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Abstract
Increasing pollution of plastic debris in the oceans, harming the marine organisms and
marine environment, is a recent and significant global problem. Five major surface
accumulation zones, so called garbage patches, were discovered using a mathematical
model developed by The Ocean Cleanup to predict the transport and accumulation of
floating debris. A big loss of plastics is observed from the surface of the ocean compared
to expected rates of fragmentation. It is expected that these plastics accumulate below
the surface. A 3D model is required to track the plastic debris in vertical direction. The
main goal of this work is to develop a 3D Lagrangian plastic dispersal model for different
plastic categories, starting from the well-established 2D plastic dispersal surface model.

The model developed in this work includes the contribution of ocean currents in three
directions, buoyancy and drag forces. The vertical ocean current velocity is reconstructed
by applying the mass balance to the existing horizontal velocity fields. These velocity
fields are obtained from an existing ocean circulation model (HYCOM). A resolution
analysis is included and provides insight on how the grid size affects the accuracy of this
reconstructed velocity field.

Different scenarios by plastic type and size are simulated in the Eastern North Pacific.
The vertical distribution results up to depths of 5000 m are compared with recent studies.
In this work it is observed that the computed vertical ocean current velocity affects
small positive buoyant particles, representing microplastics. The computed vertical ocean
currents enable these particles to remain below the ocean surface. Although this model
gives insights in ocean particle distribution by ocean currents, buoyancy and drag forces,
it is mainly a framework for a 3D plastic dispersal model. This model could be improved
further by adding other contributions affecting vertical plastic distribution.

Keywords – 3D Lagrangian dispersal model, accumulation of plastics, Great Pacific
Garbage Patch, Eastern North Pacific, The Ocean Cleanup, vertical ocean water velocity.
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1 Introduction
Increasing pollution of plastic debris in the oceans is a very recent and significant global
problem. Since the beginning of mass production of plastic products in the 1950s, plastic
debris has accumulated and degraded in terrestrial environments, on shorelines and in
the open oceans above and below the surface, including the deep seas. [4] Plastic debris
has become a concerning cause for affecting the marine environment. It is estimated that
there is 250.000 tons of plastic at the ocean surface layer, assuming the emissions of plastic
to be proportional to the global plastic production. [20,32,65]

One of the goals of The Ocean Cleanup is to locate the ocean plastics and to use cleanup
systems to reach a 90% reduction of floating ocean plastic by the year 2040. To locate
the ocean plastics, a mathematical model was developed to predict the transport and
accumulation of floating debris. [34] This model combines global ocean circulation models
with a Lagrangian particle tracking model, essentially updating and tracking the path
of every particle. Five major surface accumulation zones, so called garbage patches,
mainly caused by gyres, were discovered using this approach. The biggest concentration
of floating plastics can be found in the Eastern North Pacific according to these studies.
This accumulation zone is also referred to as the Great Pacific Garbage Patch (GPGP).

One of the main issues concerning the prediction of plastic dispersal, is the way to extract
data from such an immense unexplored area. Currently, a variety of techniques is used
to sample and locate ocean-plastic debris: seabed trawls, sediment traps, scuba diving,
remotely operated vehicle surveying, submersible surveying, box core sampling, grab
sampling, multi-vessel and aircraft surveys and multi-beam sonar. [15,33] Yet, the amount
of data available is relatively low compared to the vastness of the ocean.

Tens of millions metric tons are anticipated to enter the ocean, [57] whereas the amount
of floating ocean plastics is estimated to be >250,000 metric tons. Therefore, around
99% of the floating plastic is missing. [3,9] Possible explanations for the removal of floating
ocean plastics from the surface are ocean currents, vertical wind mixing, biofouling,
aggregation, degrading into smaller particles due to photodegradation, mechanical abrasion
and oxidation, beaching of particles, plastic-metal compositions, mineral adsorption and
the ingestion of marine life. [5,15,32,33,34] This implies that a significant part is likely to be
dispersed below the ocean surface.

In a recent study, evidence has been found for positive buoyant plastics in the GPGP
to be located beneath the ocean surface. [19] This research reveals that concentrations of
plastic fragments between 500 µm and 5 cm in size follow a power law decline of plastic
concentration for increasing water depths beneath the GPGP. The majority is found in the
upper five meters of the ocean, however, plastic samples are found all along the sampling
domain, which has a maximum depth of 2000 m. In other locations, large amounts of
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positive buoyant microplastics are discovered. Microplastics have been found at depths of
2000 m in the arctic seas and in the upper 200 m of the Atlantic ocean. [5,44] These findings
are based on local samples, suggesting there to be accumulation zones below the ocean
surface. It is noted, however, that these findings do not necessarily represent large-scale
plastic distributions.

Similarly, as was accomplished with the existing ocean surface model, high plastic
concentration zones might be discovered by modeling the trajectory of plastics below the
ocean surface. The plastic dispersal below the ocean surface is barely explored due to
its major challenge of extracting valuable and usable data, its complexity due to all its
forcing constituents and the different classifications and unknown behaviour of plastics. A
3D plastic dispersal model is required to optimize the prediction of accumulation zones in
the oceans, to validate recent findings, and to locate the missing plastics.

The main goal of this project is to develop a 3D Lagrangian plastic dispersal model using
the ocean current velocity fields of the existing ocean circulation model, and to use this
developed 3D model to evaluate plastic distribution in the vertical direction.

The following sub-goals are derived from this main project goal:

• Developing the 3D plastic dispersal model based on the existing 2D floating-plastic
dispersal model.

• Creating different scenarios in the Eastern North Pacific, varying in plastic type
and size, and pointing out high particle-concentration zones based on data from the
enriched model.

• Validating the model using different regional plastic concentration data, collected
from multiple data sources. [3,19,44]

The first sub-goal of this project is to create a framework for a 3D plastic debris dispersal
model for the different types of plastics. This will be realised using an existing 2D plastic
dispersal surface model and velocity fields from an existing ocean circulation model,
HYCOM (Hybrid Coordinate Ocean Model). [11] A description of the existing model and
the required adaptions to create a 3D dispersal model are discussed in Chapter 2.

In Chapter 3, interpolation methods and conservation equations are used to reconstruct
the vertical water velocity from the available horizontal water velocity data. As the
domain of this data contains large spatial intervals, it is useful to look into the reliability
of the generated vertical velocity. Hence, a resolution analysis for generating vertical
current velocities is included.

After obtaining the ocean current data, particles, representing plastics, are deployed in
the 3D domain. In Chapter 4, different contributing displacement factors are compared,
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and the currently implemented advection schemes are reformulated into 3D advection
equations to compute the particle trajectories. In Chapter 5, these equations are verified
by comparing the results of the 2D and 3D model for the dispersal case of floating plastics
at the ocean surface without vertical water velocities. Also, the model is verified with
a test case that is based on the flows and dispersal of particles in the vertical direction.
Additionally, different implementation methods are discussed.

The second sub-goal is to analyse the accumulation of plastic debris in the vertical direction.
This analysis will be based on different scenarios in the North Pacific that are dependent
on two input variables: the size and the type of the plastics.

The third sub-goal is to validate the model with plastic concentration data. Although the
availability of data is limited, different test cases for different plastic types and sizes are
compared at a local domain in the Eastern North Pacific, where the GPGP is located.
The results will mainly be compared with the recent sampling-based experiments in the
North Pacific. [19]

The second and third sub-goals are discussed in Chapter 6, where, for a given test
case, vertical particle distribution for different plastic types and sizes are visualized and
compared with the available data. Finally, the main conclusions of this work and the
recommendations for future work are provided in Chapter 7.

Bringing these three goals together results in a model that contributes to locating the
missing plastics in the ocean, starting at the Eastern North Pacific. This model provides
more insight in how the currents, buoyancy and other factors influence the accumulation
of plastics at different depths of the ocean. Analysing the results from this model helps
research teams and engineers in their search on where to further investigate, invest and
develop new tools to expand the knowledge of plastic pollution in the oceans. Additionally,
localisation of plastic accumulation zones in the vertical direction can help to create public
awareness of the plastic pollution.
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2 The 3D dispersal modeling approach
The current dispersal model of floating plastic debris developed and used by The Ocean
Cleanup combines a global circulation model with a Lagrangian particle tracking model.
A Framework is developed for the transport and the accumulation of debris. [34] Yet, this
model does not include the vertical distribution.

Different problems are encountered going from a 2D to a 3D model. In this chapter,
background information on the current 2D model is given, after which an elaboration
is included on how different contributions affect the position of plastic debris in the
vertical direction. Finally, a short discussion on alternative methods to compute particle
distribution is included.

2.1 Description of the current 2D model
In the current 2D model, particle tracking is simulated using the velocity data from
HYCOM. The model combines advection and diffusion to simulate the trajectory. This
model can compute particles that represent different types and sizes of plastic. The
particles contains information about the age, classification, origin and trajectory.

To get the ocean water velocity data in the form of velocity fields, the global hydrodynamic
model HYCOM or the regional model ROMS (Regional Ocean Modeling System) [40] is
used. HYCOM uses NOGAPS (Navy Operational Global Atmospheric Prediction System),
which takes wind stress, wind speed, heat flux and precipitation into account. [20] The
data gathered from NOGAPS goes back to 1994 up until 2015. Assuming it is possible to
copy a data set of 5 years to simulate future scenarios, a predictive global dispersal model
is created. The HYCOM data contains 40 horizontal velocity layers, distributed in the
vertical direction, but until now only the surface layer was used to model floating plastic
dispersal. [34] The vertical layers are crucial for the research conducted in this work.

The current 2D model and its accessory scripts are visualized in Fig. 2.1. There are
different input factors that contribute to the dispersal of the particles, like the wind, waves
and currents. The grid and particles need to be initialized for the model to run. A further
detailed description of each script is given in Appendix A1. The GPGP is discovered by
computing the trajectories of 9.6 million particles for a total of 30 years of simulated time,
using different realistic input (source) scenarios involving rivers, population and shipping
routes.
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Figure 2.1: Overview matlab scripts

2.2 3D adaptation of the 2D Model
Additional contributions affecting the vertical particle displacement are taken into
consideration to adapt the current 2D model to a 3D dispersal model. All the aspects
of this transformation are discussed in this chapter, whereas the ocean current and
contributing particle forces will be discussed at later stages.

First, there is a contribution of the vertical water velocity to the trajectory of a particle.
This contribution is obtained by reformulating existing second-order 2D advection schemes
to 3D equations. These equations are applied to particles that are deployed in 3D water
velocity fields. These velocity fields are based on the data from HYCOM.

Secondly, the vertical particle trajectory is affected by different forces acting on a particle,
like buoyancy and drag forces. The contributions for the motion of particles in viscous
fluids, in this case plastics in the oceans, are obtained by Maxey and Riley. [36]

Thirdly, The waves and wind causing vertical mixing are expected to contribute to the
vertical particle velocity in the upper layer of the ocean. Random distribution functions
can be obtained from distribution observations in the upper layer of the GPGP that are
dependent on the intensity of wind and waves. [47] The turbulent effects are simulated by
an eddy diffusivity model. This model is expected to differ for the horizontal and vertical



6 2.2 3D adaptation of the 2D Model

directions. The vertical diffusion is also depth dependent, so a different diffusion model
has to be implemented for the vertical dispersal. [17]

Fourthly, smaller sized plastics (microplastics) tend to lose their bouyancy more readily
due to biofouling, which is the process of the accumulation of microorganisms, plants
on wetted surfaces. [22] As this process increases the density of floating microplastics, a
time-dependent density function can be used to derive the rise velocity and simulate the
effect of biofouling. [30] This derivation of density is based on the chlorophyll-, temperature-
and salinity-profiles that can be obtained from available data sources, like HYCOM.

Lastly, there is a distribution factor due to the removal of plastic from ingestion by marine
life. [14] The majority of discovered ingested debris pieces were found to be positively
buoyant. [12]

These extra contributions that need to be implemented to get a complete 3D model are
visualized in Fig. 2.2.
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Figure 2.2: An overview of the required steps to adapt the current 2D model to a
complete 3D model including multiple contributions.

A different factor in the dispersal of plastics is the classification of plastics, which can
be defined by plastic type and size. There are seven types of plastics dominating the
share of global plastic consumption. [41]. These plastic types are high-density polyethylene
(HDPE), low-density polyethylene (LDPE), polyvinyl chloride (PVC), polystyrene (PS),
polypropylene (PP), polyethylene terephthalate (PET) and polyurethane (PUR). Changing
the size or the type affects the vertical particle velocity driven by the balance of the
buoyancy and drag forces.

The resolution and the computation time of the model are important design factors
developing the 3D dispersal model. Extra vertical layers are added to the current 2D
model, increasing the grid size, causing a significant increase in computation time.
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The main requirement is to create a framework for a 3D dispersal model from the ocean
surface to seabed and to measure the concentration levels at different locations for different
classifications of plastics. Case studies for the dispersal of particles in the vertical direction
are carried out, with clearly formulated boundary conditions and assumptions.

2.3 Alternative mathematical approaches
So far in this work, the modeling of the particle distribution is considered in a Lagrangian
way, while different methods are available to create a particle distribution model. Here we
briefly review the two most prominent classes, viz. Eulerian and Lagrangian.

A Lagrangian approach is widely used for dispersal models. This method models physical
motion of particles and can create the most realistic result of a particle trajectory. The
method can be more time consuming if a very large number of particles is simulated and
tracked. The computation time and accuracy depends on whether a coarse or fine temporal
and spatial resolution is used for large-scale simulations. The Lagrangian approach has
advantages in the ease of classification, interaction and tracking.

A different option is to use an Eulerian approach. This approach uses a fixed mesh and
evaluates concentrations of particles at specific locations in time and space. All the grid
cells have to interact with each other and different complex solver techniques need to be
used. The post-processing might also take longer if the trajectory is requested compared
to the Lagrangian method, which saves the trajectory of particles. However, if designed
well, an Eulerian approach might result in a lower computation time for global models as
scaling is easier and faster. In a recent study, a 3D plastic dispersal model is developed
using the Eulerian approach instead of a Lagrangian method. [41] In this study, the change
of concentration (mass per volume) of plastic over time is computed. Some Eulerian solver
methods are the explicit Euler method or the Leapfrog method. [51]

Other possible particle dispersal approaches can be using the Lattice Boltzmann method
or creating a connectivity matrix with drifters. [50] These are not further discussed in this
work.

The Lagrangian method is useful due to the required functions of particle tracking and
classification. A parallel solver can be realised counteracting on the disadvantages of
this method. Besides, the current 2D model makes use of a Lagrangian solver, which is
an extra reason to use this method to comply with the company workflow. For these
reasons, the Lagrangian method will be adapted to compute the particle trajectories in
three dimensions.
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3 Vertical ocean water velocity reconstruction
This chapter discusses how to obtain a global vertical ocean current velocity field using
the available data from HYCOM. The vertical water velocity component is obtained
by applying the conservation of mass, including the correct boundary conditions. This
enables the construction of local 3D velocity fields. The question arises how dependent
the generated vertical velocity component is on the horizontal and vertical grid resolution.
To attain a better understanding of this dependence, a resolution analysis is included in
this chapter.

3.1 Defining the domain
To go from a 2D to a 3D model, it is necessary to define the domain and boundaries of
the available velocity fields. The given global velocity data from HYCOM describes a
large domain, where the finest spatial resolution is a uniform distributed grid of 1

12

◦ in
longitudinal and latitudinal direction, resulting in 4500×2001 grid points for 40 vertical
non-uniformly distributed layers. The minimum time interval that is available is 3 hours,
which defines the finest temporal resolution. [16]

Figure 3.1: Cartesian flat earth coordinate system [29]

A velocity grid in a Cartesian flat earth coordinate system is considered in the HYCOM
data files (see Fig. 3.1), containing only horizontal velocity components at different depths.
The domains of the global HYCOM files are:
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Ω̄lon = [0, 359.92]◦, (3.1a)

Ω̄lat = [−80, 80]◦, (3.1b)

Ω̄z = [0, 5000]m. (3.1c)

The vertical distribution of the horizontal velocity layers is not uniform. The vertical
resolution decreases for increasing depths, as visualized in Fig. 3.2a. Therefore, the spatial
resolution of the velocity fields is higher for the layers of the ocean near the surface.

The current model computes particle advection using the spatial intervals in between
the grid points in meters. The Haversine formula is used to generate the intervals in
meters, which calculates the shortest distance between two points on a sphere specified in
longitude and latitude as: [43]

d = 2r sin−1

√
sin2(

φ2 − φ1

2
) + cos(φ1) cos(φ2) sin2(

ψ2 − ψ1

2
), (3.2)

where d [m] is the distance between two points specified by the longitude φ [rad] and the
latitude ψ [rad], and where r [m] is the radius of the earth. This method is more accurate
for larger distances than Pythagoras theorem because it takes the radius of the earth into
account.

The value of the longitudinal interval in metres will change over the latitude axis, due
to the fact that the earth has a spherical shape and the distance is uniformly given in
degrees [o]. Therefore, the longitudinal interval has a maximum value near the equator
and a minimum value near the poles at ± 80o latitude as shown in Fig. 3.2b.

(a) (b)

Figure 3.2: Resolution of global HYCOM input data. (a) variation of vertical interval
∆z for increasing depths. (b) variation of longitudinal interval size in meters along the
latitudinal axis.
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An illustration of the water velocity data from HYCOM is shown in Fig. 3.3, where the
domain of the grid, but also the estimated range of velocity values is visualized. The same
data can be obtained for different vertical layers up to a maximum depth of 5000m below
sea level (see Appendix A2).

(a) Eastward water velocity u (b) Northward water velocity v

Figure 3.3: Water velocity data from HYCOM at the ocean surface on 03-01-2010
00:00AM.

3.2 Obtaining the vertical water velocity
Now that the initial domain is defined, the method for obtaining the vertical water velocity
can be defined. In this work the conservation of mass is used to generate the vertical
velocity from the given horizontal velocity fields. The conservation equation of mass is
given in its differential form by

∂ρ

∂t
+∇ · (ρu) = 0, (3.3)

where ρ [kg m−3] is the mass density, t [s] the time and u [ms−1] the velocity of the
fluid. [62] A major assumption for the interpolation method discussed here is to assume
the water in the ocean is incompressible. This results in a mass balance:

∇ · (ρu) = 0. (3.4a)

As the density is assumed to be constant (in space), the mass balance in a given domain
Ω can be written in the integral form as∫

Ω

div(u)dΩ = 0. (3.4b)
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Figure 3.4: HYCOM horizontal velocity (u and v) subdomain for the two upper layers
of the ocean.

A formulation for the vertical velocity can be obtained using conservation of mass for the
three dimensional case as sketched in Fig. 3.4, where w̄ [ms−1] is the averaged vertical
water velocity and ū [ms−1] is the averaged horizontal water velocity. The mass-balance-
based derivation of the vertical components used in this work relies on the following
assumptions:

The first assumption is that there is no vertical velocity on the ocean surface or at the
ocean floor (which is not necessarily the deepest located vertical layer of the data sets).
This assumption is required to apply the conservation of mass.

The second assumption is that horizontal straight lines for the horizontal intervals can
be used without any slopes induced by waves. The reasoning here is that the average
wavelength of surface gravity and capillary wind driven waves is small compared to
the horizontal intervals, ∆x and ∆y. The finest grid resolution is 0.08◦ in longitudinal
and latitudinal direction, which is in the order of O(103 − 104) [m] while the order of
magnitude of wavelengths is O(10−3 − 102) [m]. [29] The exception here are long-period
waves (tsunamis, seiches, storm surges and tidal waves), which have the same order of
magnitude in wavelength or higher but are not considered in this model. [58] Therefore, the
surface of the ocean is considered stable and waves do not effect the linear interpolation
of the vertical velocities.

Based on Eq. (3.4b), a formulation for the vertical velocity is derived for the described
steady state situation as
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w̄down =
−1

∆x∆y

[
(ūeast − ūwest)∆y∆z + (v̄north − v̄south)∆x∆z

]
+ w̄up, (3.5)

where ∆x [m] and ∆y [m] are the horizontal spatial intervals, ∆z [m] is the vertical spatial
interval, and where for example,

ūwest =
1

4

[
u(x, y, z) + u(x, y + ∆y, z) + u(x, y, z + ∆z)+

+ u(x, y + ∆y, z + ∆z)
]
.

(3.6)

The other sub-equations for the horizontal velocities in different directions are of the same
form (see Appendix A3.1).

Applying Eq. (3.5) to the given dataset will result in a vertical in- or outflow of this
subdomain at the center, like shown by the green markers in Fig. 3.5. The interpolation
schemes used for the advection due to the horizontal velocity components are used from
the given points (x, y, z) in Fig. 3.4. The average of the generated vertical velocity values
are computed to get these velocities at the same grid point as the horizontal velocities.

Averaging the computed vertical velocity values to the given grid points (i, j) in Fig. 3.5
leads to less accurate values for the vertical velocity at the latitudinal and longitudinal
boundaries and corners of a horizontal field, since it is not possible to take the average of
four computed vertical velocities. Therefore, the nearest neighbor method, which takes
the closest vertical velocity value to this point, is used to get values at the corner grid
points. The method of averaging two surrounding values is applied at the non-periodic
edges (North and South). There is a periodic boundary condition in longitude direction
where the velocity fields stops at 359.2o, where the vertical velocity is generated as shown
in Fig. 3.5.
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Figure 3.5: Defining grid points of a horizontal velocity field (black) and grid points
of computed vertical velocities (green). There is a periodic boundary in longitudinal
direction (W-E) and a closed boundary in latitudinal direction (N-S).

3.3 Resolution analysis
The previous section elaborated on the method used in this work to obtain the vertical
velocity field. The vertical resolution, defined by vertical interval ∆z is much higher than
the horizontal resolution, defined by horizontal intervals ∆x and ∆y. This arouses the
assumption to get a higher accuracy for the vertical current velocity.

Here, a short study is performed using Taylor approximations up and until the third-
order. This study can be performed in 2D because the horizontal grid is uniform and
the horizontal intervals are given in the same order of magnitude. For this study, it is
assumed that the solution around the point (x, z) can be expanded and all the quantities
in the used interpolation scheme can be estimated. The given quantities around point
(x, z) are sketched in Fig. 3.6. From substitution of these estimated quantities in the
interpolation equation for the vertical velocity (3.5), it will follow how the error of this
vertical velocity relates to the grid sizes.
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Figure 3.6: One cell with velocity grid points.

For this analysis, for the sake of notation brevity, the following definitions are given:

ŵ1 = w(x, z −∆z), (3.7a)

ŵ2 = w(x, z), (3.7b)

û1 = u(x−∆x/2, z −∆z), (3.7c)

û2 = u(x−∆x/2, z), (3.7d)

û3 = u(x+ ∆x/2, z −∆z), (3.7e)

û4 = u(x+ ∆x/2, z). (3.7f)

Using Eq. (3.5), the equation for ŵ2 becomes:

ŵ2 =
∆z (û1 + û2 − û3 − û4)

2∆x
+ ŵ1. (3.8)

The error is then defined as:

e = ŵ2 − w(x, z). (3.9)

The exact w(x, z) in terms of the field u(x, z) can be expressed as:

w(x, z) = w(x, z −∆z) +

∫ z

z−∆z

∂w

∂z
dz, (3.10a)

= w(x, z −∆z)−
∫ z

z−∆z

∂u

∂x
dz, (3.10b)
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where use is made of the conservation of mass, as given in Eq. (3.4b), to get the second
expression. The Taylor expansion (third-order) around a given point (x0, z0) = (x, z) is
used to get a formulation for the horizontal velocity u(x, z). The partial derivative ∂u

∂x
(x, z)

is formulated and substituted in Eq. (3.10b) (see Appendix A3.2 for all the subequations).
This results in a formulation for the exact solution of the vertical velocity:

w(x, z) =ŵ1 −
∂u

∂x

∣∣∣∣
0

∆z − 1

2

∂2u

∂x∂z

∣∣∣∣
0

∆z2−

− 1

4

∂3u

∂x2∂z

∣∣∣∣
0

∆x∆z2 − 1

6

∂3u

∂x∂z2

∣∣∣∣
0

∆z3+

+O(∆x3∆z,∆x2∆z2,∆x∆z3,∆z4,∆x−1∆z5).

(3.11)

Similarly, û1 and û2 are obtained:

û1 = u|0 −
1

2

∂u

∂x

∣∣∣∣
0

∆x− ∂u

∂z

∣∣∣∣
0

∆z +
1

8

∂2u

∂x2

∣∣∣∣
0

∆x2+

+
1

2

∂2u

∂x∂z

∣∣∣∣
0

∆x∆z +
1

2

∂2u

∂z2

∣∣∣∣
0

∆z2−

− 1

48

∂3u

∂x3

∣∣∣∣
0

∆x3 − 1

8

∂3u

∂x2∂z

∣∣∣∣
0

∆x2∆z−

− 1

4

∂3u

∂x∂z2

∣∣∣∣
0

∆x∆z2 − 1

6

∂3u

∂z3

∣∣∣∣
0

∆z3+

+O(∆x4,∆x3∆z,∆x2∆z2,∆x∆z3,∆z4),

(3.12)

û2 = u|0 −
1

2

∂u

∂x

∣∣∣∣
0

∆x+
1

8

∂2u

∂x2

∣∣∣∣
0

∆x2 − 1

48

∂3u

∂x3

∣∣∣∣
0

∆x3+

+O(∆x4,∆x3∆z,∆x2∆z2,∆x∆z3,∆z4).

(3.13)

û3 and û4 are of the same form (see Appendix A3.2), and hence:

û1 + û2 − û3 − û4 =− 2
∂u

∂x

∣∣∣∣
0

∆x+
∂2u

∂x∂z

∣∣∣∣
0

∆x∆z−

− 1

12

∂3u

∂x3

∣∣∣∣
0

∆x3 − 1

2

∂3u

∂x∂z2

∣∣∣∣
0

∆x∆z2+

+O(∆x4,∆x3∆z,∆x2∆z2,∆x∆z3,∆z4).

(3.14)
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Substitution in (3.8) then gives:

ŵ2 =ŵ1 −
∂u

∂x

∣∣∣∣
0

∆z +
1

2

∂2u

∂x∂z

∣∣∣∣
0

∆z2−

− 1

24

∂3u

∂x3

∣∣∣∣
0

∆x2∆z − 1

4

∂3u

∂x∂z2

∣∣∣∣
0

∆z3+

+O(∆x3∆z,∆x2∆z2,∆x∆z3,∆z4,∆x−1∆z5).

(3.15)

Then finally substituting ŵ2 in the error equation (3.9) yields:

e =ŵ1 −
∂u

∂x

∣∣∣∣
0

∆z +
1

2

∂2u

∂x∂z

∣∣∣∣
0

∆z2−

− 1

24

∂3u

∂x3

∣∣∣∣
0

∆x2∆z − 1

4

∂3u

∂x∂z2

∣∣∣∣
0

∆z3+

O(∆x3∆z,∆x2∆z2,∆x∆z3,∆z4,∆x−1∆z5)−

− ŵ1 +
∂u

∂x

∣∣∣∣
0

∆z +
1

2

∂2u

∂x∂z

∣∣∣∣
0

∆z2+

+
1

4

∂3u

∂x2∂z

∣∣∣∣
0

∆x∆z2 +
1

6

∂3u

∂x∂z2

∣∣∣∣
0

∆z3−

−O(∆x3∆z,∆x2∆z2,∆x∆z3,∆z4,∆x−1∆z5).

(3.16)

From which it follows that:

e =
∂2u

∂x∂z

∣∣∣∣
0

∆z2 − 1

24

∂3u

∂x3

∣∣∣∣
0

∆x2∆z+

+
1

4

∂3u

∂x2∂z

∣∣∣∣
0

∆x∆z2 +
1

12

∂3u

∂x∂z2

∣∣∣∣
0

∆z3+

+O(∆x3∆z,∆x2∆z2,∆x∆z3,∆z4,∆x−1∆z5).

(3.17)

This obtained formulation for the error is the difference between the computed vertical
velocity with the conservation of mass and the analytical solution. The generated vertical
velocities are influenced by ∆x for a third-order Taylor approximation, as these third-order
terms include the horizontal spatial interval. But, apparently the error for the vertical
velocity is not influenced by the horizontal grid if only a second-order expansion were
considered. The error is mainly affected by the vertical interval term ∆z2. Whether
the error is affected by the horizontal grid depends on the significance of the third-order
derivatives.

Practical error solution

Practical values for the resolution error can be found by creating a function of u(x, z) with
a practically related velocity field that can be solved analytically. A discrete Doublet flow



18 3.3 Resolution analysis

is chosen, which is a flow that results from a source and sink which are placed extremely
close together. The stream lines and velocity potential of such a flow are visualized in
Fig. 3.7a. Two Doublet flows placed next to each other on the same horizontal axis can
represent a up- or downwelling, which are density- or wind-driven vertical flows that exist
near the surface layer in the ocean.

The stream function ψ [m2 s−1] and the velocity potential φ [m2 s−1] are given in a polar
coordinate system by [1]

ψ = − κ

2π

sin(θ)

r
, (3.18a)

φ =
κ

2π

cos(θ)

r
, (3.18b)

where κ [m2 s−1] is the strength of the doublet and r [m] is the radial distance to the
source-sink combination of the doublet flow. It is useful to change the stream function to
a Cartesian coordinate system for it to be applicable in this analysis. The next standard
relations are used: r =

√
x2 + z2, x = r cos(θ) and z = r sin(θ). Substitution leads to the

stream function in the Cartesian coordinate system:

ψ = − κ

2π

z

x2 + z2
. (3.19)

Using ∂ψ
∂x

= −v and ∂ψ
∂z

= u, results in the velocity functions:

u(x, z) =
κ z2

π (x2 + z2)2 −
κ

2π (x2 + z2)
, (3.20a)

v(x, z) = − κx z

π (x2 + z2)2 . (3.20b)

Adding a sink-source combination at the horizontal position (x − x0, z) results in two
Doublet flows representing a up- or downwelling. The obtained velocity field with this
combined Doublet flows is visualized in Fig. 3.7b. The reason for using this flow is that the
vertical velocity is equal to zero at the horizontal axis where the source-sink combinations
are located. This horizontal layer can be used to represent the ocean surface for the error
analysis, where there is a downwelling below this surface.
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(a) (b)

Figure 3.7: Velocity fields obtained for the analytical approach of the resolution error.
(a) Single Doublet with streamlines and velocity potential. (b) Double Doublet velocity
field, used to extract exact velocity values analytically.

The double doublets velocity field with practical grid limits and an evaluation point at
x = 104 m and z = −20 m is visualized in Fig. 3.8. The analytical solution for the vertical
velocity is −0.22 · 10−2 ms−1 at this evaluation point. In this grid, the velocity values are
in the order of centimeters per second, which is the same order of magnitude of the mean
horizontal ocean velocities from HYCOM.

Figure 3.8: The stream function of two source-sink combinations at the same horizontal
axis and the point of evaluation at x = 104 m and z = −20 m.

The error of the computed vertical velocity values using the conservation of mass can
be obtained by applying the error equation (3.17) and changing the spatial resolution,
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defined by ∆x and ∆z. The boundaries of the resolution error are evaluated by using the
maximum and minimum grid sizes, that are based on the domain of HYCOM. Combining
this with an error analysis for a linearly increasing spatial resolution for both directions
as sketched in Fig. 3.9, results in the graphs shown in Fig. 3.10. These graphs show the
growth of the error in the computed vertical velocity for a decreasing spatial resolution.

Figure 3.9: Increasing the spatial resolution to find the main contributing terms defining
the error (linear, quadratic, or higher order terms).
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(a)

(b)

Figure 3.10: Error of the obtained vertical water velocity values using the conservation
of mass for varying horizontal resolution ∆x and vertical resolution ∆z.

Figure 3.10a shows that the error is highly dependent on ∆z for the given domain by
the HYCOM data, as there is a big difference in error for the red and blue line at small
∆x. Considering the influence of the horizontal resolution for ∆z = 2 m, the error is
observed to be mainly dependent on the term with ∆x2 in it, which is the error term
1
24

∂3u
∂x3

∣∣∣
0

∆x2∆z. For a constant maximum value of ∆z = 1000 m, the horizontal resolution
does not influence the error for the given domain. The observed rate mismatch with the
numerical simulation is expected to be caused by the idealised assumed (divergence-free)
solution.
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Figure 3.10b shows that for a higher vertical resolution, the size of the horizontal interval
∆x still affects the error, as there is a difference between the blue and red line. The main
contributing error term in this graph is observed to be the ∆z2 term, which is the error
term ∂2u

∂x∂z

∣∣∣
0

∆z2. For a lower vertical resolution, the horizontal resolution does not affect
the error anymore, and the dominant term is observed to be the error term with ∆z3,
which is the error term 1

12
∂3u
∂x∂z2

∣∣∣
0

∆z3.

The dotted line that represents the linearly decreasing spatial resolution in both directions
is observed to be mainly affected by the third-order terms. The error is therefore expected
to be the most affected by the ∆z3 term. Only for the highest spatial resolution, the lower
order terms are observed to contribute to the error within this domain.

This error analysis is based on the use of doublet functions, which have specific properties.
The doublet functions have the disadvantage for this analysis of being divergence-free. To
see the effect of the smaller order terms, some noise can been added to the horizontal
velocity function. This can be done, for example, by using an x- and z-dependent cosine
term. If it is required to use this error analysis systematically, it is recommended to
conduct more research using different analytical functions.

Based on the error analysis presented above, a better understanding of the error that is
formed by computing the vertical water velocity is attained. The maximum error is found
in the deep sea at the equator, where the maximum values for the spatial intervals are
used: ∆z = 1000 m and ∆x ≈ 1 · 104 m. The maximum error here is 0.064 cm s−1 (see
Fig. 3.10) where the value of the vertical velocity equals 0.22 cm s−1, so the maximum
deviation for the given domain is 29.1% according to this study. The error has a value of
2.81·10−7 cm s−1 at the locations with the highest resolution. It is observed that the error
obtained from computing the vertical velocity at the locations with the highest resolution
(upper layers of the ocean) are negligible. These numbers are based on the ideal assumed
(divergence-free) solution of doublet flow.

This error analysis is based on the assumption that the provided velocity data from
HYCOM equals the actual horizontal water velocities. As this data is obtained from a
complex ocean modeling system, there is expected to be some measuring and interpolation
errors in this data. These expected errors are not included in this resolution analysis.
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4 Particle advection
In the previous chapter, the methods that are used in this work to compute the vertical
water velocity field are explained. The next step is to deploy particles, representing plastic
debris, in the computed velocity fields and obtain the trajectories of these particles. To
obtain these trajectories, different advection methods and multiple forces affecting the
trajectories are considered in this chapter.

To predict the horizontal and vertical trajectories of the particles, the equation of motion,
dxi

dt
= vi, and the forces acting on the particles are used. [24] Note that the subscript i

represents the particle.

The particle and fluid velocity are equal if a particle is passive, vi = u(xi(t), t), where
u(xi(t), t) [m s−1] is the fluid velocity at the position of the particle and vi [m s−1] is the
particle velocity. This implies that only ocean currents contribute to the position of the
particles. But there are more contributions contributing to the vertical motion of plastics
in the ocean. The displacement equation for particles in the vertical direction used in this
work is given by [6]

∆Z = w∆t+ ws∆t+Rn(6Ez∆t)
1
2 , (4.1)

where w [m s−1] is the water velocity in vertical direction and ws [m s−1] is the particle
velocity in vertical direction relative to the water. The diffusion is modelled as a random
walk to simulate random turbulence, where Rn is a random number in the range of
(-1,1) and Ez [m2 s−1] is the vertical eddy diffusion coefficient. [8] The method to obtain
the vertical water velocity w is explained in the previous chapter. This velocity mainly
accounts for a sloping seabed and up- or down-wellings. The vertical distance traveled by
a particle per time step is the result of the total contribution of the the accumulation of
vertical water currents, drag and buoyancy forces and random eddy diffusion.

The three accumulating contributions in Eq. (4.1) are explained in more detail in this
chapter in separate sections. Note that other known contributing factors like vertical
mixing in the upper layer due to wind and waves, different sea states (mainly heavy
weather conditions) and vertical distribution by marine wildlife are not considered in this
work.

4.1 Particle advection due to ocean currents
The first term of Eq. (4.1), which is w∆t, includes the effect of the ocean currents on fluid
particles deployed in a given velocity field. This is the main contributing factors on the
trajectory of plastic debris that is evaluated in this work. There are different methods to
define the trajectory of a particle affected by its surrounding velocity field. These methods
are explained here.
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A standard integration scheme to the equation of motion (e.g. Runge-Kutta or Verlet’s
method) can be used or one can find the analytical solution, which is considered here. [68]

The equation of motion in one direction can be written as the linear interpolation from
the already known velocity field as follows:

∆xi
∆t

= ui =
xi − xl
xr − xl

ur +

[
1− xi − xl

xr − xl

]
ul, (4.2)

where ∆xi [m] is the displacement of a particle in the x-direction, ui is the fluid velocity
in x-direction at the position of the particle, xi [m] is the position of the particle on the
x-axis, xl [m] and xr [m] are the positions of the surrounding data points left and right of
the particle and ul [m s−1] and ur [m s−1] are the fluid velocities at the surrounding data
points on the x-axis. The analytical solution for this can be found using integration factor
techniques resulting in

∆xi =
ui∆x

∆u
(e

∆t∆u
∆x − 1), (4.3)

where ∆x = xr − xl and ∆u = ur − ul. This analytical solution is very accurate, but will
take more calculation time for the large number of particles released globally.

For uniform flow (∆u = 0), the particle motion in x-direction is given by

∆xi = ui∆t. (4.4)

Using this method to obtain the displacement of a particle in a non-uniform flow results
in an inaccurate particle trajectory, unless a very small time interval is available, which is
not the case for the given velocity fields. Therefore, other particle tracking methods are
considered, starting with the currently implemented method, after which Verlet Integration
is discussed.

Depending on the computational cost, the current 2D model uses a first- or second-order
adapted Taylor approximation. The first-order method has a lower computation time
but is less accurate. From now on, the second-order advection scheme is used with ocean
surface horizontal currents by employing a Cartesian formulation that prevents particles
moving off circular streamlines. [8] A formulation for the advection of particles in a grid
cell is obtained by solving the equation of motion with this method. This leads to the
following sets of equations:

U =
u′ + (uyv′−vyu′)∆t

2

(1− ux∆t
2

)(1− vy∆t

2
)− uyvx∆t

4

, (4.5a)
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V =
v′ + (vxu′−uxv′)∆t

2

(1− ux∆t
2

)(1− vy∆t

2
)− uyvx∆t

4

, (4.5b)

u′ = u+
∆tut

2
, (4.6a)

v′ = v +
∆tvt

2
, (4.6b)

where U [m s−1] is the longitudinal particle velocity, V [m s−1] is latitudinal particle
velocity, u [m s−1] is the longitudinal water velocity and v [m s−1] is the latitudinal water
velocity. These equations are reformulated, which leads to a result that is slightly different
compared to Lebreton. [34] The denominator remains the same for both equations, where
in the current model the denominator differs for the horizontal displacement velocities.

The values for the horizontal displacement velocities, U and V , are implemented into
functions for the new positions, xnew [m] and ynew [m], using an Explicit Euler Method:

xnew = x+ U∆t, (4.7a)

ynew = y + V∆t. (4.7b)

The same approach as for the particle tracking equations of the 2D situation is used to
obtain the set of equations for all three directions. First, the averaged particle velocities
in three directions are formulated as functions of position and time.

∂x

∂t
= u(x, y, z, t), (4.8a)

∂y

∂t
= v(x, y, z, t), (4.8b)

∂z

∂t
= w(x, y, z, t). (4.8c)

Applying Taylor expansions the same way as in the methods used for the 2D model [7]

results in
∂x

∂t
= u+

1

2
∆t(

∂x

∂t
ux +

∂y

∂t
uy +

∂z

∂t
uz + ut), (4.9a)

∂y

∂t
= v +

1

2
∆t(

∂x

∂t
vx +

∂y

∂t
vy +

∂z

∂t
vz + vt), (4.9b)

∂z

∂t
= w +

1

2
∆t(

∂x

∂t
wx +

∂y

∂t
wy +

∂z

∂t
wz + wt), (4.9c)

where all the subscripts represent spatial (x, y, z) and temporal (t) gradients of the velocity.
Using the next definitions ∂x

∂t
= U , ∂y

∂t
= V , ∂z

∂t
= W , u′ = u+ 1

2
∆tut, v′ = v + 1

2
∆tvt and
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w′ = w + 1
2
∆twt, the previous set of equations can be reformulated as

U = u′ +
1

2
∆t(Uux + V uy +Wuz), (4.10a)

V = v′ +
1

2
∆t(Uvx + V vy +Wvz), (4.10b)

W = w′ +
1

2
∆t(Uwx + V wy +Wwz). (4.10c)

Multiplication of these reformulated equations with the time interval ∆t and substitution
of these equations results in particle displacement equations for all three directions. The
resulting equations for vertical and horizontal advection are obtained using the symbolic
math toolbox from MATLAB and given in Appendix A4.

Both sets of equations (2D and 3D) are implemented in the current 2D model, enabling
comparison. Both result in the same horizontal displacement at the ocean surface if the
vertical water velocity is zero in the domain. This sanity check verifies the correctness of
the full equations for the limiting 2D case.

Alternative methods

It is considered important to evaluate different methods to determine the new position of
a particle for a given time step, as the previous method is an extension of the method used
in the 2D model. A different approach potentially leads to a more accurate description of
the particle trajectories in 3D, as new vertical contributions are considered.

One often used method is called the Verlet Integration. For this method, the position for
the next time step x(t±∆t) is first solved using a Taylor series expansion formulated as

x(t+ ∆t) = x(t) + v(t)∆t+
1

2
a(t)∆t2 +O(∆t3), (4.11)

where a [m s−2] is the acceleration of the particle.

Only using this second-order formulation will result in a position error ofO(∆t3). Including
a Taylor expansion for the position of the previous time step results in a new formulation
for the trajectory of a particle

x(t+ ∆t) = 2x(t)− x(x−∆t) + a(t)∆t2 +O(∆t4). (4.12)

This equation, known as the Verlet Integration, only includes the acceleration, the previous
and current position and no velocity term, due which the error term is reduced to the
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fourth order O(∆t4). The acceleration can be determined as a(t) = u(t+1)−u(t−1)
2∆t

or results
from Newton’s second law applied to this model, which will be discussed in Sec. 4.2.

Another often-used time integration method is the fourth order Runge-Kutta scheme,
where information of the interpolated velocity field at four increments between two time
steps is used. [64] This method is not considered here, because it requires significantly more
computational time than other methods of comparable accuracy.

All of the above discussed alternative methods could be applicable, but the results are not
considered meaningful due to the temporal resolution of HYCOM. An accurate prediction
of the acceleration of the fluid is required to get accurate particle trajectories using the
mentioned alternative methods. A time interval in the order of seconds is required to
get realistic fluid accelerations. The HYCOM model supplies data with a minimum time
interval of 3 hours. Calculating the acceleration of the water using time intervals of 3
hours results in unrealistic values, as the acceleration will change in a much smaller time
interval. Therefore, the particle trajectories cannot be calculated accurately using these
alternative methods.

4.2 Dynamic model
The second term of Eq. (4.1) contains the vertical particle velocity ws relative to the water,
which results from different forces acting on a particle. Inertial particles which are not
passive like in the previous section, satisfy the following equation of motion: mi

dvi

dt
=
∑

F ,
where

∑
F [N] is the sum of forces acting on the particle. The contributions for the

motion of particles in viscous fluids, in this case plastics in the oceans, are obtained by
Maxey and Riley [36]

mi
dvi(t)

dt
= FB

i + F PG
i + F AM

i + FD
i + F his

i + F lift
i . (4.13)

The first forcing term FB
i is the gravitational buoyancy force including the weight given

by
FB
i =

(
ρi(t)− ρf (xi(t))

)
Vig, (4.14)

where ρi [kgm−3] is the particle density, ρf [kgm−3] is the density of the surrounding
fluid, xi [m] the location of the particle in a three-dimensional grid, Vi [m3] is the volume
of the particle and g [m s−2] is the gravitational acceleration. Buoyancy force values for
spherical microplastics of seven common plastic types are visualized in Fig. 4.1, where
particles with a positive buoyancy force sink and with a negative buoyancy force float in
still ocean water with a constant density. It is observed that very low buoyancy forces are
acting on the particles for certain plastic types (PP and PS). For these plastic types and
size, ocean currents can become the dominant contribution affecting the vertical particle
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distribution.

Figure 4.1: Buoyancy forces for spherical microplastics of seven common plastic types

If biofouling is considered, the particle density may vary over time. The density of seawater
ranges from 1020-1070 kgm−3. The density of seawater can be described by a function
of temperature and salinity. This depends on position and time. [52] Increasing density
values can also demonstrate the compressibility of seawater under the very large pressures
present in the deep ocean. [10]

The second forcing term F PG
i in Eq. (4.13) is the pressure gradient force, which is the

force of the undisturbed velocity field, caused by pressure and shear stress fields given by

F PG
i = mf

Dui
Dt

, (4.15)

where mf [kg] is the mass of the displaced fluid and

D

Dt
=

∂

∂t
+ ui · ∇ (4.16)

is the material derivative, where the first term represents the acceleration and the second
term is a change in velocity due to the external field.

The third forcing term F AM
i in Eq. (4.13) is the added mass force, which is caused by the

acceleration of the particle. The surrounding fluid accelerates as well, creating additional
work for the particle to move. Without finite size effects, the added mass force can be
written as

F AM
i =

1

2
ρfVi

(Dui
Dt
− dvi(t)

dt

)
. (4.17)

The fourth forcing term FD
i in Eq. (4.13) is the drag force. This accounts for the drag

experienced by the particle in a given velocity field. In the general case considered in



4.2 Dynamic model 29

most papers, the drag force is given by:

FD
i = mi

u(xi(t), t)− vi

τi
(1 + 0.15Re0.687

i ), (4.18)

where τi[s] is the particle relaxation time and Rei[−] is the particle Reynolds number
given by

τi =
ρid

2
i

18µ
, (4.19)

Rei =
ρfdi|u(xi(t), t)− vi|

µ
, (4.20)

where di [m] is the particles diameter and µ [Pa s] the dynamic viscosity. Equation (4.18)
is considered valid for Reynolds numbers between 0-1000 and spherical particles, [24] which
is a sensible assumption for the smaller particles used in this work. These particles are
assumed spherical and maximum values for the Reynolds number of 200 are obtained using
averaged ocean water velocities and terminal rise velocities of different plastic types. [41]

The fifth forcing term F hist
i in Eq. (4.13) is the history force, also known as Basset

force, [24] which accounts for the viscous effects and describes the lagging boundary layer
development as there is a difference in acceleration between the particle and the fluid. It
is given by

F hist
i =

3

2
(πρfµ)

1
2d2

i

∫ t

0

d
dτ

(ui(τ)− vi(τ))

(t− τ)
1
2

dτ. (4.21)

In addition, some studies include the lift force F lift
i . This force exists due to two

contributions, one is the shear induced lift force and the other is the slip-rotation lift force
(or Magnus force). [24]

All these terms, including the history force, show significant contributions in recent micro-
plastic research for plastic samples with a density close to the density of water at a small
scale. [38] Theoretically, these forces cannot be neglected if the particle trajectories needs
to be predicted with a high accuracy.

The order of magnitude of these forces are estimated to assess whether all the forces
are contributing in this model. To estimate these forces, averaged water velocities and
averaged particle sink velocities for plastic types are used, [41] and the seawater density
is assumed constant. This estimation is visualized in Fig. 4.2, where the contributing
forces on small microplastics of naturally sinking type PP are given over a logarithmic
time interval scale.
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(a) (b)

Figure 4.2: Forces estimated for different time steps and microplastics of the polymer
type PP. (a) Large time step scale. (b) Time step scale used in modeling.

Noticeable here are the added mass and pressure gradient forces, which only contribute
when the temporal resolution is higher. For a lower temporal resolution, for example using
time steps in the order of hours like in the used data, these forces are approximately equal
to zero (see Appendix A5 for a comparison of contributing forces at this time-scale for
two types of plastic).

The reasoning behind neglecting the added mass and history forces in this model, is their
dependence on the acceleration of the particle. For sinking particles, this will result in a
contribution of these forces at the initial acceleration and deceleration part, but not when
a constant sinking velocity is reached. If the particle is small and has a small density
difference with the surrounding fluid, the forces are small, so the acceleration is small.
This might result in a small contribution of these forces. Additionally, it is notable that
the added mass force is a function of the volume, while the history force is a function of the
area (FAM ∝ d3, Fhist ∝ d2). Hence the contribution of the added mass is almost always
negligible for small particles. Studies show that the history force is also contributing in
the same time interval range as the added mass and pressure gradient force. [38] Basically,
these two forces and the pressure gradient force contribute if the acceleration in the given
model (particle or fluid) is not equal to zero and can be predicted with high accuracy. The
given velocity field data sets do not comply with these statements, as the finest temporal
resolution is 3 hours. Therefore, these forces are neglected as they cannot be estimated
accurately.

The spatial resolution of the given data set is another argument why some of these forcing
terms cannot be used. The horizontal resolution is in the order of kilometers while the
size of particles ranges from micrometers to centimeters. With the given data set from
HYCOM it is possible to demonstrate bulk behaviour but not include all force terms for
single particles.
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Terminal sinking velocity

Since some of the contributing forces are neglected for the reasons mentioned above, the
sink velocity of a particle can now be formulated as the terminal sinking velocity, resulting
from the buoyancy and drag forces [41]

ws =
|ρw − ρp|
ρw − ρp

√
|ρw − ρp|gL

ρp
, (4.22)

where L [m] is a frictional length scale that is based on the shape and size of a particle,
g [m s−2] is the gravitational acceleration and ρw [kgm−3] and ρp [kgm−3] are the water
density at a given depth and the particle density respectively. Yet, it is of interest to
include the process of biofouling in the model. Therefore, the vertical particle velocity is
simulated by including a time-dependent density function in the sink velocity equation.
The sink velocity of a particle is now given by:

ws(z, t) =
ρtot − ρw

ρw
gω∗νsw,z, (4.23)

where ρtot [kgm−3] is the density of the particle with biofilm, νsw,z [m2 s−1] is the kinematic
viscosity of the seawater at depth level z [m] and ω∗ [-] is the dimensionless settling velocity.
The dimensionless settling velocity is a function of the dimensionless particle diameter,
depicted as D∗. In the conceptual biofouling model, the biofilm was assumed to be
homogeneously distributed over the particle. Detailed equations for the dimensionless
settling velocity are given by Kooi. [30] In the remainder of this work, the sink velocity of a
particle is computed using Eq. (4.23) but the effect of biofouling is not included, as the
density of the particle and the seawater are assumed to be constant.

4.3 Vertical eddy diffusivity

The last term in Eq. (4.1), i.e. Rn(6Ez∆t)
1
2 , represents the vertical eddy diffusivity. The

Lagrangian model simulates the presence of turbulent eddies by subjecting the particles
to random forces. [2] The contribution of these turbulent effects is simulated by a Monte
Carlo random walk method of the diffusion stage, where small multi-directional random
variations of particle movements mimic the flow.

If only the horizontal velocity fields are known, one can choose to use this method (including
non-linear convective momentum terms) to determine whether a particle jumps from one
to the next depth-layer. The vertical eddy diffusivity Ez differs from the horizontal eddy
diffusivity implemented in the 2D model. The value used for the vertical eddy diffusivity
is 0.004 m2 s−1 as proposed by K.P. Black, [8] i.e. the vertical diffusivity distance increment
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is equal to a maximum 0.4% of the distance moved. This setting is based on the averaged
turbulent fluctuations in vertical currents.
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5 3D dispersal model
This chapter discusses the methods used to adapt the current model from a 2D to a 3D
plastic debris dispersal model. Some important boundary conditions and functions are
highlighted and verification methods are explained. This chapter is divided in two sections.
The first section elaborates on generating input data like the domain boundaries and
the vertical velocity. The second section elaborates on the computation of the particle
dispersal.

The 2D model is created with a simulation software tool called MATLAB. To comply
with the company workflow, the 3D model is also created in MATLAB instead of other
similar tools like Python.

All the existing functions are adapted to a 3D situation and some new functions are
added to compute the plastic trajectories. All the previously separated MATLAB files for
different functions are combined and structured in class files for the 3D model. The first
class contains general functions used multiple times in the model, and the second class
contains the functions that are required for the particle advection. This new structure
improves the accessibility when making adjustments in the scripts.

5.1 Generating input data
The generation of 3D domain boundaries is explained first. After which the computation
of the vertical velocity field is explained in more detail. The latter includes a verification
by the conservation of mass in a vertical ocean column.

Defining domain boundaries

The current model uses a separate script to generate external land files, defining the
boundary between ocean and land. These are dependent on the grid size, which changes
for different input data sets. Therefore, it is useful to include the steps of generating land
boundaries in the model, so there is a minimal dependence on external files.

The land files are based on the given eastward horizontal velocity field input files. The
land files are generated by locating the indices in the grid where the horizontal velocity is
equal to zero. A land map is generated with Boolean values. This method is applied for
all horizontal layers resulting in a three-dimensional land boundary file. The result for
the first horizontal layer, which is the ocean surface, using HYCOM data from the year
2010, is visualized in Fig. 5.1.
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Figure 5.1: Generated global map with a horizontal velocity field from HYCOM.

The ocean floor forms a boundary for the displacement of particles in the vertical direction.
The location of this boundary varies along the longitude and latitude axes. Therefore,
bathymetric data, providing information about the depth of the ocean, is required. One
option is to download external bathymetry files that fit the velocity data files, where extra
interpolation steps might be required to create this fit. Another option is to generate
bathymetric data from the three dimensional land data set.

Elaborating on this second option, the vertical column at each grid point in a horizontal
field needs to be evaluated to generate a bathymetry file from the input data. The depth
values are assigned according to the index in the vertical column where the ocean meets
the land boundary. The result is shown in Fig. 5.2.
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Figure 5.2: Generated global bathymetry file with HYCOM input on a global grid:
4500×2001.

The bathymetry values in the deep sea are less accurate since the vertical resolution
lowers for increasing depth values. The advantage of this method is that the model does
not require external bathymetry files. Therefore, this method is implemented. There
is a function included for checking whether the location of the ocean floor is correctly
computed by comparing the indices to the original land data set at three locations.

The total grid is generated using the HYCOM velocity input data. This can be both local
or global, depending on the domain of the source velocity fields. The domain is limited
because the deepest point of evaluation has a value of 5000 m, where in reality the ocean
depth can be twice as deep at some exceptional locations. [54]

Computing the vertical velocity

Although the model is not always used for global simulations, it is useful to generate the
global velocity data so all the data is quickly available. First, all the horizontal velocity
fields are sourced from the HYCOM model. Every global horizontal velocity field has
4500×2001 data points. Since there are 40 vertical layers, the total velocity data become
too large to source from the public HYCOM domain in one file. Therefore, the horizontal
velocity fields are saved separately for every layer and for every time step.

The next step is to compute the vertical velocity with the method described in Chapter 3.
To check whether the implementation of this method is correct, the mass flow rates are
compared at each grid cell for one vertical column of the global data set.

The vertical velocity can be calculated by starting the integration method at the ocean
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surface moving to the bottom by computing the vertical velocity in the next cell. Here, the
vertical upward velocity wup is set to zero at the ocean surface and the vertical downward
velocity wdown in the upper grid cell is computed first (method 1). Alternatively, the
integration can start from the bottom, where the downward vertical velocity wdown is set
to zero at the bottom and the upward velocity wup is calculated first in the grid cell at
the maximum depth of this column (method 2).

In theory, using both methods should result in similar vertical velocity values, if the
assumption of constant seawater density and the conservation of mass in a vertical column
match the given data set. Yet, this data set comes from a complex ocean model, using its
own interpolation methods. Therefore, these two methods are compared and shown in
Fig. 5.3 and Fig. 5.4.

Figure 5.3: Flow rates Q in one vertical column at different depths.
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Figure 5.4: Mass flux differences ∆Q in three directions.

The sum of the mass fluxes should always be equal to zero in every grid cell, which is the
case for both methods according to the green line. This implies that the conservation of
mass as discussed in Chapter 3 is implemented correctly.

The velocities in this vertical column are evaluated. First, the vertical velocity profile
of this column is given for both methods in Fig. 5.5 and compared with the horizontal
velocities in the vertical column in Fig. 5.6. The absolute maximum velocities of the
generated velocity field for the North Pacific on 01-03-2010 are visualized in Fig. 5.7.

Figure 5.5: Vertical velocity in a vertical column.
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Figure 5.6: Velocities in a vertical column.

Figure 5.7: Absolute maximum global velocities at different depths.

According to the results in Fig. 5.6 and Fig. 5.7, the location for higher velocities appear
to be dependent on the method that is used to generate the vertical velocity.

According to literature, [55,59] it is expected to have higher vertical velocities in the upper
layer of the ocean instead of in the deep sea. One argument for this is the so called
’Ekman layer’. This is a layer of fluid that is displaced due to a balance of wind stress
and the Coriolis effect. It is a wind driven movement where the Coriolis effect causes the
water to move in a different direction than the wind direction. In deeper waters the water
experiences less contribution from the wind, resulting an spiralling water motion which
stops at a certain depth. To summarize, there is a certain boundary where the vertical
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mixing in the upper layer of the ocean does not contribute to vertical water velocities
anymore, so it separates the upper part of the ocean, influenced by wind, from the deep
sea.

A reason for these different results using the two methods can be the way HYCOM models
the ocean water velocity. The horizontal layers are not fixed at constant depths but located
at the isopycnal layers. At these layers the water density is constant. The location of
these layers is time-dependent, there is difference between summer and winter conditions
for example. After the horizontal velocity fields are generated, HYCOM interpolates these
values to a vertical axis with fixed depths, which possibly result in rounding errors for the
horizontal velocity.

Based on the arguments above, the vertical velocity is computed from the bottom of
the ocean to the surface. This is mainly due to the shape of the vertical velocity in the
vertical column. The error generated by starting at the bottom, which is the point with
the lowest vertical resolution, is damped by the higher resolution in the upper region of
the vertical column. Arguing the other way around, Fig. 5.3 shows a propagation of error
going from the top to the bottom (method 1). From this, it is concluded that method 2
is used from this point on, because this will represent vertical velocity profiles that are
found to be more realistic.

Generating the vertical velocity and combining them with the horizontal velocities results
in the field obtained in Fig. 5.8, which is visualized in a smaller 3D domain in Fig. 5.9.

Figure 5.8: Global velocity field (2D top view), absolute velocities at 01-March-2010
00:00.
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Figure 5.9: Local velocity field in 3D with absolute velocities at 01-March-2010 00:00.

The vertical velocity fields need to be stored once they are computed. The files are saved
in a netCDF file format, which is useful for handling bigger data files. Different saving
methods are considered to minimize the data size of each vertical velocity field. By default,
a data set is saved as 64-bit floating points. The data might be saved as 16-bit signed
integers if a scale factor is applied for the computed vertical velocity values. The maximum
values for the vertical velocity are below the value of 0.32 m s−1. Therefore, a scale factor
of 104 is applied and the vertical velocity values stay below the maximum value of 32.766
for a 16-bit signed integer. This way the vertical velocity fields maintain their multiple
decimal values, and the data size is decreased by a factor 4 relative to saving it as 64-bit
floating points.

New maps can be generated visualizing only the vertical water current velocity at different
depths. The vertical current is generated for the month February in 2010 with time steps
of 3 hours. The maps of the averaged current velocity over this month are shown in Fig.
5.10.

According to the results from these figures, the vertical velocity is decreasing for increasing
depths in the ocean. This is now confirmed for all locations and not just for one vertical
column. Up- and downwellings are clearly visible in these figures. Areas with strong
up and downwellings are near Hawaii and Kodiak island. These can be explained due
to strong horizontal velocity fields at these locations (see Fig. 3.3). Furthermore the
locations of up- and downwellings are observed to vary more over time and seem to be
randomly distributed.

The land boundaries cause the velocities to have no value at land for the given depth at
every layer, whereas the land boundary location changes for different depths. From this,
it is concluded that the land boundary conditions used for generating the vertical velocity
field are implemented correctly.
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Figure 5.10: Averaged vertical velocity at different depths (2 m, 50 m and 4000 m) for a
simulation time of 28 days, where negative values represent downwelling and the absolute
velocity values are captured in the histograms.
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Initialization of particles

The initial locations of the particles need to be assigned. The particles are uniformly
distributed within the longitudinal and latitudinal range specified by the user. The same
accounts for the horizontal interval (which automatically specifies the number of particles)
and the initial date of the deployment of the particles. Therefore, extra particles can be
added at a later point during the simulation. The land files are used for the initialization
of particles so the particles are only located in the ocean water. Classifying the particles
as objects makes it possible to add other particles properties like the size or plastic type.

5.2 Computing particle trajectories
The previous section discussed on how to obtain the velocity fields, land boundaries
and initialized particles in a three-dimensional field. The next step is to compute the
trajectories of the particles. First, the implementation of the interpolation methods and
updating the position of the particles are discussed. After this, there is an elaboration on
the implementation and the use of a local domain. Ending with a verification to check if
the given input velocity field affect the particles trajectories correctly.

Interpolation methods and advection

The velocity values are interpolated to the particles position using the closest neighbor
method as described in Chapter 3. It is worth mentioning that a tri-linear interpolation
method can be used instead to determine the water velocity at the particles position in a
given cell more accurately. Yet, this will eventually be computationally very inefficient for
a large number of particles (e.g. 2 million particles) dispersed globally.

After this, the advection equations of Section 4.1 are used to compute the trajectories.
First, some new variables are required to determine the new position of every single
particle. The variables for horizontal advection are visualized in Fig. 5.11. The extra
dimension that represents the vertical velocity field with extra partial derivatives and
indices (like wx or ke) are used as well, but are not displayed here.
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Figure 5.11: Advection scheme and grid in the current 2D model. The red dot represents
a particle deployed in a given velocity field.

The next steps are implemented to get all the velocity components at the position of every
particle and to compute their displacement at a given time:

1. Get the index of the particle in the given domain using the closest neighbour method.

2. Get all the velocity fields at the current and next time step: u(t), u(t+∆t), v(t), v(t+

∆t), w(t) and w(t+ ∆t).

3. Get the neighbouring velocities at positions: ie, is, je, js, ke and ks. Get the velocity
at the position of the particle ij for the current and next time step and find the
corresponding values for the horizontal intervals ∆x, ∆y and the vertical interval
∆z at the position of the particle ij.

4. Compute all the gradients: ux, uy, ut, vx, vy, vt, wx, wy and wt.

5. Calculate u′, v′ and w′.

6. Calculate ∆x, ∆y and ∆z using the displacement equations (see Appendix A4).

Updating the position of particles

The displacement of every particle for one time step is calculated using the previous
steps. This displacement first needs to be converted from meters to longitudinal and
latitudinal displacements to retrieve the new positions of the particles. The new positions
are formulated using the explicit forward Euler method discussed in Sec. 4.1.

The indices of the particles at the new position in the domain are obtained. There are
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conditional statements to see if a particle crosses the domain boundaries, which are the
longitudinal periodic boundary, the latitudinal closed boundaries and the ocean-land
boundaries in all directions.

For the latter boundaries, the conditional statements check whether a particle can still
move in longitudinal, latitudinal or vertical direction. If so, the particle will still move
in this direction. Otherwise, the particle is forced one cell back (not one timestep) to
evaluate if the particle can continue its trajectory from this cell. If the particle is still stuck
on a land index, the particle remains here and is considered ’beached’. This function is
translated from 2D to 3D with the 3 dimensional land structure and generated bathymetry
file (see Sec. 5.1).

Local domain

The model was first created for global simulations. Due to large computation time and
data sets, the model is adapted in a way that it also works for a local domain. The
velocity fields from the HYCOM server can also be local. Using these local velocity fields
can contribute in decreasing the data sizes. The user needs to specify the domain by
specifying the boundaries in the four cardinal directions (North, South, West, East). The
grid files adapt automatically to the local domain, as the grid files are based on the input
data.

Another difference for the local domain are the boundaries along the longitudinal axis
generating the vertical velocity. These boundaries might not be periodic anymore,
depending on the location of the local domain. The vertical velocities on these boundaries
will be averaged with the two surrounding values, which is the same method that is used
for the latitudinal boundaries.

The computation time for a simulation of 100.000 particles in the North Pacific for one
month decreased from the order of hours to the order of minutes using a local domain.
The main cause for this computational improvement is the decrease in data size of the
input velocity fields.

Extra functions

The output of the model is dependent on different input variables. Two main parameters
are the plastic type (plastic density) and the plastic size. The seven common plastic types
(see Fig. 4.1) and four common plastic sizes are available inputs. If the particle density is
equal to the density of the seawater, the particles are solely driven by ocean currents and
act as passive tracers without any buoyancy effects. The size of the plastics will effect the
vertical velocity due to the balance of buoyancy and drag forces. The four categorised
plastic sizes are given in Table. 5.1.
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size [cm]
microplastics 0.05 - 0.5
mesoplastics 0.5 - 5
macroplastics 5 - 50
megaplastics > 50

Table 5.1: Four categories plastic sizes. [33]

Verification of the vertical particle displacement

A small verification case is created to verify multiple implementation steps at once. The
verification case is used in order to check if the model treats the land boundaries accurately
and if the particles are updated correctly for every time step.

For this verification, a small test case with 20.000 particles around Hawaii is used. All the
particles are released at an initial depth of 10 m and are given a constant density, which
equals the density of the ocean water. Therefore, the particles should follow the currents
and act as passive particles.

Figure 5.12: Initial particles in a local domain around Hawaii. The background vertical
velocity is located at a depth of 10 meters, the same depth as the initial particles. The
particles are released at 01-Jan-2010.
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Figure 5.13: Particles in a local domain around Hawaii after a simulation time of 42
hours (02-Jan-2010 18:00:00). The background vertical velocity is located at a depth of
10 meters.

Particles in a short period of simulation time respond to the given vertical velocity input
field as expected (see Fig. 5.13). Where there is a downwelling (blue region), the particles
sink and where there is a upwelling (red regions), the particles move upwards towards
the ocean surface. Next to this, the particles do not cross the land boundaries of Hawaii,
implying that the boundary conditions in three dimensions are implemented correctly.

The maximum depth reached by a particle in this time frame is around 1500 m. This
results in a time averaged maximum of the vertical sink velocity of 1.1 cm s−1. This velocity
is within the limits of the velocities of the computed vertical velocity field. Therefore, no
outlying vertical velocity values are observed.
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6 Applications of the 3D dispersal model
This chapter will demonstrate the possibilities of the new dispersal model, and discuss
ways to use this model to answer the main questions of this research concerning plastic
pollution in the Eastern North Pacific. Using this model correctly can lead to the discovery
of new plastic accumulation zones below the surface. The model can provide insights into
positive buoyant plastics that still move below the surface for different plastic types and
sizes.

The first test case includes particles with a density equal to the density of seawater.
This test case is used to test visualization tools and evaluate passive particle behaviour.
The second test case compares the vertical and horizontal distribution of particles that
represent different plastic types and sizes. Finally, a discussion is included about spatial
and temporal parameters.

The new model has many input possibilities which all lead to different particle trajectories.
The five main input parameters are:

• The plastic type defined by the density

• The plastic size defined by the diameter

• The initial location of the particles

• The total simulation time

• The total number of particles

The test cases provided in this chapter do not include external time-dependent temperature
and salinity input data, so therefore the effect of biofouling is neglected and the density
of the particle and seawater are assumed to be constant. The vertical diffusion coefficient
is not used, so the particles are only affected by the buoyancy- and drag forces and the
ocean currents. The particle trajectories for all test cases are evaluated in the Eastern
North Pacific using a local domain between 100◦W - 180◦W and 1◦N - 75◦N, because this
is where the GPGP is located.

6.1 Visualizing plastic concentrations
There are many ways to visualize and analyse the particle trajectories and accumulation
zones in three dimensions. In this work, vertical concentration graphs and horizontal
concentration maps are created to observe where the particles accumulate in the vertical
direction, and how much of the simulated particles float. The concentration density of
plastics in the vertical column is required to allow a comparison between the modeled
plastic accumulation zones and the limited available research data. [19,44]
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A test case is created with uniformly spaced initial particles with intervals of 0.04◦

longitude and latitude between 130◦W - 160◦W and 25◦N - 50◦N, resulting in 118.064
simulated particles. The particle density is equal to the density of the seawater (ρ = 1027

kgm−3). The initial particles are uniformly distributed at a depth of 100 m inside the
considered domain. The total simulated time is 31 days using a water velocity data set
for January 2010 from HYCOM. The positions of every particle is saved at every time
step of 3 hours. The total computation of this test case takes 25 minutes. The developed
model provides the possibility to animate the trajectories of the particles (see Appendix
A6 for static visualization examples).

Concentration maps of the simulated particles are obtained using the position of the
particles at the end of the simulation, by counting every particle inside every grid cell.
The particle distribution at every vertical layer is shown in Fig. 6.1.

(a) (b)

Figure 6.1: The vertical distribution of 118.064 particles after a simulation time of 31
days in January 2010. (a) The number of particles at different depths. (b) The percentage
of total particles (logarithmic scale) at different depths.

This vertical distribution shows that, after the simulated time of one month, 4.61%
of the particles have moved from the initial 100 m depth towards the surface. It is
observed that particles reaching the surface can be transported vertically again by a
downwelling after being displaced horizontally due to horizontal ocean currents. The
maximum concentration of plastics below the ocean surface is observed to be at 3000 m
depth. A different perspective is required to visualize the horizontal particle distribution
at this depth. Therefore, horizontal concentration map are created for different depths.
The distribution of the particles for this test case, at the ocean surface and at a depth of
3000 m, are shown in Figures 6.2 and 6.3. The horizontal interval for these cells is set 1◦

longitude and latitude. This resolution can be adjusted if a higher resolution is required.



6.2 Comparing plastic type and size 49

Figure 6.2: Concentration map for the ocean surface. 4.61% of the particles is floating
after 1 month.

Figure 6.3: Concentration map for a depth of 3000 m, where 12.96% of the particles are
located.

6.2 Comparing plastic type and size
With the visualization tools available, and the possibility to calculate the number of
floating particles at the end of a simulation, the trajectories for different plastic types and
plastic sizes can be evaluated. The seven main plastic types and four size classes (given in
Sec. 4.2 and Sec. 5.2) are compared using the same spatial and temporal parameterization
as the previous test case. The four plastic size categories are originally defined as ranges
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of particle diameters, where the averaged value of each category is used as the particle size
parameter. The number of floating particles at the end of every simulation is collected in
Table A7.1. The results in this table are in line with the expected floating and sinking
behaviour of the different plastic types, where for every plastic size and type, the model
returns either 100% or 0% floating particles.

The plastic type is based on the density of the plastic, which can be increased by different
processes (e.g. biofouling). Regardless of the plastic type, the density difference for which
positive buoyant particles might still be affected by downwelling, can be obtained from
Fig. 6.4. The obtained vertical velocities of the particles are based on Eq. (4.23). The
maximum generated vertical velocity for the given domain is included, to observe when
the rise velocity for a particle with a certain size cannot be counteracted by the maximum
vertical current velocity. It is concluded from this graph that mainly microplastics can
still be affected by the vertical ocean currents for density differences up to 10 kgm−3,
where for the other size classes with density differences above 1 kgm−3, the rise velocity
is too large to be counteracted by the vertical ocean current.

Figure 6.4: Vertical rise or sink velocities for a given density difference for different sizes
of particles, representing plastics.

Particles with density values closer to the value of the seawater density are tested using
the same parameters. The resulting number of floating plastics is presented in Table 6.1.
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plastic types
ρ [kgm−3]

microplastics
( 0.05-0.5 cm)

mesoplastics
( 0.5-5 cm)

macroplastics
( 5-50 cm)

megaplastics
( >50 cm)

1017 100% 100% 100% 100%
1022 99.58% 100% 100% 100%
1026 57.18% 100% 100% 100%
1027 4.61% 4.61% 4.61% 4.61%
1028 0.04% 0.00% 0.00% 0.00%

Table 6.1: Percentage of floating particles, after a simulation of 31 days (01-2010) with
118.064 particles at an initial depth of 100 m, for smaller density interval close the density
of seawater.

The results in Table 6.1, which are related to the results in Fig. 6.4, show that positive
buoyant microplastics still tend to sink for the highlighted range of densities. The averaged
plastic sizes are used to generate these results. The used range for microplastics is 500
µm - 5000 µm. Other recent research in the Atlantic ocean compares plastic sizes in the
range of 10 µm - 10000 µm. [44] Therefore, three different size classes of microplastics are
considered for the same test case in Table 6.2.

density [kgm−3] 50µm 500µm 5000 µm
930 (LDPE) 5.76% 99.59% 100.00%
955 (HDPE) 5.45% 98.61% 100.00%
1010 (PP) 4.77% 43.21% 100.00%
1022 4.63% 12.70% 100.00%
1023 4.70% 11.16% 100.00%
1024 4.64% 9.30% 99.85%
1025 4.60% 7.53% 99.60%
1026 4.58% 5.96% 95.03%
1026.5 4.56% 5.30% 74.44%
1027 4.61% 4.61% 4.61%

Table 6.2: Percentage of floating particles, after a simulation of 31 days (01-2010) with
118.064 particles at an initial depth of 100 m, for different densities and particle diameters.

More than 94% of the positive bouyant simulated particles are still below the surface
after 1 simulated month for the introduced size class of 50 µm. This size class cannot be
compared to the most recent findings for plastic fallout of the GPGP, as the minimum
plastic size in this study is 500 µm. [19] The same study shows that more than 90% of the
collected plastic is polyethylene (PE) and about 8% is Polypropylene (PP). Comparable,
the highlighted results in Table 6.2 show that not all HDPE and PP particles with a size
of 500 µm float. The vertical distribution for the particles with type PP is shown in Fig.
6.5, and the vertical distribution for the particles with type LDPE and HDPE are shown
in Fig. 6.6. The PP particles are not comparable, as they are observed to accumulate
between depths of 500 m and 2000 m. However, the shape of the vertical distribution for



52 6.2 Comparing plastic type and size

LDPE and HDPE particles is somewhat comparable to the results of the above-mentioned
research, as this study shows that the majority of the particles that are not floating is
within the layers of the ocean near the surface (see Figures A8.1 and A8.3 for the results
from this recent study).

Figure 6.5: The vertical distribution of 118.064 particles (PP) with a size of 500 µm
after a simulation time of 31 days in January 2010.

(a) (b)

Figure 6.6: The vertical distribution of 118.064 particles with a size of 500 µm after
a simulation time of 31 days in January 2010. (a) plastic type LDPE. (b) plastic type
HDPE.

From this analysis on plastic size and type, it is concluded that the vertical ocean currents
can affect positive buoyant plastic particles. It is observed to be highly dependent on
their size and density. Mainly the particles representing microplastics are observed to
be affected by the ocean currents. From these results, it is reasonable to assume that
these microplastics can dissapear from the ocean surface, as they are forced downwards
by ocean currents. Especially if the particle density increases when biofouling is included.
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6.3 Spatial and temporal parameters
There are three other input parameters besides the plastic size and type. Namely, the
simulation time, the initial position and the number of particles. An elaboration on these
parameters and how they effect the particle dispersal is included in this section, based on
the findings from simulating the previous test cases.

A better representation of reality can be given using larger simulation times, as the
particles become more dispersed and accumulating zones can be formed. Computing the
plastic dispersal for longer simulation times (e.g. multiple years) resulted in locating the
GPGP. Longer simulation times can also be used to observe the effect of ’beached’ particles.
A simulation time of one month is used for the test cases in this work. This translates to
248 time steps, where for every time step, 40×3 different data files for different depths
and every velocity field, are used. This leads to quite a rapid increase in total data if
yearly global simulations need to be computed.

The initial position of the particles are set to a fixed depth in this work. The reason for
this is to observe and verify the vertical particle behaviour, which is affected by the ocean
currents. There is a lot of freedom in initializing particles. Randomly distributing all the
initialized particles in the three-dimensional domain can be explored as an alternative
approach in future work. This requires the determination of a meaningful distribution for
this random process.

The number of initial particles is the last parameter, which can be interpreted as improving
the representation of the given velocity fields in this work. More particles can lead to more
accurate and denser accumulation zones, but whether this represents a realistic case also
depends on the initial positions. Every particle needs to be in initialized in the field at a
different position. The particles do not interact, so therefore it is not meaningful to have
initial particles at the same positions in this work, as they will have the same trajectory.
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7 Conlusions and outlook

Conclusions

In this work a 3D Lagrangian plastic dispersal model for different plastic categories is
created, starting from an existing 2D plastic dispersal surface model. This model includes
the contribution of ocean currents in three directions, buoyancy and drag forces.

The vertical ocean current velocity is reconstructed by applying the mass balance to the
existing horizontal velocity fields. These velocity fields are obtained from an existing
ocean circulation model (HYCOM). A better understanding of the error computing the
vertical velocity resulting from the horizontal and vertical grid resolution is attained by
executing a resolution analysis. This resolution analysis provides insight on how the grid
size affects the accuracy. From this analysis it follows that there is a maximum deviation
of 29.1% in the computed vertical velocity for the lowest grid resolution, and a negligible
deviation in the computed vertical velocity for the highest grid resolution, which are the
upper layers of the ocean.

The contribution of the ocean currents are included, as the particle advection equations
from the current 2D model are reformulated for a 3D situation and implemented after
other methods were considered. Due to the spatial and temporal resolution of the HYCOM
velocity data, it is possible to demonstrate bulk behaviour and include buoyancy and drag
forces, but not to include all force terms for single particles.

Verification cases for the implementation of the 3D model are included. The first
case compares the computed velocities inside a vertical column, to check whether the
conservation of mass is applied correctly. The second case verifies if the particles move in
the expected vertical direction, as the vertical particle trajectories are compared with the
given vertical velocity fields. The model is further improved by making it independent of
external bathymetry data, restructuring the existing MATLAB code and including the
the possibility to simulate on a local domain.

Finally, different scenarios for plastic type and plastic size are simulated and evaluated
using developed visualization tools. This model enables the possibility to observe the
vertical particle distribution up to depths of 5000 m. In this work, it is observed that
the computed vertical ocean current velocity affects small positive buoyant particles,
representing microplastics. The shape of the simulated vertical distribution of the LDPE
and HDPE particles is observed to be similar to recent research of microplastic in the
GPGP. [19] The computed vertical ocean currents enable these particles to remain below
the ocean surface.
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Outlook

Although this model gives insight in ocean plastic distribution by ocean currents, buoyancy
and drag forces, it is mainly a framework for a 3D plastic dispersal model. This model
needs to be improved further by adding different contributions affecting plastic trajectories.

Resulting from this work, the ocean currents are expected to mainly affect the vertical
trajectories of microplastics. A contributing factor for the vertical dispersal of microplastics
is biofouling. The function obtained in a different study to simulate this effect is a time-
dependent density function. [30] This function is implemented in this work, but the density is
assumed to be constant. Ocean temperature and salinity data are required for this function.
It is recommended to use this function properly and therefore add the contribution of
biofouling, which also leads to more accurate calculations for the buoyancy force due to
the spatial varying seawater density. After this improvement, the vertical distribution
in the upper layers of the ocean can be obtained, to create a new comparison with the
avalaible data below the GPGP. [19]

Different factors that contribute to the vertical distribution of plastics are the ingestion
by marine life and the vertical mixing due to wind and waves. Additional research is
required for these contributions to be added.

The categorization of plastics in the model can be expanded with extra properties as
the plastics are currently assumed to be spherical with a constant density and size. In
reality, the shape of a particle affects the trajectory due to drag forces for example and
the size might decrease due to degradation. These effects are not further discussed in this
work, but are expected to be relevant for high-accuracy predictions of the distribution for
different types of plastics.

The results of the particle dispersal in the vertical direction in this work are partly based
on the computed vertical velocity with the method described in Chapter 3. The data
used to reconstruct the vertical ocean current velocity is from one source, HYCOM. Other
existing ocean circulation models are available. However, it requires more time to obtain
useful velocity data from these sources, as the velocity fields need to be generated by the
user or the the model is developed to function regionally instead of globally. Despite the
included resolution analysis, it is recommended to compare the ocean current data from
these other sources to the generated vertical velocity fields in this work. Examples of
other ocean circulation models that can be used for this purpose are ROMS or NEMO
(Nucleus for European Modelling of the Ocean). [66]

Additionally, it is recommended to test the model using longer simulations, a higher
number of particles and a global domain, for the reasons discussed in Section 6.3. Besides
the discussed arguments, this will push the model which can lead to new (practical)
limitations, like computation time or data storage.
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The idea occurred to develop a parallel solver for this model to run more efficiently
by defining sub domains. The reasons to consider this are the global domain in three
dimensions, the increasing number of particles and the number of extra computational
steps going from 2D to 3D. However, at the start of the project the insight in resolution
errors and reliability of the model was considered more relevant. Therefore, the parallel
solver is not included in this work.

Finally, it is recommended to study more validation cases after additional contributing
factors are implemented in the 3D model and larger simulations are evaluated. For
example, calibration against data obtained from deep-sea sediment trap sampling can
be used to further validate the model. Initially, this was the idea, as sediment-traps
were deployed in the North Pacific, but unfortunately these traps were lost in the sea for
unknown reasons.
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Appendix

A1 Functions 2D dispersal model
batch.m: This function starts the total simulation, including initialization, processing
and visualization. In this function, the number of required simulation years can be set.

loadsettings.m:
1. Set the paths for the location of the input and output data.
2. Set the model time step and the storage output time step.
3. Define which forcing constituents are included: currents, wind, waves (stokes drift) and
diffusion.
4. Set the other model parameters: the windage coefficient which is around 1.5%, the
eddy diffusivity which is 0.1 m2 s−1 in this work, and set the time advection direction
which equals -1 if an analysis from sink to source is required.

loadParticles.m: This function imports the particle information from an external source
(particle) file: number of particles, ID, longitude, latitude, release date and UNSD
(classification of plastic). Checks whether to use data from a source file or ’hot start’ file,
which are particles that are released during the simulation.

main.m:

1. Initialize empty output file

2. Begin time loop for one year

(a) Add velocity fields from currents, winds, stokes drift and diffusion.

(b) Update particles

(c) Update time (finest temporal resolution using HYCOM is 3 hours)

(d) Store outputs if requested

3. write output to external files

Storeoutput.m: initialize a file to store the particle trajectories for every timestep.

getSScurrent.m: This function generates the particle velocities due to ocean currents. It
imports horizontal velocity fields from HYCOM and interpolates the ocean current velocity
values to the particles positions. Depending on forcing terms and computational cost, the
model can use two different advections schemes: a first- and second-order approximation.

getWindage.m: Imports data from NOGAPS, extracting horizontal wind velocity data
and influences the output depending on the user defined windage coefficient.
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getStokes.m: The stokes drift (effect of waves on floating plastics) creates a velocity
field that affects the particles trajectories.

getdiffusion.m: The diffusion is modelled as a random walk to simulate random
turbulence, using a eddy diffusivity coefficient.

updateParticles.m: This function updates the particles positions and returns the new
longitudinal and latitudinal positions. The function checks release dates and does not
update unreleased or ’beached’ particles.

treatshoreline.m: This functions models particle behaviour in grid cell with shorelines.
This function checks if a particle can still move in a horizontal direction, otherwise this
function forces the particle one cell up. If the is still stuck on a land cell, the particle is
considered ’beached’ and it does not get updated.

plotparticles.m: This function creates a final 2D plot of dispersed particles in the given
domain.

writeoutput.m: This function exports particle trajectory data sets for every given output
time interval.

A2 Water velocity data from HYCOM

(a) Eastward water velocity u (b) Northward water velocity v

Figure A2.1: Water velocity data from HYCOM at ocean floor at 03-01-2010. At this
depth there is more land (ocean floor) and therefore there is less water velocity data.
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A3 Vertical ocean current velocity

A3.1 Conservation of mass

A formulation for the side flows are given in the following equations as:

ūeast =
1

4

(
u(x+∆x, y, z)+u(x+∆x, y+∆y, z)+u(x+∆x, y, z+∆z)+u(x+∆x, y+∆y, z+∆z)

)
,

(.1)

v̄nord =
1

4

(
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)
, (.2)

v̄south =
1

4
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u(x, y+∆y, z)+u(x+∆x, y+∆y, z)+u(x, y+∆y, z+∆z)+u(x+∆x, y+∆y, z+∆z)

)
.

(.3)

A3.2 Resolution analysis

Using the Taylor expansion (third order) around (x0, z0) = (x, z):

u(x, z) = u|0 +
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∂2u

∂x∂z

∣∣∣∣
0

(x− x0)(z − z0) +
1

2

∂2u

∂z2

∣∣∣∣
0

(z − z0)2+

+
1

6

∂3u

∂x3

∣∣∣∣
0

(x− x0)3 +
1

2

∂3u

∂x2∂z

∣∣∣∣
0

(x− x0)2(z − z0)+

+
1

2

∂3u

∂x∂z2

∣∣∣∣
0

(x− x0)(z − z0)2 +
1

6

∂3u

∂z3

∣∣∣∣
0

(z − z0)3+

+O(∆x4,∆x3∆z,∆x2∆z2,∆x∆z3,∆z4),

(.4)

so ∂u
∂x

(x, z) becomes:

∂u

∂x
(x, z) =

∂u

∂x

∣∣∣∣
0

+
∂2u

∂x2

∣∣∣∣
0

(x− x0) +
∂2u

∂x∂z

∣∣∣∣
0

(z − z0)+

+
1

6

∂3u

∂x3

∣∣∣∣
0

(x− x0)2 +
1

2

∂3u

∂x2∂z

∣∣∣∣
0
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+
1

2

∂3u

∂x∂z2
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0
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+O(∆x3,∆x2∆z,∆x∆z2,∆z3,∆x−1∆z4),

(.5)
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and substitution in (3.10b) gives w(x, z):

w(x, z) =w(x, z −∆z)−
∫ z

z−∆z

[ ∂u
∂x

∣∣∣∣
0

+
∂2u

∂x2

∣∣∣∣
0

(x− x0) +
∂2u

∂x∂z

∣∣∣∣
0

(z − z0)+

+
1

6

∂3u

∂x3

∣∣∣∣
0

(x− x0)2 +
1

2

∂3u

∂x2∂z

∣∣∣∣
0

(x− x0)(z − z0)+

+
1

2

∂3u

∂x∂z2

∣∣∣∣
0

(z − z0)2
]
dz+

+O(∆x3∆z,∆x2∆z2,∆x∆z3,∆z4,∆x−1∆z5).

(.6)

Formulations for û3 and û4 can be written as:

û3 = u|0 +
1

2

∂u

∂x

∣∣∣∣
0

∆x− ∂u

∂z

∣∣∣∣
0

∆z +
1

8

∂2u

∂x2

∣∣∣∣
0

∆x2−

− 1

2

∂2u

∂x∂z

∣∣∣∣
0

∆x∆z +
1

2

∂2u

∂z2

∣∣∣∣
0

∆z2+

+
1

48

∂3u
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∣∣∣∣
0

∆x3 − 1

8

∂3u

∂x2∂z

∣∣∣∣
0

∆x2∆z+

+
1

4

∂3u

∂x∂z2

∣∣∣∣
0

∆x∆z2 − 1

6

∂3u

∂z3

∣∣∣∣
0

∆z3+

+O(∆x4,∆x3∆z,∆x2∆z2,∆x∆z3,∆z4),

(.7)

û4 = u|0 +
1

2

∂u

∂x

∣∣∣∣
0

∆x+
1

8

∂2u

∂x2

∣∣∣∣
0

∆x2 +
1

48

∂3u

∂x3

∣∣∣∣
0

∆x3+

+O(∆x4,∆x3∆z,∆x2∆z2,∆x∆z3,∆z4).

(.8)
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A5 Contribution of forces

Figure A5.1: Contributing forces on sinking macro plastics with plastic type PET (large
ρp − ρw) and PS (small ρp − ρw)
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Figure A5.2: Contributing forces on sinking macro plastics with plastic type PET (large
ρp − ρw) and PS (small ρp − ρw)

A6 Visualization of particle dispersal examples

Figure A6.1: A 2D visualization after a simulation of 12 days (12-01-2010 06:00:00)
with 118.064 particles at an initial depth of 100 m in the Eastern North Pacific. This
visualization is used to animate the particle trajectories, the vertical velocity field of the
initial particle depth is included.
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Figure A6.2: A 3D visualization after a simulation of 12 days (12-01-2010 06:00:00)
with 118.064 particles (red) at an initial depth of 100 m in the Eastern North Pacific.
This visualization is used to animate the particle trajectories.

A7 Percentage of floating plastics for different types
and sizes

plastic types
ρ [kgm−3]

microplastics
( 0.05-0.5 cm)

mesoplastics
( 0.5-5 cm)

macroplastics
( 5-50 cm)

megaplastics
( >50 cm)

LDPE
ρ = 930

100% 100% 100% 100%

HDPE
ρ = 955

100% 100% 100% 100%

PP
ρ = 1010

100% 100% 100% 100%

PS
ρ = 1040

0.00% 0.00% 0.00% 0.00%

PUR
ρ = 1145

0.00% 0.00% 0.00% 0.00%

PVC
ρ = 1250

0.00% 0.00% 0.00% 0.00%

PET
ρ = 1350

0.00% 0.00% 0.00% 0.00%

Table A7.1: Percentage of floating particles, after a simulation of 31 days (01-2010) with
118.064 particles at an initial depth of 100 m, for different plastic types and sizes. The
size used is the averaged diameter of the defined size interval.
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A8 Experimental data from the Eastern North Pacific

Figure A8.1: "Study sites located in the eastern North Pacific Ocean. Concurrent
surface and underwater trawling (down to 2000 m water depths) was performed at five
stations along a cruise transect from Honolulu (Hawaii, USA) to Rosarito (Mexico) to
study the vertical distribution of plastic debris (500 µm to 5 cm in size). The predicted
boundaries of the North Pacific Garbage Patch (defined as microplastic concentrations >1
kg km2) are shown as dashed lines." [19]
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Figure A8.2: "Predicted concentrations of plastic debris in the upper 2000 m of ocean
water column along our cruise track from Honolulu (Hawaii, USA) to Rosarito (Mexico).
The (a) numerical and (b) mass concentrations in the water column are estimated as
a function of the debris afloat at the ocean surface in the eastern North Pacific Ocean
and corresponding water depth. The sampling stations and associated trawling depths
are indicated by black solid lines. Note that these predictions do not consider possible
temporal variations and are missing measurements in areas with highest concentrations
of floating plastic debris. Thus, these plots should be interpreted as a first qualitative
attempt to visualize the possible vertical distribution of plastic debris in the area." [19]
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Figure A8.3: "Predicted concentrations of plastic debris in the upper 2000 m of ocean
water column along our cruise track from Honolulu (Hawaii, USA) to Rosarito (Mexico).
The (a) numerical and (b) mass concentrations in the water column are estimated as
a function of the debris afloat at the ocean surface in the eastern North Pacific Ocean
and corresponding water depth. The sampling stations and associated trawling depths
are indicated by black solid lines. Note that these predictions do not consider possible
temporal variations and are missing measurements in areas with highest concentrations
of floating plastic debris. Thus, these plots should be interpreted as a first qualitative
attempt to visualize the possible vertical distribution of plastic debris in the area." [19]
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