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Abstract: In this study, we developed a transport model for typical pollutants in the Yellow Sea
using the Lagrangian particle tracking method to analyze the trajectories of fish feed, a common
pollutant in the Yellow Sea. The model incorporates the influence of ocean currents and surface
winds on pollutant transport and utilizes a series of numerical experiments to simulate pollutant
transport. Through statistical analysis of the numerical experiment results, we identified characteristic
circles that represent the pollutant distribution patterns. Furthermore, based on the current and
wind information within these characteristic circles, we derived an empirical formula to describe
pollutant distribution. This formula enables us to predict the spatial distribution of pollutants using
available current and wind data. Using this empirical formula, we designed an effective path to
avoid pollutant contamination. This approach not only optimizes the utilization of computational
resources within the study area but also contributes to the rational planning of navigation routes
for aquaculture vessels. Overall, our study provides valuable insights into the transport behavior of
fish feed pollutants in the Yellow Sea. The establishment of the empirical formula and the design of
effective routes to avoid pollution contribute to the efficient management of pollution and facilitate
the planning of marine activities in the region.

Keywords: Yellow Sea; fish feed; Lagrangian particle tracking; pollutant transport; pollution
management

1. Introduction

The coastal areas of China have witnessed a flourishing fishing industry, with fish
feed playing an indispensable role in marine aquaculture. The development of fisheries
heavily relies on the accurate timing and proper placement of fish feed. However, fish feed
also introduces various pollutants into the marine ecosystem, including excessive nutrients,
antibiotics, and chemical additives [1]. These pollutants can lead to eutrophication, harmful
algal blooms, and ecological imbalances in the Yellow Sea [2]. The Yellow Sea region serves
as a vital hub for aquaculture production, supplying a considerable portion of the world’s
seafood [3]. Sustainable aquaculture practices necessitate minimizing the environmental
footprint of fish farming, including reducing fish feed pollution. When fish feed pollutants
enter the food chain, consumer health can be compromised. Pollutants such as antibiotics
and chemical additives may accumulate in fish tissues [4], posing risks to human health
upon consumption. Therefore, studying the transport of fish feed in the coastal waters
is crucial for better aquaculture management, assessing pollution levels, understanding
its impact on water quality, biodiversity, and overall marine ecosystem health, ensuring
the safety and quality of seafood, protecting public health, and maintaining consumer
confidence in the local aquaculture industry.
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In comparison to traditional pollutants, such as oil spills and microplastics, pollution
from marine fish feed has received relatively less attention, and its transport and fate are
challenging to observe directly. Therefore, numerical simulations of feed transport serve
as a valuable reference for damage assessment and emergency response, often being the
only available approach in most cases. The feed transport model used in this study is
based on the Lagrangian method, which focuses on particles and aims to describe the
position evolution of each particle over time. The Lagrangian method was first proposed
by Winiarski and Frick [5]. It provides a convenient way to characterize the position and
condition of individual particles within the fluid. Early applications of the Lagrangian
method primarily focused on oil spills on water surfaces, near-surface, or shallow water
environments, such as Fannelop and Sjoen [6], Johansen [7], Elliott [8], Rye [9], Zheng and
Yapa [10], and Lonin [11]. Subsequent work aimed at developing enhanced comprehensive
oil spill models to describe deepwater spills. Two notable models in this regard are
DeepBlow [12] and ADMS/CDOG [13], both capable of simulating the complex behavior
of oil spills in deep-sea environments. In recent years, some researchers have applied the
Lagrangian method to determine the dynamic growth and transport patterns of floating
macroalgae [14,15]. Despite the rapid advancement of remote sensing technologies, the
Lagrangian method remains the primary means of studying the transport of spilled oil
and floating macroalgae. The main reason is that while remote sensing can effectively
estimate oil slick/vegetation coverage and quantify the total amount of oil/algae [16], they
cannot capture the entire process due to technological limitations and cloud cover [17].
Additionally, numerical simulations based on the Lagrangian method are often used to
study the migration process of microplastics in seawater [18]. This is because numerical
simulations are significantly more cost-effective than experimental measurements and
on-site observations, and they can predict potential accumulation areas in remote regions
where water quality monitoring is not feasible. Although some studies have used Eulerian
methods to investigate mixing and dispersion processes in dynamic water systems [19], the
transportation and migration of particles still rely on Lagrangian models [20]. In summary,
the Lagrangian method has gradually become the mainstream approach for studying the
transport and dispersion of various suspended materials in the marine environment.

In this study, we developed a fish feed transport model based on the Lagrangian
method, considering the influences of environmental factors, such as temperature and
salinity, as well as dynamic factors, including current and wind, within the selected region.
With the availability of current and wind data, the model enables the prediction of the
transport process of fish feed at different locations and times when released by aquaculture
vessels. To prevent the accumulation of pollution due to prolonged fish farming in the
same area, we implemented a strategy of changing the farming area every 15 days for
aquaculture vessels. Additionally, taking into account the suitable farming temperature for
a large yellow croaker (Larimichthys crocea), this study simulated the process of feeding
ten times every 15 days within the appropriate farming area from June 15th to November
15th while establishing a reasonable and effective route plan between these dates.

The remainder of this paper is organized as follows. Section 2 presents the main
principles of the model, data sources, and the setup of the primary experimental methods.
In Section 3, a comprehensive analysis of the results is provided, along with a detailed
discussion of the model’s prospects. Section 4 focuses on discussing the obtained results
and summarizing the key innovations of the model.

2. Model and Methodology
2.1. Model Description

As the commonly accepted view, the transport process of fish feed after its release is
generally considered to be controlled by advection and diffusion. The advection–diffusion
process of fish feed in seawater is typically described by the following equation:

∂C
∂t

+
→
V · ∇C = ∇ ·

(→
K · ∇C

)
(1)
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where C represents the concentration of fish feed in seawater,
→
V denotes the velocity vector

of advection, ∇ is the gradient operator,
→
K
(
Kx, Ky, Kz

)
is the diffusion coefficient, and Kx,

Ky, and Kz represent the diffusion coefficients in the x, y, and z directions, respectively
(m2/s). It is generally assumed that diffusion in the horizontal direction is isotropic, and
the horizontal diffusion coefficients are combined as the horizontal diffusion coefficient,
denoted as Kh, such that Kx = Ky = Kh.

Equation (1) can be solved using various methods, and in this study, we employed
the Lagrangian particle tracking method. This method discretizes the fish feed into a set
of particles, with each particle representing a group of feed and being characterized by
its spatial coordinates, velocity, diameter, and other relevant attributes. These particles
are released at specific positions in the aquatic environment and subsequently subjected
to the influences of shear flow, turbulence, and buoyancy, resulting in their movement.
The essential properties of the fish feed, such as density and diameter, are integrated into
each particle as input parameters for the model, and these characteristics are employed to
determine whether the particles float or sink in the water. The advection process of the
particles is primarily governed by environmental dynamics, such as ocean currents and
wind, which can be simulated using deterministic methods. On the other hand, the diffu-
sion process induced by ocean turbulence is inherently stochastic and is simulated using
random motion. By statistically analyzing the positions of all particles, the spatiotemporal
distribution of fish feed in the marine environment can be determined.

Simulation of feed transport using the Lagrangian particle tracking method is de-
termined by the following relationships governing the three-dimensional motion of the
feed particles:

d
→
S

dt
=
→
Uc +

→
Ud + αD

→
Uw + Us

→
k (2)

where
→
S = (x, y, z) represents the displacement vector of a feed particle, x and y are the

Cartesian coordinates,
→
k is the unit vector in the vertical direction,

→
Uc

(
ucx
→
i , vcy

→
j , ucz

→
k
)

denotes the velocity of ocean currents,
→
Ud

(
u′
→
i , v′

→
j , w′

→
k
)

represents the diffusion velocity

during turbulent diffusion, Us is the settling velocity. Us is expressed as follows [21,22].

Us =

{
Us,S Rep < 0.2

Us,S

(
1 + 0.15Re0.687

p

)−1
0.2 < Rep < 750

(3)

where

Us,S =

(
ρw − ρ f

)
gd2

18µw
(4)

When Us ≥ 0 the particle will float up or suspend in water. Otherwise, it will
sink. Where d represents the diameter of the fish feed. Rep = Usρwd/µw is the particle
Reynolds number [23], ρw is the seawater density (1024 kg/m3), ρ f is the fish feed density
(5 × 102 kg/m3), and µw is the seawater dynamic viscosity (1.01 × 10−3 Pa·s).

The αD
→
Uw in Equation (2) represents the wind stress effect, in which α = 0.03 is

the wind stress coefficient. It should be noted that the wind stress coefficient requires
optimization based on further observations. Currently, a temporary reference value of
α = 0.03 is being used, aligning with the commonly employed coefficient for estimating the

transport of oil pollutants affected by wind [24–26].
→
Uw

(
uwx

→
i , uwy

→
j
)

is the wind vector



J. Mar. Sci. Eng. 2023, 11, 1710 4 of 18

at a height of 10 m above sea level, and D is the transformation matrix used to calculate the
wind deflection angle γ [27].

D =

[
cos γ sin γ
− sin γ cos γ

]
(5)

In this case, when
∣∣∣∣→Uw

∣∣∣∣ ≤ 25 m/s, γ = 40◦ − 8

√∣∣∣∣→Uw

∣∣∣∣, and when
∣∣∣∣→Uw

∣∣∣∣ > 25 m/s,

γ = 0 [28].

The diffusion velocity
→
Ud

(
u′
→
i , v′

→
j , w′

→
k
)

is a random variable, and its components

are computed using the random walk method:

(u′, v′, w′) =

√
6

∆t

(
Rx
√

Kh, Ry
√

Kh, Rz
√

Kz

)
(6)

Here, Rx, Ry, and Rz, are mutually independent, and they are assumed to be uniformly
distributed random numbers within the range of −1 to 1. ∆t represents the time step. The
horizontal diffusion coefficient Kh is computed using the functional form proposed by Pan
et al. [29]:

Kh = 0.027t1.34 (7)

The vertical turbulent diffusion coefficient Kz is calculated based on Boufadel et al. [30]:

Kz =
(κu∗

0.9
δ
)
(z + z0)

(
1− z

MLD

)
(8)

When z = 0, the vertical turbulent diffusion coefficient Kz is set to Kz(z = 0) =
(

κu∗
0.9 δ

)
,

where κ = 0.4 represents the von-Karman constant, u∗ denotes the water friction velocity,
and δ is the “enhancement factor” associated with Langmuir circulation, which is assumed
to be 1.0 in this study. The MLD stands for the Mixed Layer Depth, defined as the depth at
which the temperature is 0.2 ◦C lower than the sea surface temperature in the current study.
z0 represents the roughness length, which characterizes the surface roughness under the
influence of regular waves and can be calculated as follows:

z0 = 1.38× 10−4Hs
(
Uw/cp

)2.66 (9)

where Hs represents the significant wave height, cp = gT
2π denotes the wave phase velocity,

which is related to the wave period T.
The friction velocity u∗ in Equation (5) can be calculated as follows [31]:

u∗ =


√

ρaCd1Uw(Uw −Usur)/ρw z = 0√
ρa/ρwκUw/ln(10/z0) z 6= −H&z 6= 0√
Cd2Ubot/ρw z = −H

(10)

where ρa and ρw represent air density and water density, respectively. Usur and Ubot are
the flow velocities at the sea surface and the seabed, respectively. Cd1 = 1.13× 10−3 is the
drag coefficient at the sea surface, and Cd2 is the drag coefficient at the seabed, which is
computed by matching with a logarithmic boundary layer at height zab above the seabed.

Cd2 = max
[

κ2/ ln
(

zab
z0

)
, 0.0025

]
(11)

It is important to note that the density of fish feed may vary depending on its com-
position and specific formulation. Common types of fish feed, such as pellets or flakes,
typically have a density of approximately 267.11–711.35 kg/m3 [32] and a particle diameter
ranging from 1 to 8 mm. In this study, it is essential to acknowledge that certain parameters,
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such as the diameter and density, were assumed due to the limited availability of direct ob-
servations. For the diameter distribution, we employed a normal distribution with a mean
value of 4.5 µm and a variance of 1 µm. Regarding the density, we set it to 5 × 102 kg/m3.

2.2. Hydrodynamic Background Field

The ROMS model generated the velocity and temperature–salinity data used in this
study [33,34] and has been extensively validated in previous studies [35–37]. As shown
in Figure 1, the model covers the Bohai Sea, Yellow Sea, and East China Sea regions. The
horizontal resolution of the model is approximately 1.5 to 2 km; along the continental shelf
direction, it ranges from 2 to 3 km, and it gradually increases to about 10 km as it extends
towards the open sea. The temporal resolution is 2 h, and the total grid size is 362 × 242,
with 20 s-layers in the vertical direction. Wind data and other surface flux data, such as
longwave radiation and latent heat flux, are obtained from NCEP with a grid resolution of
0.25◦ × 0.25◦ and a temporal resolution of 6 h. The bathymetry data are derived from the
ETOPO1 dataset.
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Figure 1. (a) ROMS model domain and horizontal curvilinear coordinate system. The total number
of grid points is 362 × 242, and the background color represents water depth. (b) Specific study area,
with red pentagrams indicating the 16 initial particle release locations used for simulation.

The tidal forces at the open boundaries were determined using the TPXO.7.0 global
inverse tide model developed by Oregon State University (OSU) [38,39]. The tidal heights
are composed of four tidal constituents: M2, S2, K1, and O1, which explain 90% of the
tidal variations in the region. The harmonic constants for each constituent were obtained
through linear interpolation of the OSU global tidal model. The open boundary conditions
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for the barotropic component include the Chapman condition for the surface elevation and
the Flather condition for the barotropic velocity [40,41]. The open boundary conditions for
the baroclinic component are specified using Orlanski-type radiation conditions [42].

2.3. Experimental Design

To determine the transport trajectory of fish feed under surface winds and ocean
currents and understand their contributions to the transport, a series of experiments were
designed. In order to meet the requirements of the aquaculture vessel, the designated
area shown in Figure 1b was selected as a farming area, and 100,000 particles were each
released at 16 locations in the area (Model parameters can be found in Table 1, and the
specific 16 locations are listed in Table 2). The model was run for a total duration of 360 h,
corresponding to a simulation period of 15 days, to simulate the transport trajectory of
fish feed.

Table 1. Model Settings.

Model Parameters Value

Release depth 0 m
Release duration 15 days

Simulation duration 15 days
Particle quantity 10,000
Particle density 500 kg/m3

Table 2. Select specific coordinates for 16 locations.

Position Lon. (◦E) Lat. (◦N) Position Lon. (◦E) Lat. (◦N)

1 121 34 9 121 35
2 121.5 34 10 121.5 35
3 122 34 11 122 35
4 122.5 34 12 122.5 35
5 121 34.5 13 121 35.5
6 121.5 34.5 14 121.5 35.5
7 122 34.5 15 122 35.5
8 122.5 34.5 16 122.5 35.5

In addition to the requirements for the working region aquaculture vessel, the coastal
waters of Shandong and Jiangsu provide a conducive environment for aquaculture due to
their relatively stable water temperatures, adequate sunlight, and suitable salinity levels.
These conditions promote optimal growth and health for the aquaculture of large yellow
croaker. Meanwhile, it is generally believed that the optimal temperature for farming
large yellow croaker ranges from 18 ◦C to 28 ◦C [43]. In order to meet the temperature
requirements for fish farming, this study utilized the climatological average temperature
field from 2011 to 2021, averaging every half month to obtain the temperature field, as
shown in Figures 2 and 3. From Figure 2a, it can be observed that the 18 ◦C isotherm
crosses the selected area during the first half of June, indicating that the temperature in
most locations within the study area does not meet the farming requirements. However,
during the second half of June, the temperature conditions satisfy the farming requirements,
thus setting the model to run from June 16th onwards. Similarly, as shown in Figure 3f, the
18 ◦C isotherm crosses the selected area during the second half of November, indicating
that the temperature in most regions within the study area does not meet the farming
requirements. Therefore, the model simulation is terminated on 15 November. Within
this defined range, we artificially designed the selection of 16 farming locations to ensure
minimal mutual interference between them.



J. Mar. Sci. Eng. 2023, 11, 1710 7 of 18

J. Mar. Sci. Eng. 2023, 11, x FOR PEER REVIEW 7 of 19 
 

 

5 121 34.5 13 121 35.5 

6 121.5 34.5 14 121.5 35.5 

7 122 34.5 15 122 35.5 

8 122.5 34.5 16 122.5 35.5 

In addition to the requirements for the working region aquaculture vessel, the coastal 

waters of Shandong and Jiangsu provide a conducive environment for aquaculture due to 

their relatively stable water temperatures, adequate sunlight, and suitable salinity levels. 

These conditions promote optimal growth and health for the aquaculture of large yellow 

croaker. Meanwhile, it is generally believed that the optimal temperature for farming 

large yellow croaker ranges from 18 °C to 28 °C [43]. In order to meet the temperature 

requirements for fish farming, this study utilized the climatological average temperature 

field from 2011 to 2021, averaging every half month to obtain the temperature field, as 

shown in Figures 2 and 3. From Figure 2a, it can be observed that the 18 °C isotherm 

crosses the selected area during the first half of June, indicating that the temperature in 

most locations within the study area does not meet the farming requirements. However, 

during the second half of June, the temperature conditions satisfy the farming require-

ments, thus setting the model to run from June 16th onwards. Similarly, as shown in Fig-

ure 3f, the 18 °C isotherm crosses the selected area during the second half of November, 

indicating that the temperature in most regions within the study area does not meet the 

farming requirements. Therefore, the model simulation is terminated on 15 November. 

Within this defined range, we artificially designed the selection of 16 farming locations to 

ensure minimal mutual interference between them. 

 

Figure 2. Climatological average distribution of oceanic circulation and temperature from 2011 to 

2021 with a 15-day time average: (a) 1–15 June, (b) 16–30 June, (c) 1–15 July, (d) 16–31 July, (e) 1–15 

August, (f) 16–31 August. Blue pentagrams indicate the 16 initial release positions used for simula-

tion. 

Figure 2. Climatological average distribution of oceanic circulation and temperature from 2011 to 2021
with a 15-day time average: (a) 1–15 June, (b) 16–30 June, (c) 1–15 July, (d) 16–31 July, (e) 1–15 August,
(f) 16–31 August. Blue pentagrams indicate the 16 initial release positions used for simulation.
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October, (e) 1–15 November, (f) 16–30 November. Blue pentagrams indicate the 16 initial release
positions used for simulation.
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3. Results
3.1. Variability of Environmental Factors
3.1.1. Current

The 15-day average distribution of climatological ocean circulation from 2011 to 2021
is illustrated in Figures 2 and 3. During the latter half of June and July (Figure 2b–d), the
coastal surface waters of the Yellow Sea exhibit a northward flow influenced by the EASM,
indicating the potential northward drift of particles from their initial release positions. In
August (Figure 2e,f), the opposite direction of EASM and southward coastal current (Subei
Coastal Current), potentially causing the released particles to remain in the vicinity of the
release points without significant transport. Similar patterns can be observed in October.
During September, October, and the first half of November (Figure 3a–f), the dominant
contribution comes from the EAWM blowing from the north to the south, resulting in
a southward drift of particles from their initial release positions. Influenced by ocean
currents, there is a high probability of coastal interaction during the southward transport.

3.1.2. Temperature

Due to the specific temperature requirements of large yellow croaker aquaculture,
with the optimal range between 18 ◦C and 28 ◦C, temperature serves as a crucial physical
parameter in this study. The operational time of the model is also strictly guided by
the temperature requirements. Figures 2 and 3 also display the climatological average
distribution of sea surface temperatures with a 15-day cycle from 2011 to 2021. In the
latter half of June, the average sea surface temperature in the Yellow Sea is around 20 ◦C
(Figure 2b), gradually increasing after July (Figure 2c,d) and reaching high temperatures
above 25 ◦C in August (Figure 2e,f). Subsequently, the sea surface temperature starts to
decrease (Figure 3a–f).

3.1.3. Wind

Figure 4 shows the climatological average surface wind vectors at 10 m height from
2011 to 2021. Figure 4 shows that from June to July, the coastal waters of the South Yellow
Sea are predominantly influenced by southerly and southeast winds, known as East Asia
Summer Monsoon (EASM), with an average wind speed of 5 m/s. During the period of
EASM, the wind direction is more concentrated in July and more dispersed in June. In the
first half of August, the EASM begins to weaken, and the prevailing wind direction shifts
to the northeast, while in the latter half of August, the southern winds strengthen. From
September to November, when the East Asia Winter Monsoon (EAWM) gradually forms,
the prevailing winds begin to change into the west wind and southwest wind.

3.2. Model Results

Figure 5 shows the drift trajectories of the centroids of all released particles after
15 days of simulation for different release dates, including 16 June, 1 July, 16 July, 1 August,
16 August, 1 September, 16 September, 1 October, 16 October, and 1 November. Sixteen
initial particle release positions were selected in the nearshore area of the South Yellow
Sea (Table 1). The experiments considered the combined effects of sea surface winds and
ocean currents.
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The results indicate that during the latter half of June, under the influence of southerly
and southeasterly winds, the particles exhibit a significant northward drift and then turn
towards the northeast direction. The particles released on the right side of the selected
region (positions 3, 4, 7, and 8) demonstrate a strong tendency to drift northeastward,
which is the combined result of the sea surface winds and ocean currents.

In the first half of July, the particle drift direction is generally similar to that in the latter
half of June, moving northward and northeastward under the influence of southerly and
southeasterly winds. In the latter half of July, particles released at all 16 selected positions
consistently drift toward the northeast direction. It is important to note that during the
first half of August and the first half of October, particles form cluster-like distributions
around the release points instead of transporting predominantly in a specific direction.
This behavior is likely attributed to the weaker flow conditions in August and October,
during which the current and wind show opposite directions.

Starting from the second half of August until the first half of November, the particles
significantly drift westward and southwestward, which is associated with the influence
of the EAWM. Additionally, examining the final positions of all particles after 15 days in
the Supplementary Materials reveals that the pollution extent in June, July, and August
ranges from 33◦ N to 37◦ N and 119◦ E to 124◦ E. In September, October, and November,
the pollution extent shifts southward, ranging from 31◦ N to 36◦ N and 120◦ E to 124◦ E,
indicating the impact of the EAWM leading to a southern migration of the pollution extent.
Furthermore, the model results indicate that particles cannot travel too far in a short period,
and there are spiral oscillations caused by rotary tidal currents near the release points.

In summary, with the known surface winds and ocean currents, it is possible to deter-
mine the specific drift direction of the particles and their spatial extent by model simulation.

3.3. Empirical Relationship
3.3.1. Quantitative Analysis

In this study, 100,000 particles were released in the selected area of the Yellow Sea
to simulate the transport of fish feed. After 15 days, the transport of the feed varies in
terms of trajectory and spatial extent, depending on the release time and location. However,
regardless of the extent of transport, the centroid position of the feed can be determined.
Using the centroid position as the reference, characteristic circles were defined with particles
containing different percentages (100%, 90%, 80%, 70%, and 60%). The radius of each circle,
as well as the average current velocity and direction within the circle, were calculated. As
an example, Table 3 presents the properties of circles corresponding to different percentages
of particles after 15 days of transport from the release point on 16 June at position (34◦ N,
121◦ E). The distribution range of different percentages of particle quantities after 15 days
is shown in Figure 6.

Table 3. Properties of particles released on 16 June at point (34◦ N, 121◦ E) in different percentage
feature circles.

Percentage 100% 90% 80% 70% 60%

Radius R (km) 84.98 57.33 43.81 39.10 35.40
Average flow velocity (m/s) 0.026 0.029 0.033 0.033 0.036
Average flow direction (◦) 94.40 87.89 83.99 83.76 81.73

From Table 3, it can be observed that the maximum difference in average current
velocity within the circles of different percentage ranges is 0.01 m/s and the maximum
difference in average current direction is 12.67 degrees.
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To further establish the relationship between the simulation and the dynamics in a
characteristic circle, the difference between simulated transport and the transport using
combined current and wind are analyzed. The direction of the line connecting the initial
position and the centroid is referred to as Direction 1. The combined current and wind
direction within the circles for different percentages of particle quantities is considered
Direction 2. By comparing Direction 1 and Direction 2, an accurate angle difference θ can be
obtained, as shown in Table 4. The distance between the initial position and the centroid is
defined as Distance 1, while the product of the average current speed within the circles for
different particle quantities and the model running time of 15 days is defined as Distance 2.
The ratio β of Distance 2 to Distance 1 serves as an important reference for estimating the
distance traveled by the particles. The comparison results are presented in Table 5.

Table 4. Comparison between Direction 1 and Direction 2.

Percentage 100% 90% 80% 70% 60%

Direction 1 (◦) 75.01 75.01 75.01 75.01 75.01
Direction 2 (◦) 94.40 87.89 83.99 83.76 81.73

Angle difference θ 19.39 12.88 8.98 8.75 6.72

Table 5. Comparison between Distance 1 and Distance 2.

Percentage 100% 90% 80% 70% 60%

Distance 1 (km) 75.60 75.60 75.60 75.60 75.60
Distance 2 (km) 139.21 142.33 148.07 148.54 151.92
Distance Ratio β 1.84 1.88 1.96 1.96 2.01



J. Mar. Sci. Eng. 2023, 11, 1710 13 of 18

The results in Tables 4 and 5 are only representative of one case with the release time
on 16 June and the initial release position at (34◦ N, 121◦ E), and they do not represent the
overall trend. Therefore, the calculations described above were performed for a total of
10 sets of experiments, each consisting of 16 scenarios, resulting in a total of 160 scenarios.
Specifically, the calculations were conducted for the centroid position, radius, combined
current and wind, Direction 1, Direction 2, Distance 1, Distance 2, angle difference θ, and
distance ratio β for each of the 160 scenarios after 15 days of particle release and advection.
The average angle difference θ and distance ratio β were then calculated based on the
results of the 160 scenarios, as shown in Figure 7.
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The results indicate that there is little variation in the distance ratio β for particle
percentages of 100%, 90%, 80%, 70%, and 60%, which range from 3.3 to 3.5. This suggests
that regardless of the initial release position chosen for the particles, the distance traveled
by the particles can be reasonably estimated given the known surface winds and ocean
currents. Furthermore, the angle difference θ ranges from 28.9 to 30.6 degrees, allowing
for a reasonable estimation of the particle movement direction. It is noteworthy that the
average angle difference is minimized at 28.9 degrees when the particle percentage is 90%
of the total, indicating that the characteristic circle containing 90% of the particles can be
considered the optimal characteristic circle. The maximum angle difference occurs when
the particle percentage is 100% of the total.

3.3.2. Derivation of Formulas

Based on the quantitative analysis above, under the knowledge of sea surface winds
and ocean currents, for a given percentage of particles, a characteristic circle can be defined
to contain these particles. By calculating the combined current and wind velocity within

this area, the displacement distance
→
d (dx, dy) from the initial position to the centroid of the

particles after a certain period can be obtained. The specific empirical formula is as follows:

dx = 1
β T(ua cos θ − va sin θ)

dy = 1
β T(ua sin θ + va cos θ)

(12)

where β is the distance ratio mentioned in Section 3.3.1, and its optimal solution can be

obtained through fitting. T represents the model running time, and
→
Ue(ue, ve) represents the
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equivalent velocity of the current and wind fields within the characteristic circle containing
90% of the particles, as expressed in Equation (13).

→
Ue(ue, ve) =

→
Uc(uc, vc) + αD

→
Uw(uw, vw) (13)

where θ represents the angle difference, and D is the transformation matrix (expression
given in Section 2.1). Substituting Equation (13) into Equation (12), we have:

dx = 1
β T[A cos θ − B sin θ]

dy = 1
β T[A sin θ + B cos θ]

(14)

where the expressions for A and B are given by Equation (15).

A = uc + αuw cos γ + αvw sin γ
B = vc − αuw sin γ + αvw cos γ

(15)

Applying the 160 sets of cases in Section 3.3.1 to Equation (14) using the least squares
method, we can solve for the optimal values of β and θ. Thus, we aim to solve for:

min
β,θ

160
∑

i=1

{
dxi − 1

β T[A cos θ − B sin θ]
}2

min
β,θ

160
∑

i=1

{
dyi − 1

β T[A sin θ + B cos θ]
}2 (16)

The optimal coefficients are obtained as β = 3.36 and θ = 29.2◦. These values are then
used as the basis for designing the navigation routes of aquaculture vessels by substituting
them into Equation (14).

3.4. Design of Aquaculture Vessel Navigation Routes

Based on the above study, with the understanding of the specific displacement and
direction of fish feed after a certain period of time, and considering the fact that fish feed
can transform into pollutants over time, it is possible to design a rational route that can
effectively avoid the spread of pollutants.

On June 16th, when (121◦ E, 34◦ N) is chosen as the initial release position, according
to the empirical formula, the fish feed particles are projected to move in a direction of
approximately 75◦ east-northeast. Considering the avoidance of pollutant drift, the fishing
vessel is designed to travel eastward within the selected area after 15 days. On 1 July,
when the fishing vessel reaches (121.5◦ E, 34◦ N), the empirical formula indicates that
the pollutant is still primarily drifting northward before turning northeast after 15 days.
Therefore, the route is designed for the fishing vessel to travel eastward. On 16 July, when
the fishing vessel reaches (122◦ E, 34◦ N), the empirical formula suggests that the pollutant
will primarily move in a northeast direction after 15 days. Therefore, the route is designed
for the fishing vessel to travel northward.

Based on the numerical modeling results, the fishing vessel will travel northward
twice in August, eastward at the beginning of September, southward three times from
mid-September to the end of October, and westward in early November. This results in
the design of the routes for each month that satisfy the temperature requirements for the
cultivation of yellow croaker, as shown in Figure 8.

Comparison with the model results reveals a close agreement between the predicted
pollutant drift paths using the empirical formula. This demonstrates that the empirical
formula can effectively predict the pollutant drift path of fish feed, thereby aiding in the
optimization of computational resource utilization within the study area.
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3.5. Prospects on Model Development

Currently, there is limited use of Lagrangian particle tracking to study the transport of
fish feed, with most marine pollution research focusing on topics like oil spills, microplastics,
and large floating algae. Our study provides a new direction for the rational utilization of
fisheries resources and the optimal planning of aquaculture vessel routes.

Different locations exhibit significant variations in ocean currents and surface winds.
By employing the Lagrangian particle tracking method, each particle is treated as an
independent simulation unit, incorporating critical environmental factors, such as ocean
currents, surface winds, and temperature, relevant to fish farming. This enables us to obtain
essential information, such as equivalent current velocity and direction, in an equivalent
circles model.

In the model, the fish feed is treated as Lagrange particles; however, it is essential to
acknowledge the potential biochemical reactions it may undergo. Furthermore, fisheries
density will significantly influence the distribution of fish feed, as fish consumption and
swimming patterns disturb the localized feed dispersion. Thus, the transport range of fish
feed in reality may be smaller than in the model simulation. To achieve a more accurate
representation of its transport processes, future research should incorporate fisheries density
data and integrate the chemical interactions and transformations of fish feed. Additionally,
it should be noted that in our study, fish feed is floated on the water surface based on
certain parameters. Nevertheless, various factors, including waves and water absorption of
feed, can also cause fish feed to sink. Another point worth noting is that the wind stress
coefficient α of 0.03 in the model is based on the transport of oil pollutants affected by wind,
while there might be differences between the transport characteristics of oil and fish feed.
To gain a more comprehensive understanding of the dynamic state changes of fish feed,
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further research should explore multiple factors and improve parameter configuration to
better comprehend the dynamic state changes of fish feed.

4. Summary and Conclusions

This study utilizes the Lagrangian particle tracking method to develop a transport
model for fish feed. Numerical experiments are conducted in the nearshore waters of the
Yellow Sea to investigate the impact of surface winds and ocean currents on the transport
of fish feed. The model combines the effects of ocean currents and surface winds on
pollutant transport and employs a series of numerical experiments to simulate the drift of
pollutants. Considering the temperature requirements in aquaculture conditions, the sea
surface temperature is set as an important influencing factor.

Based on a series of numerical experiments, this study determines characteristic
circles that represent the distribution pattern of pollutants. These circles represent circular
regions containing different percentages of particles relative to the total number of particles.
The study calculates the radius of the circle, the centroid of particles within the circle,
and the combined current and wind velocity within the circle. Additionally, the study
quantitatively analyzes the angular difference between the direction of the line connecting
the initial position and the mass center and the average current direction. It also examines
the distance ratio between the line connecting the initial position and the mass center and
the average current velocity multiplied by the running time. The results indicate that
the angular difference θ ranges from 28.9◦ to 30.6◦, allowing for reasonable calculation of
particle movement direction. When the particle count accounts for 90% of the total particles,
the average angular difference is minimal at 28.9◦, and the equivalent circle containing
90% of the particles is considered the optimal equivalent circle. The distance ratios β for
particle counts representing 100%, 90%, 80%, 70%, and 60% of the total particles show little
difference, ranging from 3.3 to 3.5.

Based on the information on flow fields and wind fields within the characteristic
circles, we derived an empirical formula to describe the distribution of pollutants. In the
process of obtaining the empirical formula, we used the method of least squares to fit the
test cases and determine the optimal values of β and θ. The empirical formula enables us to
predict the specific direction of particle drift and the distance after a certain period of time
using the data of flow fields and wind fields within the characteristic circles. Furthermore,
as fish feed itself can also contribute to marine pollution, the empirical formula can be
utilized to design an effective route that avoids pollution. This approach not only optimizes
the utilization of computational resources within the study area but also aids in the rational
planning of routes for aquaculture vessels.

However, the model still has some limitations. The model treats fish feed as Lagrange
particles, but it’s important to note potential biochemical reactions. Moreover, fisheries
density significantly impacts feed distribution, as fish feeding and swimming patterns
disrupt localized dispersion. Additionally, we assumed that feed floats on the water surface
based on certain parameters, ignoring factors that may cause it to sink, such as waves and
density change due to water absorption of feed. Another point worth noting is that the
wind stress coefficient α of 0.03 is oil-based and might differ from feed behavior. Limited by
observational data, we plan to conduct further observations to address the aforementioned
limitations and improve the quality of our study. By utilizing observational data, we can
optimize the model’s parameters and enhance its reliability. Overall, our research provides
valuable insights into the understanding of the drift behavior of fish feed pollutants in
the Yellow Sea. The establishment of the empirical formula and the design of pollution-
avoiding routes contribute to effective pollution management and the planning of marine
activities in the region.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jmse11091710/s1, Figures S1–S40: Particle distribution after
15 days of model run. Red dots represent the initial release points on June 16th at positions 1, 2, 5,
and 6, while black dots indicate particle positions after a 15-day model simulation.

https://www.mdpi.com/article/10.3390/jmse11091710/s1
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