directions. Advective, diffusive and sinking displacements determine the 3D trajectories of 19 

particles according to 20 
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𝑑𝑋(𝑡) = 𝑑𝑋𝑎𝑑𝑣(𝑡) + 𝑑𝑋𝑑𝑖𝑓𝑓(𝑡) = 𝑈(𝑥, 𝑦, 𝑧, 𝑡)𝑑𝑡 + 𝑑𝑋′(𝑡)     (1) 1 

𝑑𝑌(𝑡) = 𝑑𝑌𝑎𝑑𝑣(𝑡) + 𝑑𝑌𝑑𝑖𝑓𝑓(𝑡) = 𝑉(𝑥, 𝑦, 𝑧, 𝑡)𝑑𝑡 + 𝑑𝑌′(𝑡) (2) 2 

𝑑𝑍(𝑡) = 𝑑𝑍𝑎𝑑𝑣(𝑡) + 𝑑𝑍𝑑𝑖𝑓𝑓(𝑡) + 𝑑𝑍𝑠𝑖𝑛𝑘(𝑡) = 𝑊(𝑥, 𝑦, 𝑧, 𝑡)𝑑𝑡 + 𝑑𝑍′(𝑡) − 𝑤𝑠(𝑡)𝑑𝑡. (3) 3 

The advective displacement dXadv = (dXadv,dYadv,dZadv) is given by the Eulerian velocity field U = 4 

(U,V,W), which is provided by the OGCM, but can also include wind velocities. OGCM do not simulate 5 

turbulent motion at scales smaller than the grid resolution of the model. In particle-tracking models, 6 

particles can be moved in millimetre to centimetre steps — much less than the hydrodynamic model 7 

grid scale. A random component dX' = (dX',dY',dY') must be added to the particle motion to reproduce 8 

turbulent diffusion dXdiff = (dXdi,dYdiff,dZdiff) that occurs at the scale of the particle motion. The sinking 9 

displacement 𝑑𝑍𝑠𝑖𝑛𝑘 depends on the settling velocity ws. The model can also compute 2D trajectories 10 

from two-dimensional modelled or observed velocity fields U = (U,V) by ignoring the term 𝑑𝑍(𝑡). 11 

2.2.2 Numerical solution 12 

Interpolation scheme 13 

It is necessary to interpolate in time as well as in space because the duration between successive outputs 14 

of the OGCM model is longer than the time step of the marine debris particle motion. OGCM model 15 

predictions are read in and interpolated in space and time to the particle location. The first step in the 16 

process of interpolating the water properties (e.g. current velocities, salinity, temperature, sea surface 17 

height, vertical and horizontal diffusivities) to the particle location is to determine the grid cell in which 18 

the particle is located. Once the particle is in a grid cell, water properties are interpolated in space to the 19 

particle location. All water properties are interpolated from the native OGCM grid points (e.g. u-grid 20 

points are used to calculate the u-velocity at the particle location, v-grid points are used for the v-21 

velocity and rho grid points are used for sea surface height, w-velocity, salinity and diffusivity 22 

calculations). For three-dimensional water properties (e.g. current velocities, diffusivities, salinity), a 23 

water-column profile scheme is applied. In this scheme, values are interpolated along each s-level to 24 

create a vertical profile of values at the xy particle location. 25 

Advection 26 

A Runge-Kutta scheme of order 4/5 in both space and time is used to calculate particle movement due 27 

to advection (Eq. (4)). This scheme solves for the current velocities U = (U,V,W) at the particle location 28 

using an iterative process that incorporates velocities at previous and future times to provide the most 29 

robust estimate of the trajectory of particle motion in water bodies with complex fronts and eddy fields. 30 

Current velocities (m/s) provided by the Runge-Kutta scheme are multiplied by the duration of the 31 

internal time step ∆ti to calculate the displacement of the particle in each component direction. 32 
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Displacements (m) are then added to the original location of the particle (xn,yn,zn) in order to calculate 1 

the new location of the particle (xn+1,yn+1,zn+1): 2 

𝑥𝑛+1 = 𝑥𝑛 + 𝑈∆𝑡𝑖

𝑦𝑛+1 = 𝑦𝑛 + 𝑉∆𝑡𝑖

𝑧𝑛+1  = 𝑧𝑛 + W∆𝑡𝑖

      (4) 3 

Turbulence  4 

A random-walk model is used to simulate turbulent particle motion in the horizontal (x or y) directions. 5 

When the horizontal diffusivity Kh is constant, the random-displacement model defaults to a random-6 

walk model: 7 

𝑥𝑛+1 = 𝑥𝑛 + 𝑅[2𝑟−1𝐾ℎ∆𝑡𝑖] 
1

2⁄  , (5) 8 

where Kh in m2/s is evaluated at xn. R is a random number with mean zero and standard deviation r =1. 9 

TrackMPD reproduces sub-grid-scale turbulent particle motion in the vertical (z) direction to mimic the 10 

debris turbulent particle motion in that direction: 11 

𝑧𝑛+1 = 𝑧𝑛 + 𝑅[2𝑟−1𝐾𝑣∆𝑡𝑖] 
1

2⁄  , (6) 12 

where zn is the initial particle location and Kv is the vertical diffusivity.   13 

Sinking and deposition 14 

The settling velocity ws (m/s) occurs when the net gravitational force (gravity minus buoyancy) equals 15 

the drag force. It is a characteristic feature of any negatively buoyant particle, and determines its 16 

sinking displacement: 17 

𝑧𝑛+1 = 𝑧𝑛 − 𝑤𝑠(𝑡𝑖)∆𝑡𝑖 . (7) 18 

ws can be directly defined by users or calculated by TrackMPD according to the particle behaviour 19 

(physical properties, biofouling, degradation; see Section 2.2.3). In the last case, it can remain constant 20 

or vary over time under the influence of biofouling and degradation. Particles reaching the sea bottom 21 

are considered as settled particles. 22 

Windage 23 

Very low density objects may float, and so can be highly exposed to wind. TrackMPD allows users to 24 

include the direct drift of spherical and cylindrical objects caused by wind through the advection 25 

formulation Eq. (4). In that case, the velocity field U is given by current (Uc,Vc,Wc) and wind (Uw,Vw,) 26 

velocities (m/s) as follows:         27 
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𝑈 =
𝑈𝑐+𝑈𝑤√

𝜌𝑎𝑖𝑟
𝜌𝑤𝑎𝑡𝑒𝑟

 
𝑆𝑎𝑏𝑜𝑣𝑒
𝑆𝑏𝑒𝑙𝑜𝑤

1+√
𝜌𝑎𝑖𝑟

𝜌𝑤𝑎𝑡𝑒𝑟
 
𝑆𝑎𝑏𝑜𝑣𝑒
𝑆𝑏𝑒𝑙𝑜𝑤

𝑉 =
𝑉𝑐+𝑉𝑤√

𝜌𝑎𝑖𝑟
𝜌𝑤𝑎𝑡𝑒𝑟

 
𝑆𝑎𝑏𝑜𝑣𝑒
𝑆𝑏𝑒𝑙𝑜𝑤

1+√
𝜌𝑎𝑖𝑟

𝜌𝑤𝑎𝑡𝑒𝑟
 
𝑆𝑎𝑏𝑜𝑣𝑒
𝑆𝑏𝑒𝑙𝑜𝑤

  (8) 1 

where ρair  and ρwater are the air and water densities (g/cm3), respectively, and Sabove/Sbelow is the ratio 2 

between the dry and wet cross-sectional areas of the particles. This formulation comes from the balance 3 

between the wind pressure force acting on the upper part of the particle and the water drag force on the 4 

underwater part, ignoring viscous forces (Anderson et al., 1998). Sabove/Sbelow is the result of the balance 5 

between gravity acting on the particle of density ρ and the Archimedean force h due to current pressure 6 

on the underwater part of the particle:  7 

(
ℎ

𝑅
)

2
∙ (3 −

ℎ

𝑅
) = 4

𝜌

𝜌𝑤𝑎𝑡𝑒𝑟
. (9) 8 

 Sabove/Sbelow is calculated in TrackMPD following Chubarenko et al. (2016) from ρ (g/cm3), ρwater    9 

(g/cm3) and the radius of the sphere or cylinder R (m): 10 

𝑆𝑎𝑏𝑜𝑣𝑒

𝑆𝑏𝑒𝑙𝑜𝑤
=

2𝜋

(𝛼−sin 𝛼)
− 1,     (10) 11 

where  α = 2 arccos(1– h/R), with the ratio h/R the numerical solution of Eq. (9).  12 

Beaching and washing-off 13 

Marine debris can reach land and beach on the near-shore. Beached debris can be trapped on the coast 14 

or washed off on the next incoming tide (Johnson, 1989; Johnson and Eiler, 1999; Hinata et al., 2017). 15 

TrackMPD allows users to include a range of conditions to reproduce this behaviour. In particular, 16 

TrackMPD v.1 is able to read tidal elevation data and wash off debris at high tide. In addition, it 17 

includes a Monte Carlo approach with probability P of being washed off, based on Lagrangian oil-spill 18 

models (Al-Rabeh et al., 2000): 19 

𝑃 = 0.5−𝑡/𝑇 , (11) 20 

where t is the time step from the last beaching and T is the half-life for debris to remain on the beach 21 

before being washed off again. This approach assumes that the probability of washing-off decreases 22 

exponentially with time due to interaction with the coastline (Liubarzeva et al., 2018). Beached debris 23 

can be washed off from the coast to the sea at high tides to its last position before beaching if a 24 

randomly generated number (between 0 and 1) is less than P. TrackMPD will include more-complex 25 

formulation in future versions to better reproduce the washing-off by tides, and also by waves. 26 
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2.2.3. Behaviour parameterization 1 

The sinking behaviour of simulated marine debris is determined by the settling velocity ws (Eqs. (3) and 2 

(6)). This parameter can be a model input for any kind of marine debris, macro-plastics, MPD or any 3 

other kind of object. In the case of MPD, TrackMPD allows the temporal estimation of ws according the 4 

MPD behaviour. MPD behaviour is defined by its physical properties (density, shape, size), which can 5 

change over time under the effect of biofouling or degradation. Settling-velocity estimation for different 6 

behaviours is described below. It is based on recent experimental research, and may be easily modified 7 

in future model versions as a result of new experimental findings or particular applications.  8 

Physical properties  9 

MPD behaviour mainly depends on three characteristics: density; shape; and size (Ballent et al., 2012; 10 

Chubarenko et al., 2016; Khatmullina and Isachenko, 2017; Kooi et al., 2017). The specific density of 11 

plastic particles depends on the type of polymer, ranging from <0.05 g/cm3 for foamed polystyrene to 12 

2.3 g/cm3 for teflon (Chubarenko et al., 2016). Denser particles of the same size and shape settle sooner 13 

(Kooi et al., 2017). The size of MPD identified in the environment is very variable (Cole, 2016), with 5 14 

mm widely recognized as the maximum size. Lower sizes vary between studies, and depend on the 15 

sampling method (i.e. mesh size of the net, typically from 3 to 5 mm; Hidalgo-Ruz et al., 2012). 16 

Particles of the same density but larger size increase the ratio of the gravitational force acting on the 17 

particle to the viscous resistance of the fluid, and therefore the settling velocity. Common shapes of 18 

MPD are fibers, pellets and fragments of various geometries, from spherical to irregular. Primary MPD 19 

(the result of direct release) usually have regular shapes (such as beads or spherules), whereas 20 

secondary MPD (exposed to degradation) show diverse shapes (Khatmullina and Isachenko, 2017). Old 21 

fragments are characterized by smooth edges due to the ongoing polishing by other particles or 22 

sediment (Doyle et al., 2011). Elongated shapes are associated with large particles, while small particles 23 

are usually more spherical (Gilfillan et al., 2009). The shape of MPD determines the nature of its 24 

motion, and therefore influences its settling velocity (Isachenko et al., 2016).  25 

Despite the well-known impact of these physical properties on MPD settling velocity, only very few 26 

studies have been concerned with its parameterization. Khatmullina and Isachenko (2017) measured the 27 

settling velocity of around 600 microplastics of different sizes (from 0.5 to 5 mm) and shapes (spheres, 28 

short cylinders (diameter ≈ length) and long cylinders), and compared the observed values with several 29 

empirical predictions developed for natural sediments. There was reasonable agreement except for long 30 

cylinders, for which a new approximation was proposed. The Zhiyao et al. (2008) formulation provided 31 

one of the best fits to data without the need for calibration. TrackMPD can incorporate this type of 32 

formulation. In particular, TrackMPD v.1 uses the Zhiyao and the Katmullina and Isachenko 33 

formulations to calculate the settling velocity of spherical and cylindrical MPD, respectively, as a 34 

function of their density and size: radius R (m) for spheres; radius R (m) and length L (m) for cylinders: 35 
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Spheres (Zhiyao et al., 2008): 1 

𝑤𝑠 =
𝜐

2𝑅
𝑑∗

3(38.1 + 0.93𝑑∗
12/7

)
−7/8

,        (12) 2 

where  d* = 2R(g(ρp− ρw)/ρwv2)1/3 is the dimensionless particle diameter, ρp the particle density, ρw the 3 

water density (same units as ρp), υ the water kinematic viscosity (m2/s) and g the gravity acceleration 4 

(m/s2). ws is calculated in m/s. 5 

Cylinders (Katmullina and Isachinko, 2017): 6 

𝑤𝑠 =
𝜋

2

1

𝜐
𝑔

(𝜌𝑝−𝜌𝑤)

𝜌𝑤

2𝑅𝐿

55.238𝐿+12.691
. (13) 7 

This formulation provides ws in mm/s, and requires the previous transformation to mm of all the 8 

variables involving a longitudinal scale. 9 

Both formulations can be used for short cylinders. Other shapes, such as films or flat angular particles, 10 

and other MPD characteristics, such as the surface texture, might be considered in future model 11 

versions in line with the development of experimental studies and semi-empirical formulations. The 12 

specific MPD density can be selected as a function of the polymer type from the compilation of 13 

densities by Chubarenko et al. (2016), which has been included in the TrackMPD package. 14 

 Biofouling 15 

The growth of algae, invertebrates, bacteria or microbes on particle surfaces, so-called biofouling, can 16 

increase the size and density of MPD, and therefore contribute to a loss of its buoyancy (Loeb and 17 

Neihof, 1975; Zardus et al., 2008; Rummel et al., 2017). Particles initially characterized by positive 18 

buoyancy can sink into the water column or even became incorporated into deep sediment layers on the 19 

sea bottom (Thompson, 2004). TrackMPD can include the impact of this process on MPD trajectories 20 

by increasing the size and density of fouled particles. Following simple geometrical rules proposed by 21 

Chubarenko et al. (2016), the density ρp of a fouled particle due to a biofilm layer of thickness BT can 22 

be approximated by 23 

Spheres: 24 

𝜌𝑝 = 𝜌0
𝑅0

3

(𝑅0+𝐵𝑇)3
+ 𝜌𝐷 [1 −

𝑅0
3

(𝑅0+𝐵𝑇)3
] ,          (14) 25 

Cylinders: 26 

𝜌𝑝 = 𝜌0
𝑅0

2

(𝑅0+𝐵𝑇)2
+ 𝜌𝐷 [1 −

𝑅0
2

(𝑅0+𝐵𝑇)2
] ,          (15) 27 
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where R is the radius of the original particle, ρ0 is the density of the polymer and ρf  is the biofilm 1 

density. 2 

In TrackMPD, the biofouling can be considered as either a stationary or non-stationary process. In the 3 

first case, the particle is characterized by a constant biofilm thickness (BT) over time, representing a 4 

given biofouling state. In non-stationary biofouling, the thickness can vary over time according to a 5 

range of formulations. Even if there is evidence of a progressive temporal increase in BT (Ye and 6 

Andrady, 1991; Morét-Ferguson et al., 2010; Lobelle and Cunliffe, 2011), to our knowledge, there are 7 

no experimentally based parameterizations of these processes. TrackMPD v.1 includes an increase in 8 

the biofilm thickness at a constant rate BR to give some insight into the impact of this non-stationary 9 

process on MPD trajectories: 10 

BT = BT0 + BR ∆t,     (16) 11 

where BT0 is the initial biofouling thickness and ∆t is the time step. This assumption was made in 12 

previous studies to calculate the MPD sinking period (Chubarenko et al., 2016). More-accurate 13 

parameterizations will be included in future model versions in line with new experimental research.  14 

Degradation 15 

 The degradation of plastic in the environment can be induced by light, heat, oxygen and organisms. 16 

Highly degraded plastics become brittle enough to fall apart in fragments (Andrady, 2011). This process 17 

usually takes a long time, 50 years or more for plastic to fully degrade (Müller et al., 2001). However, 18 

fragmentation may start early in the swash zone (Efimova et al., 2018) and in some coastal systems such 19 

as salt marshes (around 8 weeks according to Weinstein et al., 2016), and therefore can impact MPD 20 

transport at seasonal time scales. Specific models for MPD should be developed to help understand and 21 

properly predict this complex process. The aim of this study is not to develop this kind of model or an 22 

accurate parameterization of model degradation and fragmentation. However, we include a simple 23 

parameterization of the MPD size decrease over time to gain some insight into the relative impact of a 24 

progressive MPD wear on MPD trajectories. For this purpose, MPD size decreases at a constant rate 25 

DR, which affects the settling velocity: 26 

Size (D or L) = Size0 (1 – DR•T/100),   (17) 27 

where Size0 is the initial diameter  D or length  L of the particle and T is the time from the beginning of 28 

the degradation to the current time step. DR is the percentage of size decrease per day, which can be 29 

applied to different shapes. It is based on the quantification of the temporal evolution of MPD 30 

properties in some experimental research (Weinstein et al., 2016). This parameterization allows a 31 

preliminary assessment of the potential impact that degradation may have on MPD tracking. However, 32 
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a proper simulation of MPD degradation needs better formulation based on laboratory studies and field 1 

monitoring. 2 

3. Application and sensitivity analysis 3 

TrackMPD has been applied to a case study in Jervis Bay and its adjacent coast (SE Australia, Fig. 2a). 4 

Jervis Bay is a semi-enclosed embayment 15 km long and 8 km wide, with an average depth of 15 m 5 

(Fig. 2c). The aim of this application is to demonstrate the ways TrackMPD can be used to include 6 

different physical processes and MPD behaviours, and to discuss the relative impact of these physical 7 

processes and behaviours on the trajectories and fates of MPD. While there is evidence of the presence 8 

of MPD in Jervis Bay (Ling et al., 2017), evaluating potential trajectories and accumulation zones of 9 

MPD in this system is not the focus of this work. The proposed simulations use idealized values for the 10 

model parameters to assess the importance of the processes and behaviours represented and, ultimately, 11 

to demonstrate the importance of the three-dimensional tracking of MPD. 12 

 13 

Fig. 2. Jervis Bay and its adjacent coast: (a) location map (SE Australia); (b) POM grid and domain; (c) the bay and the 14 
seeding locations for the sensitivity simulations (black circles). Shaded areas represent urban zones. Solid and dashed arrows 15 
represent the surface and bottom circulation patterns of the bay, respectively, during the simulation period. 16 

 17 

3.1 Model settings 18 

Jervis Bay has been the focus of numerous modelling studies to explain its hydrodynamic processes 19 

using the Princeton Ocean Model (POM; Wang and Symonds, 1999; Wang, 2001; Sun et al., 2017; Liao 20 

and Wang, 2018). POM is a sigma-coordinate, free-surface, primitive-equation ocean model, which 21 

includes a turbulence sub-model (Mellor, 1998). In this application, we use the POM hydrodynamic 22 

model results from 24 June to 11 July 1998 to force TrackMPD. This is the period used in the previous 23 

studies to validate POM in Jervis Bay, obtaining a very good fit to observations (see validation details 24 
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in Sun et al., 2017). The mesh size ranges from 500 m around the bay to 7 km at the open boundaries 1 

(Fig. 2b). Twenty-one sigma layers were considered vertically, with higher resolution near the surface 2 

and bottom. The model was forced by tides, heat flux, wind stress, daily mean temperature, salinity and 3 

currents. Hydrodynamic outputs (currents, salinity, temperature) were provided in 1-hour increments. 4 

During the simulation period, the bay was characterized by its typical circulation pattern; clockwise and 5 

anticlockwise circulations in the northern and southern basin, respectively. The flow exchange through 6 

the entrance was characterized by warm near-surface inflow on the southern side, and cold deeper 7 

outflow on the northern side (Fig. 2). Readers should refer to Sun et al. (2017) for more details on the 8 

hydrodynamic model setting. 9 

A total of 44 sensitivity scenarios (Table 1, Supplementary Material A) were simulated to evaluate the 10 

relative importance of the physical processes (horizontal dispersion, vertical dispersion, washing-off 11 

and sinking) and behaviours (physical properties, biofouling and degradation) for MPD transport. The 12 

“control” scenario did not include any physical process or behaviour, except advection-dispersion with 13 

relatively small diffusivity coefficients — i.e. the microplastics were considered to be passive particles. 14 

Windage was not included in the sensitivity analysis since it is only relevant for the transport of floating 15 

objects (Critchell and Lambrechts, 2015).  16 

Degradation occurs at long time scales (from several months to tens of years, Weinstein et al., 2016) so 17 

its relative influence cannot be compared with other faster processes. Therefore, we analysed the impact 18 

of degradation independently of the main sensitivity analysis. The degradation rates were overstated to 19 

provide an insight into the potential influence of this process.  For biofouling, we compared the 20 

behaviour of particles with a constant biofouling state (given by the biofouling thickness and density) 21 

and particles subject to temporally varying biofouling (given by the biofouling rate). The biofouling rate 22 

has yet to be quantified, as explained in Section 2.2.3, so its real influence cannot be properly evaluated. 23 

However, we used some reasonable values following descriptive observations (e.g. biofouling visible 24 

after several days or weeks; Ye and Andrade, 1991; Lobelle and Cunliffe, 2011), in order to gain some 25 

insight into its influence on MPD transport. Model parameters for the different scenarios are given in 26 

Table 1. Where possible, they were values from the literature (key references are in Table 1).  To 27 

analyse the sensitivity to model parameters, their values were changed one by one in the different 28 

scenarios, and the resulting trajectories then compared with the control-scenario trajectories following 29 

the method described in Section 3.2. In the behaviour scenarios, characterized by several parameters, 30 

the parameters not being evaluated were kept constant at their lowest proposed value (e.g. 1.026 g/cm3 31 

for density and 0.3 m for size). The specific parameters in each scenario are detailed in Supplementary 32 

Material A.  33 

 34 

 35 
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Table 1. Model parameters, sensitivity values and key references. 1 

Process/Behaviour 
Model 

parameter 
Value                        Scenario Comments and key references 

Dispersion 

Horizontal 
dispersion 

Horizontal 

dispersion 
coefficient 

Kh,  m2/s 

1 

2 
5 

10 

Control 

1 
2 

3 

Parameter value depends on the specific 

environment. We used the values proposed in 

Critchell and Lambrechs (2016) 

Vertical 

dispersion 

Vertical 
dispersion 

coefficient 

Kv,  m2/s 

10−5 

5×10−5 
10−4 

Control 

4 
5 

Common values in marine systems  

Talley et al., 2011 
 

Washing-off 

Particle 
half-life on 

land before 

washing off 
Tw days 

No washing off 

1 
2 

No Monte Carlo 

Control 

6 
7 

8 

Limited data. We used values of the same order 
of magnitude as in previous applications 

(Liubartseva et al., 2018), and included 

continuous washing-off at high tides (no Monte 
Carlo) 

Sinking/ 

Behaviour 

Physical 

properties 

Density ρ 
g/cm3 

Passive 

1.026 

1.035 
1.05 

1.2 

1.665 

Control 

9, 15  

1, 16 
11, 17 

12, 18 

 13, 19 

We selected density values commonly found in 

marine systems (Khatmullina and Isachenko, 
2017): passive (e.g. polyethylene); 1.026 (near 

seawater density, e.g. some polystyrenes); 1.035 

(e.g. acrylonitrile-butadiene-styrene); 1.05 (e.g. 
styrene-acrylonitrile); 1.2 (e.g. polycarbonate); 

1.665 (e.g.  polyester) 

Shape 

Passive 

Sphere 
 

Cylinder 
 

Control 

9-13, 19-21, 25-27, 
31-32, 36-37 

14-18, 22-24, 28-
30, 33-34, 39-40 

Shapes with available formulations of settling 
velocity, Katmullina and Isachinko (2017) 

Size D or L 

mm* 

Passive 

0.3 

1 
2 

5 

Control 

9, 14 

19, 22 
20, 23 

21, 24 

Microplastics are usually defined as particles 

ranging in size from 0.3 mm to 5 mm, 
Hidalgo-Ruz et al. (2012) 

Biofouling 

Biofouling 

thickness 

BT g/cm3 

Passive 
0 

0.01 

0.05 
0.1 

Control 
9, 14 

25, 28 

26, 29 
27, 30 

Chubarenko et al. (2016) suggest values around 
0.5 mm.  

Biofouling 

density 
BD g/cm3 

Passive 

0 

1.05 
1.1 

1.35 

Control 

9, 14 

25, 28 
31, 33 

32, 34 

Limited data. We used observed density values 
of observed biofouling layers in marine 

structures (Macleod et al., 2016). Fisher et al. 

(1983) suggest a value of 1.38 g/cm3. 

Biofouling 

rate  

mm/day 

Passive 
0 

0.0001 

0.0005 
0.01 

Control 
9, 14 

35, 38 

36, 39 
37, 40 

Limited data. Several studies suggest that 
biofouling can be visible after several 

days/weeks (Ye and Andrady, 1991; Morét-

Ferguson et al., 2010; Lobelle and Cunliffe, 
2011). We tried to reproduce this behaviour. 

Degradation 

Degradation 

rate 
DR% 

Passive 

0 

0.1 
10 

30 

Control 

19 

41 
42 

43 

Limited data. We used higher values than 

expected in coastal environments, just to gain 
insight into the importance of this process.  

* The size of spheres and cylinders are defined by the diameter (D) and length (L), respectively. The cylinder diameter was constant in all the 2 
simulations at 0.3 mm.  3 

The simulations were seeded at four locations (Fig. 2b): two inside the bay, in the inner region (R1) and 4 

around the entrance (R2); and two outside the bay, south (R3) and north (R4) of the entrance. These 5 

locations were strategically selected to reflect the constant transport of water into (warm surface inflow 6 

R3/R1) and out of (cold deep outflow R2/R4) the bay due to the cyclonic flow (see Fig. 2).  Ten 7 

particles were released at each seeding site on 26 June 1998 for each scenario to compare the 8 

trajectories resulting from the different processes and behaviours. Simulations were run for 12 days,  the 9 

mean residence time in the bay under low-exchange conditions (Sun et al., 2017), and provided the 10 

particle positions each hour. 11 
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 1 

3.2 Sensitivity analysis 2 

The relative importance of each process and behaviour parameter was evaluated by comparing the 3 

trajectories of each scenario with those of the control scenario (passive particles, no washing-off and 4 

low dispersion). In order to avoid the random behaviour of turbulent dispersion having an impact on the 5 

comparison of scenarios, the same turbulent displacement was assigned to each particle at each time 6 

step for all scenarios, except for scenarios 1–3 (for Kh) and 4–5 (for Kv) that aimed to show the 7 

importance of turbulent dispersion on MPD trajectories (Table 1). We used three approaches to describe 8 

and quantify the differences between each scenario and the control: (1) visual and descriptive 9 

comparison of the resulting trajectories; (2) comparison of the percentage of particles reaching each of 10 

the three different types of fate — remaining suspended in the water, beached on land and settled to the 11 

bottom; (3) calculation of a dimensionless dynamical skill score that quantified the trajectory 12 

differences between each pair of scenarios over the whole duration of the experiments. We used a skill 13 

score (ss) based on the normalized cumulative Lagrangian separation (Liu and Weisberg, 2001) to 14 

compare the numerical and observed particle trajectories. This method has been frequently used to 15 

assess the performance of numerical ocean circulation models and oil-spill tracking models (Röhrs et 16 

al., 2012; Liu et al., 2014; Sayol et al., 2014). In this study, the skill score quantified the agreement 17 

between the trajectories of a given scenario and the trajectories of the control scenario, so that an ss 18 

close to 0 indicated a bad agreement, while an ss equal to 1 indicated that the trajectories were exactly 19 

the same. This allowed us to rank scenarios, and therefore to identify the processes and behaviours 20 

parameters that most affected the MPD trajectories and fates. Following Liu and Weisberg (2001), the 21 

skill score is defined as: 22 

𝑠𝑠 = {
1 − 𝑐/𝑛

0
      

(𝑐 ≤ 𝑛)
(𝑐 > 𝑛)

   (18) 23 

where n is a tolerance threshold that defines the requirements of the comparison, so that a smaller value 24 

corresponds to stricter requirements and c is the normalized cumulative Lagrangian separation distance, 25 

calculated as the cumulative Lagrangian separation distance (d) divided by the cumulative length of the 26 

observed trajectory (l): 27 

𝑐 =
∑ 𝑑𝑖

𝑁
𝑖=1

∑ 𝑙𝑖
𝑁
𝑖=1

⁄ ,     (19) 28 

where i indicates the time step at which d and l were calculated, in this case every 12 hours during the 29 

trajectory period. We selected a tolerance threshold n = 1, following previous applications of this index 30 

(Liu and Weisberg, 2001; Liu et al., 2014). For each scenario, we calculated the ss of all the released 31 

particles, then the mean value for particles released at the same point. 32 
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3.3 Results and discussion 1 

3.3.1 Relative impact of the physical processes 2 

The MPD trajectories in all the scenarios differed from the control and from one another. All the 3 

modelled physical processes and behaviours therefore affected the transport of MPD, but to different 4 

degrees. The impact of each parameter on the trajectories also varied between the seeding locations 5 

(Fig. 2). Table 2 shows the skill scores and the percentages of the different type of particle fate (water, 6 

beach and bottom) for each scenario. These percentages are also shown in Fig. 3 for some key 7 

scenarios. As detailed in Section 3.2, ss quantifies the differences between the trajectories of the 8 

evaluated scenario and the control scenario. As each scenario represents the influence of one process or 9 

behaviour parameter, a low ss indicated a high impact of the evaluated parameter on the MPD 10 

trajectories and fates. In general, sinking and the behaviour parameters as a whole exhibited the lowest 11 

ss and therefore the biggest influence on the MPD transport, followed by turbulent dispersion and 12 

washing-off (Table 2).  13 

Table 2. Skill Score and percentage of suspended, beached and settled particles for each sensitivity scenario. R1–R4 represent 14 
the four seeding sites (Fig. 2.c).  15 

Physical processes and 

behaviour parameters 
Scenario 

Parameter 

value 

Skill Score Final Fate 

R1 R2 R3 R4 
Suspended 

(%) 

Beached 

(%) 

Settled 

(%) 

Control     30 70 0 

           

Horizontal 

turbulent 

dispersion 

Kh 

1 5 m2/s 0.92 0.37 0.75 0.64 17.5 82.5 0 

2 10 m2/s 0.82 0.35 0.70 0.57 12.5 87.5 0 

3 20 m2/s 0.68 0.37 0.72 0.58 15 85 0 

           

Vertical 

turbulent 

dispersion 

Kv 

4 5×10–5 m2/s 0.88 0.52 0.81 0.67 20 77.5 2.5 

5 10–4 m2/s 0.86 0.25 0.86 0.59 35 55 10 

           

 Washing-off Tw 

6 1 day 0.93 0.85 0.99 0.99 57.5 42.5 0 

7 2 day 0.93 0.85 0.99 0.99 75 25 0 

8 
No Monte 

Carlo 
0.91 0.81 0.99 0.99 77.5 22.5 0 

           

Sinking/ 

Behaviour 

ρ 

Sphere 

9 1.026 g/cm3 0.61 0.40 0.68 0.53 32.5 20 47.5 

10 1.035 g/cm3 0.50 0.01 0.63 0.63 0 2.5 97.5 

11 1.05  g/cm3 0.40 0.02 0.55 0.64 0 0 100 

12 1.2    g/cm3 0.36 0.34 0.58 0.64 0 0 100 

13 1.665 g/cm3 0.36 0.29 0.57 0.64 0 0 100 

          

ρ 

Cylinder 

14 1.026 g/cm3 0.57 0.24 0.67 0.53 50 25 25 

15 1.035 g/cm3 0.43 0.02 0.58 0.58 0 0 100 

16 1.05  g/cm3 0.39 0.02 0.56 0.64 0 0 100 

17 1.2    g/cm3 0.36 0.29 0.57 0.64 0 0 100 

18 1.665 g/cm3 0.36 0.29 0.57 0.64 0 0 100 

          

D 

Sphere 

9 0.3 mm 0.61 0.40 0.68 0.53 32.5 20 47.5 

19 1 mm 0.48 0.00 0.66 0.63 0 0 100 

20 2 mm 0.39 0.01 0.58 0.64 0 0 100 

21 5 mm 0.36 0.34 0.58 0.64 0 0 100 

          

L 

Cylinder 

14 0.3 mm 0.57 0.24 0.67 0.53 50 25 25 

22 1 mm 0.53 0.23 0.67 0.46 32.5 10 57.5 

23 2 mm 0.52 0.21 0.63 0.58 27.5 17.5 55 

24 5 mm 0.52 0.27 0.64 0.52 10 12.5 77.5 

          

BT 

Sphere 

9 0 mm 0.61 0.40 0.68 0.53 32.5 20 47.5 

25 0.01 mm 0.57 0.10 0.59 0.62 0 17.5 82.5 

26 0.05 mm 0.39 0.02 0.54 0.64 0 0 100 

27 0.1 mm 0.38 0.07 0.56 0.64 0 0 100 

          

BT 14 0 mm 0.57 0.24 0.67 0.53 50 25 25 
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Cylinder 28 0.01 mm 0.57 0.10 0.62 0.57 0 17.5 82.5 

29 0.05 mm 0.40 0.03 0.57 0.65 0 0 100 

30 0.1 mm 0.39 0.01 0.58 0.64 0 0 100 

          

BD 

Sphere 

9 0 g/cm3 0.61 0.40 0.68 0.53 32.5 20 47.5 

25 1.05 g/cm3 0.57 0.10 0.59 0.62 0 17.5 82.5 

31 1.1 g/cm3 0.41 0.03 0.70 0.63 0 0 100 

32 1.35 g/cm3 0.38 0.20 0.57 0.64 0 0 100 

          

BD 

Cylinder 

14 0 g/cm3 0.57 0.24 0.67 0.53 50 25 25 

28 1.05 g/cm3 0.57 0.10 0.62 0.57 0 17.5 82.5 

33 1.1 g/cm3 0.42 0.01 0.70 0.58 0 0 100 

34 1.35 g/cm3 0.38 0.15 0.57 0.64 0 0 100 

          

BR 

Sphere 

9 0 mm/day 0.61 0.40 0.68 0.53 32.5 20 47.5 

35 0.001 mm/day 0.61 0.38 0.67 0.44 2.5 20 77.5 

36 0.005 mm/day 0.59 0.30 0.58 0.68 0 17.5 82.5 

37 0.01 mm/day 0.56 0.36 0.71 0.65 0 12.5 87.5 

          

BR 

Cylinder 

14 0 mm/day 0.57 0.24 0.67 0.53 50 25 25 

38 10–3 mm/day 0.58 0.23 0.59 0.57 2.5 15 82.5 

39 5 10–3 mm/day 0.57 0.24 0.54 0.62 0 7.5 92.5 

40 0.01 mm/day 0.54 0.33 0.69 0.63 0 12.5 87.5 

 1 

Fig. 3. Percentage of suspended, beached and settled MPD at the end of the simulation period (12 days) for scenarios 2 
representative of the different processes and behaviour  parameters: control; horizontal dispersion (Kh = 10 m2/s, Scenario 2); 3 
vertical dispersion (Kv = 10−4 m2/s, Scenario 5); washing-off (Tw, Scenario 7); low-density small spheres (Scenario 10); low-4 
density large cylinders (Scenario 25); low-density small spheres affected by non-stationary biofouling  (BR = 10−3 mm/day 5 
Scenario 39); and most of the other behaviours (Scenarios 11–14, 16–22, 27–28, 30–35). 6 

Washing-off 7 

The washing-off scenarios had high values of ss (0.81–0.99), which reveals their similarity with the 8 

control (no washing-off, Table 2). In these scenarios, each particle followed the same trajectory as in 9 

the control, from the release time to their beaching (Fig. 4). After beaching, some particles were 10 

resuspended, others trapped on the coast. This was reflected by the higher percentage of suspended 11 

particles at the end of the simulation: 57.5–77% compared to 30% for the control (I and IV in Fig. 3, 12 

Table 2). Particles released in the bay (R1 and R2) beached sooner, so they had more opportunity to be 13 

washed off into the sea again, as reflected by the lower ss (0.81–0.93, Table 2). Despite this, these 14 

particles were beached on the east coast of the bay, which is characterized by low currents and 15 

residence times, so most of the washed-off particles remained in this region.  16 

Particles released outside the bay stayed permanently in suspension or beached by the end of the 17 

simulation period. Their trajectories and final fates were therefore very similar to the control (ss near 1) 18 

but they could differ more and more with increased simulation times. The longer the MPD were 19 
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allowed to stay on land before being washed off (higher Tw or nullification of the Monte Carlo Method), 1 

the higher the probability of them then being washed-off. This was shown by the increase in settled 2 

particles with increasing Tw  at the end of the simulation. However, the impact of higher washing-off 3 

probabilities on particle trajectories was barely captured by the ss. This was also due to the trapping of 4 

particles in the eastern region of the bay in all scenarios and the short simulation time, which prevented 5 

the washed-off particles moving away from the beaching locations. 6 

 7 

Fig. 4. Sources (circles), trajectories (lines) and fates, water (points), beach (crosses) and bottom (triangles), of MPD for the 8 
different washing-off scenarios (Tables 1 and 2): (A) no washing-off (control scenario); (B) Tw = 1 (Scenario 6); (C) Tw = 2 9 
(Scenario 7); (D) no Monte Carlo Method (Scenario 8). The different colours represent MPD released at different sites: in the 10 
inner bay (R1, black); near the entrance (R2, green); south of the bay entrance (R3, blue); and north of the bay entrance (R4, 11 
pink). 12 

 13 

Turbulent dispersion 14 

Turbulence can be an important process in determining the trajectory and fate of the MPD. In general, 15 

an increase in the horizontal and vertical dispersion coefficients (Kh, Kv) increases the differences from 16 

the control trajectories (decreasing ss, Table 2), but the impact of these parameters depends to a large 17 

extent on the release point. Particles released in the inner bay (R1) followed the clockwise circulation of 18 

the bay for most values of Kh and Kv used, so the final fates of the MPD were very similar in all the 19 

scenarios (ss = 0.82–0.92, black lines and symbols in Fig. 5). Only a Kh of 20 m2/s facilitated some 20 
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particles escaping from the main circulation and beach on the north coast of the bay (ss = 0.68, Fig. 5d). 1 

Particles released near the entrance (R2) stayed in the bay for all values of the dispersion coefficients 2 

and beached on the east coast of the bay (green lines and symbols in Fig. 5). However, higher Kv 3 

increased the probability of particles being displaced to the west by stratified currents, and then to the 4 

north coast of the bay by the clockwise circulation (Fig. 5e-f). In addition, larger Kv caused some of 5 

these particles to reach the bottom near the coast (III in Figs. 3, 5e-f). Despite these trajectories, any 6 

differences can be considered at first sight as relatively small; for different values of Kh in particular, 7 

the resulting ss was very low (0.25–37, Table 2). This can be explained by the fact that a third of the 8 

particles beached just after release at R2 in the control scenario. With increasing dispersion coefficients, 9 

these particles followed trajectories that, although short, resulted in a small ss. 10 

The impact of the dispersion coefficients on the trajectories of particles released outside the bay was 11 

moderate (ss = 0.59–0.86, Table 2). Most of the particles released at these sites landed or were 12 

suspended in the same region north of Jervis Bay at the end of all the dispersion scenarios (blue and 13 

pink lines and symbols in Fig. 5).  Increasing Kh enhanced the probability of particles released at R4 14 

beaching on the north coast (II in Figs. 3, 5a-d); increasing Kv enhanced the probability of these same 15 

particles entering Jervis Bay (Fig. 5e-f).  16 
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 1 

Fig. 5. Sources (circles), trajectories (lines) and fates, water (points), beach (crosses) and bottom (triangles), of MPD for the 2 
different dispersion scenarios (Table 1 and Supplementary Material): (A) Kh = 1 m2/s and Kv = 10−5 m2/s (control scenario); (B) 3 
Kh = 5 m2/s and constant Kv (10−5 m2/s) (Scenario 1); (C) Kh = 10 m2/s and constant Kv (10−5 m2/s) (Scenario 2); (D) Kh = 20 4 
m2/s  and constant Kv (10−5 m2/s) (Scenario 3); (E) constant Kh (1 m2/s) and K v= 5×10−5 m2/s (Scenario 4); (F) constant Kh (1 5 
m2/s) and Kv = 10−4 m2/s (Scenario 5). The different colours represent MPD released at different sites: in the inner bay (R1, 6 
black); near the entrance (R2, green); south of the bay entrance (R3, blue); and north of the bay entrance (R4, pink). 7 

 8 

Sinking 9 

MPD buoyancy had a dramatic impact on the model results (ss = 0.02–0.68). In most of the sinking 10 

scenarios, all the particles settled before the end of the simulation, except low-density cylinders, low-11 

density small spheres and particles subject to progressive biofouling (Table 2, Fig. 3). This contrasted 12 

sharply with the control scenario results (70% and 30% of beached and suspended particles, 13 

respectively). The horizontal distribution of particles was therefore highly influenced by sinking, 14 
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particularly for particles released at the bay entrance (R2, Table 2, Figs. 6–10). These particles moved 1 

northward due to surface currents when they had a passive behaviour and beached along the eastern 2 

coast of the bay (Fig. 6a), whereas non-buoyant particles could be moved outside the bay by 3 

intermediate and bottom currents (Figs. 6b-d, 7b-d, see hydrodynamic description in Section 3.1). 4 

Particles released in the inner bay stayed inside the bay in all the scenarios, although their final fate 5 

depended on their behaviour (Figs. 6–10).  Non-buoyant particles released outside the bay were also 6 

highly impacted by vertical gradients in the horizontal currents, so their trajectories and fates depended 7 

on the MPD behaviour. These results are in contrast with the modelling results of Critchell and 8 

Lambrechts (2016), who suggested that sinking has a relatively small influence on MPD fate. This is 9 

because they assumed that particles settle at a given rate (day-1), and ignored the impact of the vertical 10 

current shear on the MPD transport as it moves vertically. The relative importance of each behaviour 11 

parameter affecting MPD transport is discussed further in Section 3.3.2.  12 

 13 

3.3.2 Relative impact of behaviours 14 

The trajectories in all behaviour scenarios differed to a large extent from the control, as highlighted by 15 

low ss values (Table 2, Fig. 11). Figure 11 compares the ss of the different behaviour scenarios (Table 16 

2), showing the relative influence of the behaviour parameters (density, size, shape, and biofouling 17 

thickness, density and rate) on the MPD trajectories (for clarity, only values corresponding to particles 18 

released inside the bay, R1/R2, were included). This comparison suggests that, given the same release 19 

point, the relative importance of the different behaviour parameters was quite similar (similar order of 20 

magnitude of ss). All the behaviour parameters had a large impact on MPD transport, as all of them 21 

contributed to MPD buoyancy; however, the effect of some quantitative parameters, such as size, can 22 

vary according to the particle shape. 23 

 24 

Physical properties: density, size and shape 25 

The effect of increasing density (Fig. 6) and increasing size (Fig. 7) on the trajectories and fates of 26 

spherical MPD particles was very similar. Particles released in the inner bay (R1) were transported by 27 

the clockwise circulation in all the density and size scenarios (black lines in Figs. 6, 7). However, 28 

higher densities and sizes favoured an earlier sinking, and therefore a final fate closer to the release 29 

point but further away from the fate region of the control scenario. This was highlighted by the decrease 30 

in ss as density or size increased (R1 spheres in Fig. 11a-b). 31 

Spherical particles released near the entrance (R2) exhibited different trajectories, depending on their 32 

density and size: (a) passive particles beached after a few hours close to the release point (green 33 

crosses, Figs. 6a, 7a); (b) some small particles with a density slightly higher than that of water also 34 
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beached near the release point, but others were transported to the west by the inflow current near the 1 

surface (green lines, Figs. 6b, 7b); (c) particles with intermediate densities (1.035–1.05 g/cm3, green 2 

lines in Fig. 6c-d) and sizes (1–2 mm, green lines in Fig. 7c-d) were transported out of the bay by deep 3 

outflow currents (an ss near 0 indicates a large difference from the control trajectories, R2 spheres in 4 

Fig. 11a-b); (d) high-density (>1.2 g/cm3, Fig. 6e-f) and big particles (5mm, Fig. 7e) settled quickly and 5 

near the release point (higher ss than intermediate densities and sizes, R2 spheres in Fig. 11a-b).  6 

Particles released outside the bay (R3/R4) were also significantly influenced by density and size. Low-7 

density small particles (pink and blue, Figs. 6b, 7b) were transported to the north region, as passive 8 

particles (pink and blue, Figs. 6a, 7a), but settled before reaching the coast or were about to settle by the 9 

end of the simulation. Some of this type of particle were also transported inside the bay by surface 10 

inflow currents. Particles with intermediate densities and sizes (pink and blue, Figs. 6c-d, 7c-d) were 11 

transported to the northeast by intermediate and deep strong currents, travelling long distances in some 12 

cases (e.g. blue lines in Fig. 6c). This agrees with some experimental studies that suggest that non-13 

buoyant MPD might travel longer distances than buoyant MPD due to hydrodynamic mixing processes 14 

(Frére et al., 2017; Zhang, 2017). Very high densities and sizes led particles to sink quickly near the 15 

release point (pink and blue, Figs. 6e-f, 7e). 16 
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 1 

Fig. 6. Sources (circles), trajectories (lines) and fates, water (points), beach (crosses) and bottom (triangles), of MPD for the 2 
scenarios with spheres of different densities (Table 1 and Supplementary Material): (A) passive particles (control scenario); 3 
(B) ρ = 1.026 g/cm3 (Scenario 10); (C) ρ = 1.035 g/cm3 (Scenario 11); (D) ρ = 1.05 g/cm3 (Scenario 12); (E) ρ = 1.2 g/cm3 4 
(Scenario 13); (F) ρ = 1.665 g/cm3 (Scenario 14). All particles had diameter 0.33 mm. The different colours represent MPD 5 
released at different sites: in the inner bay (R1, black); near the entrance (R2, green); south of the bay entrance (R3, blue); and 6 
north of the bay entrance (R4, pink).  7 
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 1 

Fig. 7. Sources (circles), trajectories (lines) and fates, water (points), beach (crosses) and bottom (triangles), of MPD for the 2 
scenarios with spheres of different size (Table 1 and Supplementary Material): (A) passive particles (control scenario); (B) D = 3 
0.33 mm (Scenario 9); (C) D = 1 mm (Scenario 19); (D) D = 2 mm (Scenario 20); (E) D = 5 mm (Scenario 21). All particles 4 
had a density of 1.026 g/cm3. The different colours represent MPD released at different sites: in the inner bay (R1, black); near 5 
the entrance (R2, green); south of the bay entrance (R3, blue); and north of the bay entrance (R4, pink). 6 

 7 

The impact of density on the trajectories of cylindrical MPD was the same as for spherical MPD. 8 

Cylindrical particles followed similar paths to spherical particles for each density value and each release 9 

site (see trajectories of Scenarios 15–19 in Supplementary Material B). This is shown in Fig. 11a; ss 10 

values were similar for the trajectories of the spherical and cylindrical particles. The behaviour of 11 

cylindrical particles of different sizes was, in contrast, completely different from that of spherical 12 

particles. For the same density, cylindrical particles released at the same site all followed similar 13 

trajectory patterns, regardless of size. These patterns were the following (ρ = 1.026 g/cm3 and all 14 
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cylinder lengths; Fig. 8): particles released at R1 were transported by the clockwise circulation and 1 

settled on the north coast of the bay; particles released at R2 settled near the release site or were 2 

transported to the western coast of the bay by near-surface currents; and particles released at R3 and R4 3 

were transported to the north, where they settled, or were about to settle, by the end of the simulation. 4 

Unlike spheres, not all the cylindrical medium- and large-size particles settled by the end of the 5 

simulations (compare VI and VIII in Fig. 3, Table 2).  This lack of an effect of increasing size on the 6 

trajectories of cylindrical particles was also evidenced by the constant values of ss for all the scenarios 7 

with cylinders of different sizes (all showed a similar difference from the control trajectories, Fig. 11b), 8 

and by the moderate increase in the percentage of settled particles with size (Table 2, Scenario in Fig. 9 

3). This was a direct consequence of the settling-velocity equation used for these particles (Katmullina 10 

and Isachinko, 2017, Section 2.2.3), which is based on the observation of different behaviours for 11 

cylindrical and spherical MPD. While the behaviour of spherical particles depends on both density and 12 

size, the behaviour of cylindrical MPD mainly depends on the density. 13 

 14 

Fig. 8. Sources (circles), trajectories (lines) and fates, water (points), beach (crosses) and bottom (triangles), of MPD for the 15 
scenarios with cylinders of different sizes (Table 1 and Supplementary Material): (A) passive particles (control scenario); (B) L 16 
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= 0.33 mm (Scenario 14); (C) L = 1 mm (Scenario 22); (D) L = 2 mm (Scenario 23); (E) D = L (Scenario 24). All the particles 1 
had a constant density of 1.026 g/cm3. The different colours represent MPD released at different sites: in the inner bay (R1, 2 
black); near the entrance (R2, green); south of the bay entrance (R3, blue); and north of the bay entrance (R4, pink). 3 

 4 

Fig. 9. Sources (circles), trajectories (lines) and fates, water (points), beach (crosses) and bottom (triangles), of MPD for the 5 
scenarios with spheres subject to stationary biofouling (Table 1 and Supplementary Material): (A) no biofouling (Scenario 9); 6 
(B) BT = 0.01 mm and BD = 1.05 g/cm3 (Scenario 25); (C) BT = 0.05 mm and BD = 1.05 g/cm3 (Scenario 26); (D) BT = 0.1 7 
mm and BD = 1.05 g/cm3 (Scenario 27); (E) BT = 0.01 mm and BD = 1.1 g/cm3 (Scenario 31);  (F) BT = 0.01 mm and BD = 8 
1.35 g/cm3 (Scenario 32). All the particles had an initial density of 1.026 g/cm3 and an initial size of 0.33 mm. The different 9 
colours represent MPD released at different sites: in the inner bay (R1, black); near the entrance (R2, green); south of the bay 10 
entrance (R3, blue); and north of the bay entrance (R4, pink). 11 

 12 

Biofouling 13 

The effect of different fouling states on MPD transport was analysed by varying the biofilm thickness 14 

(BT), with a relatively low biofilm density (1.05 g/cm3), and varying the biofilm densities (BD), with a 15 

relatively small biofilm thickness (0.01 mm), of particles with a constant density and size (Table 1 and 16 

Supplementary Material A). The trajectories in the biofouling scenarios differed to a larger extent from 17 
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the control than the trajectories in the scenario free of biofouling, for both spherical and cylindrical 1 

particles (lower ss, Fig. 11b-c, Table 2). This revealed the large influence of this bio-physical process 2 

on MPD motion and fate.  Figure 9 compares the trajectories of these scenarios for spherical particles. 3 

In most cases, biofouling led to a significant increase in the settling velocity, and particles settled very 4 

soon in this shallow system (Fig. 9c-f). Only particles released at R3 and characterized by a low biofilm 5 

thickness and density (blue lines, Fig. 9b) travelled longer distances through deeper waters before 6 

settling, carried by a strong intermediate current. Cylindrical particles showed very similar behaviour 7 

and trajectories to spherical particles (similar ss, Fig. 11c-d, see trajectories in Supplementary Material 8 

B). This is because the trajectories and fates of both spherical and cylindrical particles were very 9 

sensitive to density, and biofilms are characterized by densities much higher than water (Fisher et al. 10 

1983). The main difference was that cylindrical MPD released at R3 did, in general, travel slight longer 11 

distances due to the slightly lower settling velocity of cylindrical fouled particles compared to spherical.  12 

 13 

Fig. 10. Sources (circles), trajectories (lines) and fates, water (points), beach (crosses) and bottom (triangles), of MPD for the 14 
scenarios with spheres subject to non-stationary biofouling (Table 1 and Supplementary Material): (A) no biofouling (Scenario 15 
9);(B) BR = 0.001 mm/day (Scenario 35); (C) BR = 0.005 mm/day (Scenario 36); (D) BR = 0.01 mm/day (Scenario 37). All the 16 
particles had an initial density of 1.026 g/cm3 and an initial size of 0.33 mm. The different colours represent MPD released at 17 
different sites: in the inner bay (R1, black); near the entrance (R2, green); south of the bay entrance (R3, blue); and north of the 18 
bay entrance (R4, pink). 19 

 20 
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These results demonstrate that both biofouling parameters, biofilm thickness and density, played an 1 

important role in the behaviour of MPD. However, biofouling is a non-stationary process, so biofouling 2 

thickness can vary over time. As explained in Section 2.2.3, a progressive increase in the biofouling 3 

thickness was parameterized by a constant biofilm rate (BR, mm/day) in order to gain insight into the 4 

sensitivity of the MPD transport to this process. Trajectories and fates of particles subjected to very 5 

small BR (0.001 mm/day) were very similar to those of particles free of biofouling (Fig. 10a-b, similar 6 

ss, Fig. 11e), although with some differences. Some particles with a small BR, released near the 7 

entrance (R2), were displaced outside the bay before sinking, caused by the deeper outflow currents; 8 

particles released outside the bay (R3/R4) settled sooner and further north. This was highlighted by the 9 

increase in the percentage of settled particles by the end of the simulation (compare V and VII in Fig. 10 

3). As BR increased, particles showed a behaviour closer to that of more-dense or large particles (Fig. 11 

10c-d). For example, particles released at R2 were flushed out of the bay. These conclusions are valid 12 

for both spherical (Fig. 10) and cylindrical particles (see trajectories in Supplementary Material B). 13 

These results demonstrate that progressive changes in the biofilm thickness can impact MPD transport. 14 

Therefore, for accurate predictions of MPD fate, the MPD tracking models need to be fed with realistic 15 

estimates of biofilm variability (Kooi et al., 2017), which in turns requires prioritizing laboratory and 16 

field studies in this area. 17 
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 1 

Fig. 11. Skill scores of scenarios modelling the effect of the behaviour parameters (see values in Table 2): (A) density 2 
(Scenarios 9–18); (B) size (Scenarios 9, 14, 19–24); (C) biofouling thickness (Scenarios 9, 14, 25–30); (D) biofouling density 3 
(Scenarios 9, 14, 25, 28, 31–34); (E) biofouling rate (Scenarios 9, 14, 35–40). The different colours represent MPD released at 4 
different sites: in the inner bay (R1, black) and near the entrance (R2, green). Crosses and dots represent spherical and 5 
cylindrical particles, respectively. 6 

 7 

Degradation 8 

As explained in Section 3.1, degradation was not included in the sensitivity analysis since it is a slower 9 

process that needs a more accurate parameterization. Nevertheless, we compared the trajectories of 10 

particles subject to different (overstated) degradation rates, representing a constant loss of size (DR% 11 

size decrease per day, Section 2.2.3), in order to provide some insight into its influence on MPD 12 

trajectories and fates (Fig. 12). All these scenarios were characterized by a density of 1.026 g/cm3, an 13 

initial size of 1 mm and spherical shape (see details in Supplementary Material A). Particles subject to 14 

both small (0.1%  per day, Fig. 12b) and high (10% per day, Fig. 12c) degradation rates showed the 15 

same behaviour as particles free of degradation (Fig. 12c). Only some particles, with a DR of 30% per 16 
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day, followed different paths, as the loss of size favoured a retarded sinking and therefore transport into 1 

deeper water by a strong intermediate current (blue and green lines in Fig. 12d). The slow loss of size 2 

had only a small influence on the transport of non-buoyant MPD in relatively shallow systems, but 3 

improved experimental and modelling parameterization are necessary to investigate this further. An 4 

instantaneous fragmentation of particles may have a higher impact on the transport of MPD, as particles 5 

with different sizes can have very different behaviours (Fig. 7). This process will be included in future 6 

versions of TrackMPD once there is a better understanding.  7 

 8 

Fig. 12. Sources (circles), trajectories (lines) and fates, water (points), beach (crosses) and bottom (triangles), of MPD for the 9 
scenarios subject to degradation (Table 1 and Supplementary Material): (A) no degradation (Scenario 19); (B) DR = 0.1% per 10 
day (Scenario 41); (C) DR = 10% per day (Scenario 42); (D) DR = 20% per day (Scenario 43). All the particles had a density 11 
of 1.026 g/cm3, an initial size of 1 mm and spherical shape. The different colours represent MPD released at different sites: in 12 
the inner bay (R1, black), near the entrance (R2, green); south of the bay entrance (R3, blue); and north of the bay entrance 13 
(R4, pink). 14 

 15 

4. Conclusions 16 

TrackMPD provides a comprehensive, user-friendly, and versatile environment for the modelling of 17 

marine plastic transport in coastal and marine systems. We have demonstrated that the proposed 18 

modelling framework fills the gaps in previous models by: (1) considering a three-dimensional 19 

approach; (2) providing compatibility with a variety of ocean models; and (3) including a wide range of 20 
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physical processes (advection, dispersion, windage, sinking, settling, beaching and washing-off) and 1 

MPD behaviour that depend on particle dynamical properties, and the fouling and degradation state. 2 

The modular structure allows users to select and adjust the processes and behaviours included in a 3 

simulation, and favours the future replacement of model formulations in line with experimental 4 

progress. 5 

Through a sensitivity analysis of the model parameters, we have demonstrated the large influence of the 6 

proposed physical processes and behaviours on the transport and fate of MPD, and thus the relevance of 7 

a three-dimensional modelling approach. Sinking had a dramatic impact on MPD trajectory and fate, 8 

followed by turbulent dispersion and washing-off. The relative importance of all the model behaviour 9 

parameters influencing the MPD trajectories was quite similar. Density, size and shape determine MPD 10 

buoyancy, which played a key role in the vertical transfer of particles between the vertical shear layers 11 

and on the settling of particles, especially in shallow waters. The behaviour of spherical particles was 12 

determined by density and size, while the behaviour of cylindrical particles mainly depended on 13 

density. Biofouling thickness and density had a strong influence in decreasing MPD buoyancy and 14 

thereby impacting MPD motion. Preliminary results on the impact of time-varying biofouling and 15 

degradation suggest that a progressive increase in biofouling thickness may have a significant influence 16 

on MPD paths and fates, while the progressive decrease in size due to degradation seems to have only a 17 

slight influence, particularly in shallow systems.  18 

In addition to accurate hydrodynamic data, the successful estimation and prediction of MPD sources, 19 

paths, distribution and accumulation zones using TrackMPD, and numerical models in general, require 20 

accurate in-situ measurements of model parameters. At the very least, drifter data to estimate the 21 

dispersion coefficients and validate trajectories, and microplastic samples to evaluate the particle 22 

physical properties are required. Combining surface and subsurface drifter experiments could help to 23 

assess particle behaviour in turbulent and stratified environments. Our modelling results also highlight 24 

the need for priority research on biofouling parameterization to better understand and predict MPD 25 

movement. Improvements in parameterizing and quantifying rates of other biological and physical 26 

processes and behaviours such washing-off, resuspension, degradation, fragmentation and animal 27 

ingestion are also critical to progress in this issue. Future ambitions for the model involve the 28 

compatibility with unstructured grids, and the improvement or new development of processes and 29 

behaviour formulations. A priority will be to better parameterize non-stationary biofouling and the 30 

washing-off, and include plastic fragmentation and bottom resuspension.  31 
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