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A B S T R A C T

This study investigates the interactions between turbulence and biofouling and their influence on the vertical
transport of buoyant microplastic particles in a marine environment. We explore the sinking characteristics
for a range of particle densities and sizes, focusing on comparing laminar and turbulent flows with diffusivity
profiles typical of the North Pacific Ocean. The results show the existence of three flow regimes based on the
relative importance between turbulent fluctuations and biofilm growth. The biofouling process determines
the vertical motion of microplastic particles of sizes in the millimeter range. In contrast, particles in the
micrometer range are found to follow flow trajectories without any significant influence from biofouling. We
observe that turbulence, on average, promotes the beginning of the vertical particle settling; for example, a
high-density polyethylene particle of 1 mm in size has an average settling onset of 10 days in the presence
of turbulence, while in its absence, this occurs in 19 days. We also show that turbulence causes buoyant
microplastic particles smaller than 0.1 mm to spend their entire lifespan underwater. Finally, the probability
distributions for particle size after 100 days in the ocean reveal that particle density strongly influences the
biofilm thickness for particles larger than 10 μm. We will discuss the implications of these results for tracking
the motion of microplastic particles in large-scale regional or global numerical models.
1. Introduction

Mass production of synthetic polymers, more commonly known as
plastic, first began in the early 1950s (United Nations Environment
Programme, 2021) and has steadily increased to reach an annual output
of 390.7 million tons by 2021 (Plastic Europe, 2022). Global estimates
for plastic waste leaking into aquatic ecosystems have reached 23
million tons by 2016, and it is predicted to increase to at least 53
million tons by 2030 (Borrelle et al., 2020). Over time, plastic waste
breaks down into smaller pieces due to weathering and fragmenta-
tion (Andrady, 2022). Such particles of sizes between 5 mm and 0.1 μm
are defined as microplastics (Hidalgo-Ruz et al., 2012; Li et al., 2023).
The accumulation of microplastics in the ocean raises concerns about
their potential threat to the marine ecosystem (Cole et al., 2011).

Consequently, extensive research is currently being carried out to
investigate the fate of microplastics in the marine environment. Numer-
ical simulations are essential to these investigations as they can capture

∗ Corresponding author.
E-mail address: thisal@chalmers.se (T.M. Sugathapala).

the dynamic behavior of microplastic particles. Such models aim to
have predictive capabilities for identifying potential accumulation re-
gions (Zhang, 2017). Numerical simulations to model microplastic
transport can be broken down into Eulerian models, Lagrangian particle
tracking models, or hybrid models (Shamskhany and Karimpour, 2022).
The Eulerian approach accounts for fluid motion with a fixed reference
frame in space (Alosairi et al., 2020). On the other hand, Lagrangian
particle tracking models utilize a moving frame of reference that fol-
lows the particle (van Sebille et al., 2018). Particle tracking models
have been shown to have numerous advantages over the traditional
Eulerian approach when considering particle dynamics (Hunter, 1987).
However, hydrodynamic details, such as the ocean’s velocity fields,
ocean depths, and wind data, are provided in Eulerian format from
Ocean General Circulation Models (OGCMs). Therefore, most existing
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microplastic tracking models adopt a hybrid Lagrangian-Eulerian ap-
roach, combining Lagrangian particle tracking with Eulerian-based
ceanographic models (Iwasaki et al., 2017; Daily and Hoffman, 2020;

Xue et al., 2018). Such studies have been extensively carried out on a
lobal scale (Potemra, 2012) as well as on regional scales, such as in

the Mediterranean Sea (Mansui et al., 2015; Liubartseva et al., 2018;
Capuano et al., 2024).

While hybrid models are the most suitable method to investigate the
flow of microplastic particles in water bodies, Lagrangian particle track-
ng models are more convenient for gaining fundamental insights into
ow different physical and biological processes interact with each other
nd influence the size, density, and hence, the motion of microplastic
articles. Such models use parameterized equations to represent numer-
us physical and biological processes such as beach wash-off, sea-floor
eposition, re-suspension, degradation, and biofouling (Bigdeli et al.,

2022).
In particular, of interest here, biofouling can be defined as the

buildup of micro-organisms on the surface of plastic particles, affect-
ing their buoyancy and hydrophobicity (Kaiser et al., 2017). It is
a crucial phenomenon to accurately capture in microplastic tracking
software (Van Melkebeke et al., 2020). This can be attributed to its
influence on the sinking rates of buoyant microplastic particles that are
supposed to float on the ocean’s surface (Fazey and Ryan, 2016). With
over 49% of manufactured plastics being buoyant and only 1% of the
plastic entering the ocean found to float on the surface, biofouling is a
critical process to consider when investigating the fate of the so-called
‘‘lost’’ plastic in the ocean (Cózar et al., 2014).

Different approaches are currently used among microplastic de-
bris tracking software to account for biofouling. The most common
method is to assume the biofilm thickness is increasing at a con-
stant rate, as implemented by TrackMPD (Jalón-Rojas et al., 2019)
nd CAMPSim-3D (Pilechi et al., 2022). The most comprehensive and
ccurate biofouling modeling approach was presented by Kooi et al.

(2017), hereafter called the Kooi model, and its influence on the
vertical transport of microplastics was explored with a laminar flow
ssumption. Two follow-up publications connected the Kooi model
o a hydrodynamic model called NEMO-MEDUSA 2.0 ORCA0083-N06

output (Fischer et al., 2022; Lobelle et al., 2021). Lobelle et al. (2021)
mproved the growth term of the biofouling differential equation by
onsidering nutrient limitations by nitrate, silicon, and iron. Fischer

et al. (2022) also improved upon Kooi’s model by accounting for
ertical mixing due to turbulence and adding two new biofilm loss

terms due to explicit grazing and viral lysis. While it is clear that these
recent studies show a realistic approach to account for biofilm growth
in the ocean, little is understood about how turbulence interacts with
biofouling growth.

Therefore, this study extends the original Kooi model to capture the
interactions between turbulence and biofouling processes and inves-
tigates their influence on the vertical transport of biofouled buoyant
microplastic particles. In particular, we develop a new Lagrangian
biophysical particle tracking model to capture the intermittent nature
f turbulence in biophysical particle tracking models, analyze the role

of turbulence in modifying the biofouling rate of buoyant microplastic
particles, and investigate the impact of turbulence on particle motion
and settling onset.

2. Materials and methods

2.1. Particle tracking model

Similar to Fischer et al. (2022), we use the concept of eddy diffu-
ivity (𝐾) to capture the influence of turbulence diffusion on particle

motion. To generate the diffusivity profile as a function of depth 𝑧, we
use the 𝐾-profile parameterized equation given below (Boufadel et al.,
2 
2020).

𝐾(𝑧) =
(

𝜅 𝑢⋆𝑤
𝜙

𝜃

)

(|𝑧| + 𝑧0)

(

1 − |𝑧|
𝑀 𝐿𝐷

)2

(1)

In Eq. (1), the mixed layer depth (𝑀 𝐿𝐷) is highly dependent on
he location, 𝜅 is the von Kármán constant, 𝑢⋆𝑤 is the friction velocity
f the sea’s surface, 𝜙 is the stability function of the Monin-Obukhov
oundary layer theory, and 𝜃 is the Langmuir circulation enhancement
actor. We calculate the roughness scale of turbulence (𝑧0) using Eq. (2)

as shown below (Zhao and Li, 2019):

𝑧0 = 3.5153 × 10−5
(

𝛽⋆𝑢⋆𝑎
𝑢10

)−0.42 𝑢210
𝑔

(2)

where 𝛽⋆ is the wave age, 𝑢⋆𝑎 is the friction velocity for air, 𝑢10 is
the wind speed at a height of 10 m above sea level, and 𝑔 is the
gravitational constant. With a known diffusivity profile, the next step is
selecting a suitable random walk model. Eqs. (3) and (4) can be derived
as the appropriate random walk model to describe particle motion in
nonuniform diffusivity fields (Visser, 1997; Hunter et al., 1993):

𝑇𝑠𝑡𝑜𝑐 = 𝑅

[

2𝐾(𝑧𝑛 +
1
2𝐾

′(𝑧𝑛)𝛥𝑡)

𝑟𝛥𝑡

]
1
2

(3)

𝑧𝑛+1 = 𝑧𝑛 +𝐾 ′(𝑧𝑛)𝛥𝑡 + 𝑇𝑠𝑡𝑜𝑐𝛥𝑡 +𝑤𝑝𝛥𝑡 (4)

where R is a normally distributed random weight with a mean of zero
nd a variance of 𝑟. Eq. (4) consists of three contributions to particle
otion which include a deterministic term representing the gradient

of diffusivity (𝐾 ′ = 𝑑 𝐾∕𝑑 𝑧), a random term (𝑇𝑠𝑡𝑜𝑐), and an intrinsic
otion term (𝑤𝑝). The intrinsic motion term accounts for the settling,

inking, or swimming velocity of the considered particle, which in the
resent study, represents the settling velocity caused by the biofouling
rocess. This settling velocity is defined as:

𝑤𝑝 = −
[

𝜌𝑡𝑜𝑡 − 𝜌𝑠𝑤,𝑧

𝜌𝑠𝑤,𝑧
𝑔 𝜔⋆𝜈𝑠𝑤,𝑧

]
1
3

(5)

where 𝜌𝑡𝑜𝑡 is the total density of the biofouled microplastic particle,
𝜌𝑠𝑤,𝑧 is the density of sea water, 𝜈𝑠𝑤,𝑧 is the kinematic viscosity of
ea water, and 𝜔⋆ is the dimensionless settling velocity. 𝜔⋆ is based
n the dimensionless particle diameter 𝐷⋆, calculated using the model
roposed by Dietrich for spherical particles (Dietrich, 1982):

𝜔⋆ =

⎧

⎪

⎨

⎪

⎩

1.71 × 10−4 𝐷2
⋆, for 𝐷⋆ < 0.05

−3.76715 + 1.92944 log𝐷⋆ − 0.09815 (log𝐷⋆)2

−0.00575 (log𝐷⋆)3 + 0.00056 (log𝐷⋆)4, for 0.05 ≤ 𝐷⋆ ≤ 5 × 109

(6)

𝐷⋆ =
(𝜌𝑡𝑜𝑡 − 𝜌𝑠𝑤,𝑧)𝑔 𝐷3

𝑛

𝜌𝑠𝑤,𝑧𝜈
2
𝑠𝑤,𝑧

(7)

where 𝐷𝑛 is the nominal diameter. In this work, we will only consider
the case of spherical particles. In the case of complex particle shapes,
a correction to the previous expression in terms of a Corey shape
factor can be found in Francalanci et al. (2021). Further details on the
implementation of this expression can be found in Kooi et al. (2017).
or surface boundary conditions, we adopt a randomly mixed layer

model, as recommended by Ross and Sharples (2004):

𝑧𝑛+1 = 𝑧𝑝𝑑 𝑡𝐻 𝑖𝑓 𝑧𝑛+1 < 𝑧𝑡 (8)

where H is a random weight uniformly distributed between 0 and 1.
he depth 𝑧𝑝𝑑 𝑡 is defined as the maximum possible displacement for a

particle from the ocean surface and is defined using Eq. (9), where 𝑅𝑚𝑎𝑥
is the maximum numerical value for the random process 𝑅.

𝑧𝑝𝑑 𝑡 = 𝐾 ′(𝑧𝑝𝑑 𝑡)𝛥𝑡 + 𝑅𝑚𝑎𝑥

[

2𝐾(𝑧𝑝𝑑 𝑡 + 1
2𝐾

′(𝑧𝑡)𝛥𝑡)𝛥𝑡
]

1
2

(9)

𝑟
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This approach will create a randomly mixed layer for all particles
ithin a distance 𝑧𝑝𝑑 𝑡 from the ocean surface. To compare the similarity
etween particle motion in turbulent and laminar flow, we adopt the
earson correlation coefficient (𝑃 ):

𝑃 =
∑𝑖

𝑖=1(𝑧
𝑖
𝑡 − 𝑧𝑡)(𝑧𝑖𝑙 − 𝑧𝑙)

√

∑𝑖
𝑖=1(𝑧

𝑖
𝑡 − 𝑧𝑡)(𝑧𝑖𝑡 − 𝑧𝑡)

∑𝑖
𝑖=1(𝑧

𝑖
𝑙 − 𝑧𝑙)(𝑧𝑖𝑙 − 𝑧𝑙)

(10)

where 𝑧𝑖𝑡 and 𝑧𝑖𝑙 are the particle locations with respect to timestep 𝑖 for a
turbulent and laminar flow, while 𝑧𝑡 and 𝑧𝑙 are their respective average
values.

2.2. Biofouling model

As mentioned before, we describe the biofilm gain and loss terms
sing the Kooi model. The differential equation that captures the rate
f change of attached algae (𝐴) is given by the following expression:
𝑑 𝐴
𝑑 𝑡 =

𝛽𝐴𝐴𝐴
𝛾𝑝𝑙

+ 𝜇𝐴𝐴 − 𝑚𝐴𝐴 − +𝑄
𝑇−20
10

10 𝑅𝐴𝐴 (11)

where 𝑑 𝐴∕𝑑 𝑡 is defined as the biofouling rate. The first term on the
right-hand side of Eq. (11) represents the increase in biofilm thickness
ue to collision between algae and microplastic particles where 𝛽𝐴 is

the collision rate, 𝐴𝐴 is the ambient algae concentration, and 𝛾𝑝𝑙 is the
plastic particle’s surface area. The second term considers the growth
of attached algae (𝜇𝐴) being limited by temperature and light while
assuming sufficient nutrient availability. The third and fourth terms
approximate biofilm loss due to grazing mortality and respiration,
respectively. A constant mortality (𝑚𝐴) of 0.39 𝑑−1 and a constant
respiration rate (𝑅𝐴) of 0.1 𝑑−1 with a 𝑄10 value of 2 are utilized,
similar to Kooi et al. (2017). The only change we make to the original

ooi model is to improve the biofilm growth due to collision in the
presence of turbulence. In Kooi’s model, the biofouling rate result-
ing from collision frequency comprises three components: Brownian
motion (𝛽𝐴,𝐵 𝑟𝑜𝑤𝑛𝑖𝑎𝑛), differential settling/sedimentation (𝛽𝐴,𝑠𝑒𝑡𝑡𝑙 𝑖𝑛𝑔), and
onstant advective shear (𝛽𝐴,𝑠ℎ𝑒𝑎𝑟). Mathematically, this is expressed as:

𝛽𝐴 = 𝛽𝐴,𝐵 𝑟𝑜𝑤𝑛𝑖𝑎𝑛 + 𝛽𝐴,𝑠𝑒𝑡𝑡𝑙 𝑖𝑛𝑔 + 𝛽𝐴,𝑠ℎ𝑒𝑎𝑟 (12)

However, the constant advective shear term is only valid under the
assumption of laminar flow. Therefore, we replace this term with a
more appropriate turbulent shear term (Burd and Jackson, 2009).

𝛽𝐴,𝑠ℎ𝑒𝑎𝑟 = 1.3
( 𝜖𝑠𝑤,𝑧

𝜈𝑠𝑤,𝑧

)
1
2 (𝑟𝑡𝑜𝑡 + 𝑟𝐴)3 (13)

where 𝜖𝑠𝑤,𝑧 is the turbulence dissipation rate at depth 𝑧. We estimate
𝜖𝑠𝑤,𝑧 from the diffusivity profile using Osborn’s model (Osborn, 1980).

𝐾(𝑧) = 𝛤
( 𝜖𝑠𝑤,𝑧

𝑁2
𝑏𝑣𝑓

)

(14)

In the above, 𝛤 is called the efficiency factor, which represents
he ratio between the rate of increase of potential energy to the rate
f decrease in kinetic energy in turbulent flows (Thorpe, 2007). 𝑁𝑏𝑣𝑓

is the mean buoyancy frequency, also known as the Brunt-Väisälä
frequency, defined using the following expression:

𝑁2
𝑏𝑣𝑓 =

𝑔
𝜌𝑠𝑤,𝑧

|

|

|

|

|

(𝑑 𝜌
𝑑 𝑧

)

𝑠𝑤,𝑧

|

|

|

|

|

(15)

In Eq. (15), we use the absolute value of the density gradient
𝑑 𝜌∕𝑑 𝑧) to prevent numerical instabilities arising from negative density
radients. Eqs. (14) and (15) provide a means of approximating 𝜖𝑠𝑤,𝑧
rom diffusivity profiles and hence estimating the influence of 𝜖𝑠𝑤,𝑧
n any biophysical phenomenon. However, this is an estimate of the

mean 𝜖𝑠𝑤,𝑧, but turbulence in nature is intermittent (Watteaux et al.,
2019), meaning that the dissipation fluctuations are not rare and can
be several times larger than their mean value (Isern-Fontanet and

uriel, 2021). To capture the intermittent nature of 𝜖 , we resort
𝑠𝑤,𝑧

3 
to the stochastic turbulence dissipation model by (Pope and Chen,
1990), hereafter called the Pope and Chen model. This is based on the
ariable 𝜒(𝑡), generated by an Ornstein–Uhlenbeck process, i.e, solving

the following differential equation:

𝑑 𝜒 = −(𝜒 − 𝜒̄) 𝑑 𝑡
𝑇𝜒

+
( 2𝜎2𝜒
𝑇𝜒

)
1
2 𝑑 𝑊 (16)

where 𝑊 is a Wiener process with zero mean and variance 𝑑 𝑡. The order
of magnitude of the turbulent dissipation is given by the relationship
𝜒(𝑡) = 𝑙 𝑛(𝜖∕𝜖), which has a variance of 𝜎2𝜒 with an integral time scale of
𝑇𝜒 . In addition, 𝜒̄ can be shown to be equal to −1∕𝜎2𝜒 (Pope and Chen,
1990). Empirical expressions for 𝜎𝜒 and 𝑇𝜒 have been developed in a
follow-up study by Yeung et al. (2006):

𝜎𝜒 = 𝐴 +
3𝜇
2
𝑙 𝑛𝑅𝑒𝜆 (17)

𝑇𝜒 = 𝑇0
(

0.055 + 3.55
𝑅𝑒0.7𝜆

)

(18)

as a function of the Taylor scale Reynolds number (𝑅𝑒𝜆) (Yeung
et al., 2006). 𝑇𝜒 is normalized by the integral time scale (𝑇0) which
s given by:

𝑇0 =
3
2

(𝜎2𝑈
𝜖

)

(19)

where 𝜎𝑈 is the variance of velocity (Lamorgese et al., 2007). Under
the assumption of isotropic turbulence, Eq. (19) is simplified to:

𝑇0 =
( 3
20

)
1
2 𝑅𝑒𝜆𝜏𝑘 (20)

where 𝜏𝑘 is the Kolmogorov time scale (Watteaux et al., 2019).

𝜏𝑘 =
( 𝜈
𝜖

)
1
2 (21)

To implement the Pope and Chen model, the local flow 𝑅𝑒𝜆 is
estimated based on the Taylor microscale (𝜆):

𝜆 =
( 10𝜈 𝑘

𝜖

)
1
2 (22)

where 𝑘 is the turbulent kinetic energy (Pope, 2000). An approximation
or 𝑘 is necessary not only to calculate 𝜆, but also to calculate flow
elocity 𝑈 = (2 × 𝑘)0.5, needed to find the local flow 𝑅𝑒𝜆. The proposed
odel uses a 𝑘 − 𝑙 model that parameterizes the dependence of 𝐾 on

he mixing length scale 𝑙 and 𝑘 (Baas et al., 2008).

𝐾(𝑧) = 𝑙
√

𝑘 (23)

The model shown in Eq. (23) was first implemented for an oceano-
graphic case by Gaspar et al. (1990) This closure is highly dependent
n accurately capturing 𝑙, and several models have been proposed over

the years (Canuto et al., 2001). In this study, we adopt the length scale
roposed by Deardorff (1980) for stable stratification conditions, as

expressed in Eq. (24):

𝑙 = 𝑐𝜙

√

𝑘
𝑁𝑏𝑣𝑓

(24)

where the mixing constant (𝑐𝜙) is assumed as 𝑐𝜙 =
√

2 with the
first order approximation proposed by Blanke and Delecluse (1993),

hich is valid in a stably stratified region. Additional numerical values
necessary to implement the model described above can be found in
Tab. S1 and the diffusivity profile is visualized in Fig. S1. We have also
implemented a sun-tracking model to evaluate the impact of dynamic
day lengths with higher latitudes on particle settling dynamics. Further
details on this model, along with corresponding results, can be found
in supplementary data (Text S1, Fig. S3, and Fig. S4).
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2.3. Simulation parameters

We carry out all simulations with profiles from Kooi et al. (2017)
or the North Pacific Ocean near Hawaii. We use Eq. (1) to recreate

the mean diffusivity profile for the North Pacific Subtropical Gyre as
shown by Fischer et al. (2022). Although the presented mathematical
ramework allows for incorporating variations in space and time, the

current implementation employs static profiles. By doing so, we isolate
specific variables, enabling a more precise and focused analysis of how
each variable influences particle behavior. Based on sensitivity studies,
we set the total time duration to 100 days, sufficient to capture the
distinct flow features examined in this study adequately. We use a
time step (𝛥𝑡) of 1 s when the Pope and Chen model is activated and
100 s otherwise. Both timesteps are found to be adequate in terms
of having sufficient numerical accuracy at minimum computational
cost. We selected three commonly used types of plastics, Polypropylene
(𝑃 𝑃 ), Low-density polyethylene (𝐿𝐷 𝑃 𝐸), and High-density polyethy-
lene (𝐻 𝐷 𝑃 𝐸) with particle densities of 840 k g∕m3, 920 k g∕m3, and
960 k g∕m3, respectively (Kooi et al., 2017). Particle sizes, expressed
s diameters, ranged from 5 mm to 0.1 μm. To prevent numerical
nstabilities, we set minimum values of 1 × 10−6 m−2s−1 for 𝐾(𝑧), 1 ×
0−10 W∕k g for 𝜖, and both a minimum value of 1 × 10−14 W∕k g and a
aximum value of 1 × 10−4 W∕k g for 𝜖. The numerical algorithm was
eveloped in Fortran and incorporated MPI (Message Passing Interface)
or parallel computing.

3. Results and discussion

3.1. Biofouling rate

We first investigate how incorporating a detailed turbulence dis-
sipation model captures the intermittent nature of 𝜖, influences the
turbulent shear experienced by a particle, and consequently affects
iofilm growth. For various particle motions, we find that the mean

dissipation 𝜖 ranges from 1 × 10−6 W∕k g to 1 × 10−10 W∕k g, while the
dissipation 𝜖 varies between 1 × 10−4 W∕k g and 1 × 10−14 W∕k g. These
urbulence dissipation rates have been previously reported in field
easurements (Whalen, 2021; Thorpe, 2005; Peters and Gregg, 1988)

nd are utilized in global ocean models (Pearson and Fox-Kemper,
2018). Fig. 1 illustrates the time history of the biofouling rate (𝑑 𝐴∕𝑑 𝑡)
xperienced by a single 1 μm LDPE particle under two scenarios: a
odel expressing the shear as a function of the mean dissipation rate

a), and the detailed model by Pope and Chen (b). In the simpler
odel, the biofouling rate reached a maximum value of 280 m−2s−1.
n the other hand, the inclusion of the Pope and Chen model increases

he peak biofouling rate to about 1897 m−2s−1. The data in Fig. 1
correspond to a single particle trajectory, illustrating a typical inter-
mittent signal of the shear experienced by a particle in turbulence. The
alues of the biofouling rates vary for different particles with different
izes. However, the qualitative behavior remains the same. For the
emainder of this manuscript, the data under turbulent conditions are
nsemble-averaged over a sufficiently large sample of distinct particle
rajectories.

In Fig. 2, we compare the contribution from shear towards the
biofouling rate (𝛽𝐴𝐴𝐴∕𝛾𝑝𝑙) (a), and we quantify the biofilm thickness
using the mean number of attached algae per unit area (b), as a
function of particle size under different turbulent and laminar models.
In both plots, mean values are averaged over the final 10 days of
simulations. The two different turbulent shear expressions are com-
pared where the turbulent shear is calculated using Pope and Chen
model (red lines/symbol), and using the average dissipation 𝜖 (green
lines/symbols). For laminar flow (purple lines/symbols), we apply a
constant shear rate of 1.7 × 105 𝑑 𝑎𝑦−1 following Kooi et al. (2017).

Fig. 2(a) shows that due to this approximation, the shear biofouling
rate in laminar flow is much higher except for the smaller particles.
Under turbulent conditions, the biofouling rate due to turbulent shear
 d
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calculated using the Pope and Chen model is lower than 𝜖, especially
for particles larger than 0.1 mm. However, for such large particles, it
is shown that the number of attached algae (Fig. 2(b)) is similar for all
three explored scenarios, indicating that the impact of turbulent shear
on biofilm growth is negligible. As particle size reduces, the number
of attached algae substantially differs in the laminar case compared
o turbulent flow. Furthermore, a minor difference in the attached
lgae between the two turbulent flows is only noticeable for particle
maller than 10 μm. These results suggest that the number of attached
lgae and, consequently, the biofouled particle settling velocity are
ot affected by the choice of turbulent shear model. Moreover, the
ntermittency of turbulent dissipation does not substantially influence
he vertical motion of a particle.

To further investigate the influence of turbulence on the biofoul-
ing rate, we analyze the individual contributions of each term in
Eq. (11). The mean contributions from collision, growth, mortality,
and respiration terms towards the biofouling rate during the final 10
ays of the simulation are shown in Fig. 3 for LDPE particles of size

1 mm (a), 0.1 mm (b), 10 μm (c), and 1 μm (d). For comparison,
the average trajectory for particles with the same size is displayed
in Fig. 4. The data were generated using the detailed model of Pope
and Chen for the turbulent shear contribution. For a particle size of
1 mm, the growth, mortality, and respiration terms are of comparable
magnitudes, with numerical values of 1.4 × 106 m−2s−1, 1.0 × 106 m−2s−1,
and 3.5 × 105 m−2s−1, respectively. In contrast, the collision term is
onsiderably smaller (2.5 × 103 m−2s−1), and turbulent shear has a
egligible impact on the collision term With decreasing particle size,
owever, the contribution of turbulent shear to the biofouling rate in-
reases. For 10 μm particles, the collision and growth terms have similar
agnitudes, at approximately 4.2 m−2s−1 and 4.6 m−2s−1, respectively,
ith turbulent shear (3 m−2s−1) accounting for a significant portion of

he collision term. Nevertheless, we will show that the smallest particles
ssentially behave as passive tracers in turbulence with a negligible
inking velocity compared to vertical turbulent fluctuations.

In summary, while the turbulent shear contribution is smaller for
the larger particles and more significant for smaller ones, it ultimately
exerts only a minimal influence on the settling velocity (as shown in
Fig. 2(b)). Due to these reasons, for the remainder of this manuscript,

e adopt the biofouling rate derived from the average dissipation rate
̄. This choice offers the numerical advantage, as the detailed shear

odel demands a stringent 𝛥𝑡 of 1 s or below for numerical stabil-
ty, which, together with evolving an additional stochastic differential
quation for each particle, substantially increases the computational
ost.

3.2. Particle motion

Next, we examine how turbulence affects vertical particle flow
dynamics. Our simulation results show that the vertical transport of bio-
ouled microplastic particles can be divided into three main categories
ased on density and size. The first regime is predominantly influenced
y biofouling, while the second is governed by turbulent fluctuations.
n the third regime, both biofouling and turbulence significantly shape

the vertical transport of microplastic particles.
The first regime, hereafter referred to as the biofouling-dominated

regime, exhibits a strong biofouling influence on the vertical trans-
port of larger microplastic particles. Fig. 4(a) illustrates this behavior
for a 1 mm LDPE particle, which displays oscillatory motion under
both turbulent and laminar flow conditions. Similar oscillations have
been previously highlighted by Kooi et al. (2017) and Kreczak et al.
(2021). In this scenario, turbulence has two minor effects on particle
settling dynamics. First, the time needed for particles to start settling
i.e., settling onset) decreases from approximately 20 days in laminar
low to about 11 days in turbulent flow (Fig. 4(a)). Second, turbulence

affects the depth to which particles travel, a process governed by the
iffusivity profile. For a MLD of 100 m, Fig. 4(a) shows that the particle



T.M. Sugathapala et al.

Fig. 1. The contribution from turbulent shear towards biofouling rate for a single LDPE particle of 1 μm in size using the average dissipation 𝜖 (a) and the Pope and Chen model
(b).

Fig. 2. (a) Mean biofouling rate due to shear and (b) mean number of attached algae per unit area for a LDPE particle of sizes ranging from 1 mm to 1 μm.

Fig. 3. The mean contributions to biofouling rate from collision, growth, mortality, and respiration observed during the last 10 days for a settling LDPE particle of (a) 1 mm (b)
0.1 mm (c) 10 μm, and (d) 1 μm in size. Error bars are provided for the different contributions.

Fig. 4. Distinct behavioral patterns identified for vertical motion of biofouled microplastic particles with turbulent and laminar flow assumptions. The results shown are for LDPE
with particle diameters of (a) 1 mm, (b) 0.3 mm, (c) 0.1 mm, and (d) 1 μm within a MLD of 100 m.
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Fig. 5. Illustration of the similarity index to highlight the influence of biofouling
and turbulence on a particle’s vertical motion. The magenta line indicates when the
oscillatory motion of particles stops, and the red line depicts when the mean particle
location reaches 50 m, indicating the transition point to the turbulence-dominated
regime.

descends roughly 52 m during oscillatory motion in turbulent flow,
compared to 75 m in laminar flow.

In the second regime, referred to as the turbulence-dominated
regime, particles follow turbulent flow paths without any contribution
from biofouling and essentially behave as passive tracers. Fig. 4(d)
illustrates this behavior for a particle of size 1 μm, whose mean location
(or ensemble average) under turbulent conditions is approximately 50
m. This finding implies that the particles are uniformly distributed
throughout the 100 m mixed layer. Our results confirm that once the
particle size falls below a certain threshold, buoyant microplastic parti-
cles, regardless of plastic type, start acting similarly to tracers following
flow trajectories with negligible settling velocities and, ultimately,
unaffected by biofouling.

The third and final regime, hereafter referred to as the transition
regime, shows contributions from biofouling and turbulence on particle
transport (Figs. 4(b) and 4(c)). As particle size decreases from the
biofouling-dominated regime, the oscillation window narrows, and the
particles cover a smaller distance during each oscillation. With further
reductions in particle size, the oscillation ceases, and the particles
start to disperse throughout the water column. However, unlike the
turbulence-dominated regime, the mean depth remains closer to the
surface, rather than at 50 m, as illustrated in Fig. 4(c). Although
the particles distribute across the water column, a greater propor-
tion remains near the ocean surface. As the particle size continues to
decline, the mean particle location gradually shifts downward until
reaching the critical depth of 50 m, which indicates the onset of the
turbulent-dominated regime.

We define 𝑃 to quantify the respective impact of biofouling and
turbulence on a particle’s vertical motion. Specifically, we compare
two samples of particle trajectories to measure differences in mobility
arising from the addition of turbulence. A value of 1.0 for 𝑃 indicates
that the trajectories under turbulent and laminar flows are proportional
(i.e., they exhibit a perfectly linear relationship), whereas a value of
0.0 denotes the absence of any linear relationship. Fig. 5 showcases
the results of this analysis across a range of particle sizes and densities.
The foremost observation is that particle size has a more significant
influence on vertical motion than particle density. Particles whose
motion is driven by biofouling have values above 0.5 on the similar-
ity scale, indicated by the yellow region. This can attributed to the
high similarity between particle motion in turbulent and laminar flow,
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emphasizing the negligible influence of turbulence. As the particle size
reduces, 𝑃 decreases, indicating differences in particle motion between
turbulent and laminar flow. Fig. 5 also features two vertical lines
denoting key transition points. The magenta line marks the particle
size at which oscillatory motion ceases, as evidenced by Fig. 4(c).
When particle size further reduces, time histories like those reported
in Fig. 4(d) are obtained, with the transition to that regime indicated
by the vertical red line in Fig. 5. All particle sizes smaller than this
threshold belong to the turbulence-dominated regime.

Fig. 5 has significant implications for tracking the fate of mi-
croplastic particles in large-scale regional or global models. From a
numerical standpoint, it is more computationally efficient to turn off
the biofilm growth model for particles smaller than 10 μm, as such
particles are purely convected by the underlying flow, thereby reducing
computational time.

Fig. 6 further examines the distribution of particles within the ocean
mixed layer by quantifying the normalized distribution of particles
(𝑁∕𝑁0). Here, 𝑁 represents the number of particles per unit depth,
and 𝑁0 quantifies the expected number of particles per unit depth to
achieve a uniform distribution across the water column. Thus, 𝑁∕𝑁0 =
1 indicates a uniform particle distribution. Figs. 6(b), (c), and (d),
illustrate the data at the end of a 100-day period for initial particle
sizes of 0.1 mm, 10 μm, and 1 μm, respectively. Meanwhile, the average
location on day 100 is considered for a 1 mm particle (Figs. 6(a)), since
those particles demonstrate a daily oscillatory motion.

Fig. 6(a) depicts a rise and subsequent decline in particle concen-
tration with depth, peaking at approximately 20 m. With increasing
particle density, more particles descend deeper during the oscillation
process, thus reducing the number of particles concentrated at the 20
m depth. Moreover, the maximum particle concentration also exhibits
a reduction as density increases, accompanied by a shift in the depth
at which this accumulation occurs.

For an initial particle size of 0.1 mm (Fig. 6(b)), particle densities
ranging from 800 k g∕m3 to 960 k g∕m3 exhibit an exponential decay
of particle concentration with depth. As particle density increases,
the number of particles closer to the ocean surface decreases, and
more particles occupy deeper segments of the water column. Similar
exponential decays have been reported in the field studies conducted
by Kooi et al. (2016) and Reisser et al. (2015) in the North Atlantic gyre
and by Brunner et al. (2015) for both the North Atlantic and North
Pacific gyres. These findings emphasize the sensitivity of exponential
decay patterns to variations in sea state, oceanographic profiles, parti-
cle shape, size, and density, making it difficult to directly compare with
our results.

For a 1 μm particle (Fig. 6(d)), the distribution remains uniform
across all particle densities, indicating that turbulent-dominated con-
ditions have been achieved. Similar observations can be made for
10 μm particles (Fig. 6(c)), except at depths exceeding 90 m. As particle
density increases, the number of particles occupying this region also
rises.

3.3. Sinking characteristics

To gain further insight into the sinking characteristics of microplas-
tic particles, we investigate two parameters: settling onset and time
spent underwater. In laminar flow, we define settling onset as the
moment a particle sinks below the ocean surface. Meanwhile, in tur-
bulent flow, we define the settling onset as the moment a particle sinks
below 6 m from the ocean surface. We make this distinction because
the random mixed layer boundary condition induces particles to move
randomly within the upper 6 m of the water column during the initial
few days, as observed in Fig. 4(a).

Fig. 7 illustrates the settling onset of PP and HDPE particles in
laminar and turbulent flows across various particle sizes. In laminar
flow, we observe settling onsets ranging from 18 to 22 days for particles
larger than 0.1 mm. As previously shown by Kooi et al. (2017), these
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Fig. 6. Normalized distribution for the number of particles across the water column after 100 days for initial particle diameters of (a) 1 mm, (b) 0.1 mm, (c) 10 μm, and (d)
1 μm. A numerical value of 1 for 𝑁∕𝑁0 corresponds to an even distribution of particles across the ocean depth. Results are displayed for particle densities of 800 k g∕m3, 840
k g∕m3, 880 k g∕m3, 920 k g∕m3, 960 k g∕m3, 1000 k g∕m3.
Fig. 7. Settling onset for varying particle sizes. Results are shown for PP and HDPE
under turbulent and laminar flow conditions.

estimates bear similarities to the experimental findings of Fazey and
Ryan (2016), who reported that the surface longevity of LDPE and
HDPE microplastics with rectangular dimensions ranging from 5 mm
× 5 mm × 0.1 mm to 5 mm × 5 mm × 4 mm can vary between 17
to 49 days. Conducting such experiments under turbulent conditions
presents significant challenges, which our numerical model effectively
overcomes. Our results show that, across all particle sizes and densities,
particles initiate sinking earlier in turbulent flow compared to laminar
flow. For a particle size of 1 mm, the settling onset reduces from
22 to 11 days for PP and 19 to 10 days for HDPE when turbulence
is introduced. Another notable finding is that particles smaller than
0.1 mm start sinking almost immediately under turbulent conditions
for both plastic types, a phenomenon the laminar flow assumption
overestimates, highlighting one of the key effects of turbulence on
particle settling dynamics. As the biofilm grows over time, additional
velocity components from turbulence (see Eq. (4)) accelerate particle
sinking relative to laminar conditions.

Fig. 8 depicts another important sinking characteristic: the total
time PP and LDPE particles spend underwater, expressed as a fraction
of the first 100 days. While LDPE particles, being heavier than PP, stay
longer underwater, we also find that turbulence further increases the
time spent underwater. The underwater residence times for turbulent
and laminar flows are nearly identical in the biofouling dominant
regime (𝑃 ≈ 1). In contrast, particles smaller than 0.1 mm remain
fully submerged in turbulent flow, whereas in laminar conditions, this
behavior only appears at a particle size of 0.1 μm. These results indicate
that turbulence is a leading factor in causing microplastic particles
smaller than 0.1 mm to spend their entire lifespan underwater.
7 
Fig. 8. The time spent by particles submerged underwater with respect to total time
in the first 100 days of the simulations, expressed as a percentage. Results are shown
for PP and LDPE with turbulent and laminar flow assumptions.

3.4. Particle size distribution

Finally, we examine the particle size spectra to investigate biofilm
growth in a turbulent flow. Fig. S2 presents the probability density
function (PDF) of normalized particle sizes (𝑑𝑓 𝑖𝑛𝑎𝑙∕𝑑𝑖𝑛𝑖𝑡𝑖𝑎𝑙) after 100
days for initial sizes of 1 mm, 0.1 mm, 10 μm, and 1 μm, at densities
between 800 and 1000 k g∕m3. We define the particle size as the
daily average, incorporating biofilm thickness. As shown in Fig. S2(a),
particles initially 1 mm in diameter exhibit a Gaussian-like distribution,
with the largest diameters observed at 800 k g∕m3 and a mean normal-
ized particle radius of 1.15. Increasing density reduces this normalized
size. For 0.1 mm particles (Fig. S2(b)), the PDF displays a rising and
declining pattern, deviating from the Gaussian symmetry observed with
particles of size 1 mm. However, similar to the 1 mm case, the largest
normalized particle size decreases with increasing density, meaning
that the relative variations in size are less pronounced for the heaviest
particles. Reducing the initial size to 10 μm sharply reduces biofilm
growth, with the distribution reaching only up to 1.0005 and exhibiting
a linear decline on a logarithmic scale (Fig. S2(c)). Finally, for 1 μm
particles (Fig. S2(d)), the relative biofilm-induced size peaks at 1.06.
These results indicate that density will not influence the final particle
size distribution of microplastics when the initial size is 10 μm or
smaller.

4. Conclusion

We investigated the influence of turbulence and biofouling on the
vertical transport of buoyant microplastic particles in the North Pacific
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Ocean. To achieve this, we developed a one-dimensional Lagrangian
biophysical particle tracking model that incorporates the biofouling
model of Kooi et al. (2017), adheres to the Lagrangian particle tracking
guidelines of Ross and Sharples (2004), and includes additional features
o accurately capture the contributions of turbulent shear to biofouling
ates. Three commonly used buoyant plastic types were analyzed (PP,
DPE, HDPE) with particle sizes ranging from 5 mm to 0.1 μm. Our
tudy focused on the mixed-layer dynamics during the first 100 days
fter these particles enter the ocean.

Our results show the existence of three flow regimes governing a
article’s vertical motion, dictated by turbulence and biofouling. One

of the major findings of this study is the particle threshold at which the
transition between regimes occur for different buoyant plastic types.
For PP, LDPE, and HDPE particles, the transition from the biofouling-
dominated regime to the transition regime occurs at particle sizes
of 0.08 mm, 0.1 mm, and 0.15 mm. Similarly, the change from the
transition regime to the turbulence-dominated regime happens at 6 μm,
9 μm, and 10 μm. These results are significant because they establish
the particle sizes below which buoyant microplastics can be considered
as passive tracers in numerical simulations in a marine environment.
Accordingly, in large-scale hydrodynamic simulations, our results show
that the model used to capture the biofouling process can be deac-
tivated in the turbulence-dominated regime to reduce computational
costs.

Our findings show that depending on the particle size, turbulent
shear can greatly contribute to the biofouling rate and, hence, the
growth of the biofilm thickness. In the biofouling-dominated regime,
turbulent shear has a negligible impact on the biofouling rate. In
transition and turbulence-dominated regimes, turbulent shear plays an
mportant role in controlling the biofouling rate. However, modeling
he effects of turbulent intermittency using Pope and Chen model
equires a 𝛥𝑡 value of 1 s or lower to ensure numerical stability,
hich is not feasible in large-scale hydrodynamic simulations of the

ocean. Furthermore, as particle size decreases, the biofilm has a negli-
gible impact on particle motion, especially in the turbulence-dominated
regime. Therefore, we recommend computing turbulent shear using the
average dissipation rate 𝜖 at each depth in large-scale hydrodynamic
simulations, as this approach delivers sufficiently accurate results at
a substantially lower computational cost. We also recommend using
the Pope and Chen model for sensitivity testing and implementation
with new biophysical particle tracking models, where aggregation due
to turbulent shear needs to be accurately captured and a 𝛥𝑡 value of 1 s
r lower is feasible.

The Lagrangian biophysical particle tracking model developed dur-
ng this numerical study offers a robust framework for analyzing how
urbulence and biofouling interact to shape the vertical transport of
uoyant microplastics. Given the lack of subsurface plastic concen-

tration observations available to date, the model has the potential to
identify regions where microplastics preferentially accumulate, par-
ticularly in areas with similar biological and physical characteristics.
However, a limitation of this study is the exclusion of flocculation
processes, which can lead to the formation of larger aggregates with
higher sinking velocities altering accumulation regions (Laursen et al.,
2023). Such mechanisms fall outside the scope of this research study
and are recommended for future work.
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