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Abstract: Annually, hundreds of individuals tragically lose their lives at sea due to shipwrecks or
aircraft accidents. For search and rescue personnel, the task of locating the debris of a downed
aircraft in the vastness of the ocean presents a formidable challenge. A primary task these teams
face is determining the search area, which is a critical step in the rescue operation. The movement
of aircraft wreckage on the ocean surface is extremely complex, influenced by the combined effects
of surface winds, waves, and currents. Establishing an appropriate drift motion prediction model
is instrumental in accurately determining the search area for the wreckage. This article initially
conducts maritime drift observation experiments on wreckage, and based on the results of these
experiments, analyzes the drift characteristics and patterns of the debris. Subsequently, employing a
wealth of observational experimental data, three types of drift prediction models for the wreckage
are established using the least squares method. These models include the AP98 model, the dynamics
model, and an improved model. In conclusion, the effectiveness and accuracy of the three models is
evaluated and analyzed using Monte Carlo techniques. The results indicate that the probability of
positive crosswind leeway (CWL) is 47.4%, while the probability of negative crosswind leeway (CWL)
is 52.6%. The jibing frequency is 7.7% per hour, and the maximum leeway divergence angle observed
is 40.4 degrees. Among the three drift prediction models, the refined AP98 drift model demonstrates
the highest forecasting precision. The findings of this study offer a more accurate drift prediction
model for the search of an aircraft lost at sea. These results hold significant guiding importance for
maritime search and rescue operations in the South China Sea.

Keywords: maritime search and rescue; drift experiment; aircraft wreckage; drift prediction model

1. Introduction

On 1 June 2009, Air France Flight 447 from Rio de Janeiro to Paris met with an accident
over the Atlantic Ocean. The first debris was discovered on June 8 at sea, but it was not
until 2 May 2011 that the flight’s black boxes were located in the relevant maritime area. On
8 March 2014, Malaysia Airlines Flight MH370 from Kuala Lumpur to Beijing disappeared
over the southern Indian Ocean. The first piece of wreckage was not found until 29 July
2015, on the shores of Réunion Island, located in the western Indian Ocean. In marine
aviation disasters, the aircraft fuselage breaks into fragments, some of which sink to the
ocean floor, while others, being less dense than seawater, remain afloat. Locating these
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floating fragments is crucial for determining the crash area and facilitating the search for
the flight recorders [1–3].

Floating debris at sea undergoes a drift motion under the combined influence of wind,
waves, and ocean currents [4–8]. Establishing appropriate drift motion models is crucial for
accurately forecasting the drift trajectories of floating debris. In response to this need, schol-
ars have undertaken a series of research initiatives aimed at predicting the drift paths of
maritime floating debris. Kubota studied the accumulation mechanism of floating Marine
debris in the North Pacific Ocean, especially north of the Hawaiian Islands, and simulated
the sea surface currents composed of the Stokes drift, Ekman drift, and geostrophic current,
and the results showed that Marine debris gathered north of the Hawaiian Islands [9]. Mar-
tinez identified that debris in the South Pacific ultimately converges in the eastern–central
region of the South Pacific Subtropical Gyre [10]. Conversely, Dobler posited that consider-
ing the influence of the Stokes drift on floating objects, the accumulation area of debris in
the southern Indian Ocean would shift towards the South Atlantic [11]. Maximenko utilized
five different ocean models to simulate the movement of debris from the 2011 Japanese
tsunami, finding that the trajectories of the floating debris varied under different wind
speed conditions [12]. Following the Malaysia Airlines Flight MH370 disaster, scholars
from various countries extensively engaged in simulating the drift trajectory of the aircraft’s
wreckage in the search for the missing plane. Gao and colleagues developed a prediction
model for the drift trajectory of objects in the southern Indian Ocean based on the leeway
drift theory and the Monte Carlo method. They used three sets of wind drift coefficients to
predict the drift trajectory over 500 days. The predicted results were largely consistent with
the analysis of the surface drifting buoy trajectories, demonstrating the reliability of the
drift trajectory prediction model [13]. Jansen and colleagues proposed the use of numerical
simulations with high-resolution oceanic and meteorological data to predict the movement
of floating debris in accidents. They created different models by choosing various starting
positions and wind resistance parameters, combining these models into a superensemble
to predict the debris distribution at different times [3]. Durgadoo and colleagues utilized
a state-of-the-art ocean circulation model to simulate currents, combined with a surface
Stokes drift, to determine the potential paths of the debris. Their results highlighted the
significance of the Stokes drift and the buoyancy characteristics of objects in simulating
drift trajectories [14].

The aforementioned studies on the drift movements of floating marine debris have
predominantly been conducted under large-scale spatiotemporal conditions, with minimal
research focusing on the micro-level drift characteristics of the debris itself. The drift
characteristics of different maritime floating objects at sea are different, the most obvious
being that the coefficients in their drift models are quite different. These characteristics
can be ascertained through maritime experimental methods. In 1999, Allen and Plourde
pioneered the quantitative AP98 model, which is based on extensive maritime experimental
results. This model, parameterized by the wind speed and wind-induced drift angle,
established wind-induced drift equations for 63 types of search and rescue targets, including
marine and aviation debris, thereby creating a comprehensive database of wind-induced
drift characteristics for common search and rescue targets [15–17]. Based on a leeway
model, Breivik summarized experimental schemes for the direct and indirect observation
of drifting objects of different volumes, conducted field experiments on various types
of targets such as oil drums, mines, and falling containers, and studied the wind drift
coefficients of falling containers under different load ratios [18–21]. Brushett calibrated
the wind drift coefficients for three common types of small boats in the Pacific Islands
under downwind and crosswind conditions. They also conducted multiple experiments on
kayaks (5.8 m) under different load conditions, revealing that the wind drift coefficients of
kayaks varied between 7.71% and 4.40% for loads ranging from 1 to 13 persons [22]. Zhu
carried out drift experiments on typical nearshore fishing vessels using direct observation
methods, analyzing the drift characteristics and patterns of these vessels when unpowered
at sea [23]. It is evident that scholars have been conducting maritime drift experiments to
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study the drift characteristics and patterns of common sea-borne targets [24,25]. However,
there is still a relative scarcity of drift experiments for specific oceanic areas, especially
regarding floating debris, which necessitates further research in this area.

The South China Sea, a region of frequent human activity and high risk of maritime
accidents, necessitates conducting maritime drift experiments on floating debris. This re-
search will contribute to the development of more accurate drift prediction models, thereby
guiding maritime search and rescue efforts. This paper employs maritime experimental
methods to study the drift characteristics of floating debris in the South China Sea. Ini-
tially, a series of maritime drift experiments with two different sizes of floating debris
were conducted in the South China Sea to gather data on the drift characteristics of the
debris and marine environmental conditions. Subsequently, based on the comprehensive
maritime experimental data, three drift prediction models were established, including the
AP98 leeway model, a dynamic drift model, and an improved drift model. Finally, the
Monte Carlo technique was used to compare and evaluate the three drift prediction models,
identifying the optimal model for predicting the drift of floating debris at sea. The results
of this study provide technical support for predicting the drift of maritime floating debris
and hold significant importance for maritime search and rescue operations in the South
China Sea.

2. Theoretical Models and Methods
2.1. AP98 Leeway Model

In 1999, Allen and Plourde established the quantified AP98 model according to a
multitude of maritime experimental results [15]. This model indicates that different types
of floating objects at sea have distinct leeway characteristics. For most search and rescue
targets (with lengths smaller than the wavelengths of ocean waves), the force exerted
by the waves can be disregarded. The model rigorously defines ‘leeway’ as the drift
movement of an object caused by surface winds (at a height of 10 m) and surface currents
(0.3 to 1.0 m deep). The speed of the floating object can be represented as follows:

→
VO =

→
VF−current +

→
L (1)

where
→
VF−current is composed of the drift speed caused by surface currents, which is

generally equivalent to the speed of the surface currents, and
→
L represents the drift velocity

of the object induced by surface winds.
The early AP98 model struggled to accurately account for the variability in wind-

induced drift angles, especially at low wind speeds. In 2005, Allen refined the model
by decomposing the wind-induced drift velocity into two more robust components: the
downwind velocity (DWL) and the crosswind velocity (CWL), as illustrated in Figure 1.
He re-established the wind-induced drift equation accordingly. In this revised model, the
probability of the crosswind velocity CWL veering left (−CWL) or right (+CWL) is the
same [16].

In the AP98 model, the downwind velocity and the two perpendicular wind velocities
in relation to wind speed can be expressed using three linear functions. The model contains
nine parameters, representing the slope, intercept, and standard deviation for each of the
three regression equations. The expressions are as follows:

Ld = adVwind + bd + εd(DWL)
L+c = a+cVwind + b+c + ε+c(+CWL)
L−c = a−cVwind + b−c + ε−c(−CWL)

(2)

where Ld represents the component of the wind-induced drift velocity in the downwind
direction, while L+c and L−c denote the components of the wind-induced drift velocity on
the right and left side of the wind direction, respectively. These components are linearly
related to the wind speed Vwind (referenced at a height of 10 m). The parameters ad, bd, and
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εd represent the slope, intercept, and error term for the downwind direction component,
respectively. Similarly, a+c, b+c, ε+c, a−c, b−c, and ε−c are the coefficients for the crosswind
direction components.
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2.2. Dynamics Drift Model

The model simplifies the forces of waves and neglects acceleration, positing that the
motion of floating objects is influenced solely by ocean currents and wind. The part of the
object below the waterline is affected by ocean currents, while the part above the waterline
is influenced by wind forces. According to Newton’s third law of motion, when an object
drifts at a steady speed, these two forces should be equal and opposite, summing to zero.
The drift dynamics model can be represented by the following equation:

1
2 ρairCairSair

∣∣∣∣→Vwind −
→
VO

∣∣∣∣(→
Vwind −

→
VO

)
+ 1

2 ρwaterCwaterSwater

∣∣∣∣→Vcurrent −
→
VO

∣∣∣∣(→
Vcurrent −

→
VO

)
= 0

(3)

where
→
VO,

→
Vwind, and

→
Vcurrent, respectively, represent the drift velocity, wind velocity,

and current velocity. C is the drag coefficient, S denotes the cross-sectional area, and
ρ represents the density, with subscripts indicating air and water. From this, the following
can be derived:

→
VO =

1
1 + α

→
Vcurrent +

α

1 + α

→
Vwind (4)

Here, α =
√

ρairCairSair/ρwaterCwaterSwater. Let λ = 1/(1 + α), and formula (4) can be
expressed as follows:

→
VO = λ

→
Vcurrent + (1 − λ)

→
Vwind (5)

where λ represents the current-induced drift motion coefficient, while (1 − λ) is the wind-

induced drift coefficient. Given that
→
VO,

→
Vcurrent, and

→
Vwind in the above formula are

vectors, for the ease of applying the least squares method for linear regression, the data
for wind speed, current speed, and object speed are decomposed into components in the X
(east) and Y (north) directions. Therefore, when modeling, it is necessary to perform linear
regression separately for the coefficients in these two directions. The expression for the
drift speed of the object in the dynamic drift model is as follows:

→
VO =

→
VOx +

→
VOy

VOx = λxVcurrent−x + (1 − λx)Vwind−x
VOy = λyVcurrent−y +

(
1 − λy

)
Vwind−y

(6)
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2.3. Improved Drift Model

The leeway model calculates the leeway speed by considering the current speed as
the object’s current-induced drift velocity, neglecting the dissipation due to the drag force
exerted by the water flow. In reality, the drift velocity caused by the current is not consistent
with the current speed, leading to some error in the leeway drift model when calculating
the leeway speed. The dynamics model treats the object’s drift velocity as the vector sum
of the wind speed and current speed, deriving the coefficients affecting the current speed
and wind speed through linear regression. However, it does not accurately account for the
influence of wind speed on the drift direction, leading to imprecise predictions of the drift
direction. Based on these considerations, this paper proposes an improved leeway drift
model. The determination of the current-induced drift coefficient follows the approach of
the dynamic drift model, while the leeway coefficient is determined using the method of
the leeway drift model, resulting in more accurate calculations of the leeway velocity. The
improved leeway drift model is expressed as follows:

→
VO = k

→
Vcurrent +

→
L (7)

Here,
→
VO represents the object’s drift velocity,

→
Vcurrent is the current velocity,

→
L is the leeway

drift velocity, and k represents the drift coefficient derived from the dynamic drift mode.
The leeway drift velocity is the same as expressed in Equation (2).

2.4. Monte Carlo Method

The Monte Carlo method, which employs random numbers to solve computational
problems, is extensively used in computational physics, such as in particle transport calcu-
lations [26]. This paper utilizes the Monte Carlo method to simulate debris drift trajectories
based on three models.

The drift motion equation of the AP98 leeway model is as follows:

x(t) = x(t0) +
∫ t

t0

→
VO

(
t′
)
dt′ = x(t0) +

∫ t

t0

[→
Vcurrent

(
t′
)
+

→
L
(
t′
)]

dt′ (8)

The prediction equation for the drift trajectory in the dynamic model is as follows:

x(t) = x(t0) +
∫ t

t0

→
VO

(
t′
)
dt′ = x(t0) +

∫ t

t0

[
λ
→
Vcurrent

(
t′
)
+ (1 − λ)

→
Vwind

(
t′
)]

dt′ (9)

The prediction equation for the drift trajectory in the improved model is expressed
as follows:

x(t) = x(t0) +
∫ t

t0

→
VO

(
t′
)
dt′ = x(t0) +

∫ t

t0

[
k
→
Vcurrent

(
t′
)
+

→
L
(
t′
)]

dt′ (10)

In the equation, x(t) represents the position of the maritime distress target, t is the

drift time, t0 is the initial moment of drift, and
→
VO(t′) is the target’s drift velocity. When

applying the Monte Carlo method, each sample sets up 1000 particles for the simulation.
To account for the uncertainty caused by the errors present in leeway experiments, it is
necessary to perturb the leeway coefficients. The perturbation formula for the leeway
coefficient of the j th particle is as follows:

aj = a +
S y

x
τj

20
(11)

bj = b +
S y

x
τj

2
(12)

τj ∈ N(0, 1) (13)



J. Mar. Sci. Eng. 2024, 12, 357 6 of 16

In the formula, aj and bj represent the model coefficients for the j th particle, and τj
represents the coefficient perturbation for the j th particle, which is randomly selected from
a normal distribution with a mean of 0 and a variance of 1 during calculation. Additionally,
when using the Monte Carlo method to simulate the leeway drift model and the improved
drift model, it is necessary to set the probability of positive crosswind (POPC) and the
jibing frequency for the drifting target.

3. Maritime Drift Experiments

Drift experiments for debris were carried out in the waters of the Pearl River Estuary
in the South China Sea (approximately between 113.0◦ E to 114.0◦ E longitude and 21.2◦ N
to 22.0◦ N latitude). With the purpose of increasing the data amount and diversity of
experiment samples, two different-sized wooden planks were used to simulate floating
debris at sea. One piece of floating debris measured 1.5 m by 1.5 m, while the other
measured 1.0 m by 1.0 m. Figure 2 illustrates these two pieces of floating debris used in the
maritime drift experiment.
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Figure 2. The two pieces of debris used in the drift experiment.

During the debris drift experiment, the position of the experimental target and the
corresponding sea currents, surface wind, and waves at that location were observed simul-
taneously. The real-time drift position of the debris was acquired using the LS-TB300MM
(Shenzhen, China) tracking buoy. Sea currents were measured using a Nortek Signature
ADCP acoustic Doppler current profiler operating at a frequency of 500 kHz. Surface wind
data were observed using a 220WX weather station, and surrounding wave information
was gathered using the LS-TB300MM wave observation buoy. The observation equipment
is shown in Figure 3, and the relevant parameters of the observation equipment are listed
in Table 1. The positioning tracking buoy, installed on the experimental target, drifted
along with it, directly obtaining the target’s position information. The acoustic Doppler
current profiler was fixed on a custom-made boat following the experimental target to
collect surface current data from 0 m to 2 m. The multi-parameter weather station was
mounted on the survey boat, approximately 10 m above the sea’s surface, which followed
the experimental target to gather surface wind data. The wave observation buoy was
connected to the custom-made boat with a rope to observe wave information around the
experimental target. During the navigational observations, the relative distance between
each measuring device and the experimental target did not exceed 50 m.
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Table 1. Parameter table for observation equipment in the drift experiment.

Instruments
Sampling Frequency (Hz) Speed Measurement Range (m/s) Speed Accuracy (cm/s)
Sampling Average (min) Direction Measuring Range (◦) Direction Accuracy (◦)

Nortek Signature ADCP 1.0 Hz
10 min

±20 m/s
0◦–360◦

±0.5 cm/s
±2◦

AirMar 220WX weather
station

1.0 Hz
10 min

0–40 m/s
0◦–360◦

±100 cm/s
±2◦

FDW-I small wave
observation buoy

1.0 Hz
10 min

/
0◦–360◦

/
±5◦

LS-TB300MM
Tracking buoy

1.0 Hz
10 min

/
/

Positioning accuracy:
±2.5 m

The specific steps of the debris drift experiment are as follows:

(1) Pre-experiment preparations: The acoustic Doppler current profiler is installed in
the mounting hole of the custom-made boat, and the wave observation buoy is
connected to this boat using a rope. The multi-parameter weather station is installed
on the survey boat at a windward position, approximately 10 m above the water. All
observation equipment is adjusted and calibrated to ensure their proper functioning.

(2) The survey boat, carrying the experimental targets and observation equipment, de-
parts from the port and heads to the predetermined location. The boat’s GPS is used
to record the course. Upon reaching the designated station, the boat anchors to stabi-
lize, and the initial position information of the survey boat (GPS) is recorded, along
with the measurement of water depth. The two pieces of debris and the positioning
tracking buoy are then lowered into the water, followed by the deployment of the
custom-made boat equipped with the acoustic Doppler current profiler. This custom
boat is connected to the survey boat using a rope and released to a distance of 10–20 m
from the survey boat to eliminate the disturbance caused by the boat itself.

(3) The survey boat lifts anchor to commence the navigational observations. The position-
ing tracking buoy sends back the position data of the debris every 10 min. The ADCP
(Acoustic Doppler Current Profiler) observes from the surface downward at every
0.5 m, with a sampling interval of 60 s, and collects a set of current data every 10 min.
The multi-parameter weather station gathers a set of wind speed and direction data
every minute. The wave observation buoy monitors the wave height, direction, and
period, with a sampling interval of 60 s.

(4) After 13 h of continuous observation, the on-site tracking of the debris concludes.
The measuring equipment is then retrieved, cleaned of any surface residues, and the
survey boat returns to the harbor. Upon reaching the shore, the data from the posi-
tioning tracking buoy, ADCP, multi-parameter weather station, and wave observation
buoy are immediately reviewed and replayed. These data are thoroughly checked,
recorded, and preserved for future reference.
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(5) To obtain a longer drift trajectory of the debris, the navigational observations are
ceased, but the debris continues to drift, with its position data still being recorded.
Simultaneously, coastal radars and marine weather stations continue to monitor the
marine environment in the area of the sea trial where the debris is located. Eventually,
four debris drift trajectories are obtained, as shown in Figure 4.
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4. Results and Analysis
4.1. Analysis of Experimental Results

During the debris drift experiment, the variation over time in the drift speed of the
debris, along with the concurrent sea current speed and wind speed, is illustrated in Figure 5.
It is observed that the range of the current speed fluctuates between 0.2 and 0.6 m/s,
showing relatively stable changes, while the wind speed varies more dramatically, ranging
from 1.0–8.0 m/s. The drift speed of the debris varies between 0.2 and 0.7 m/s, generally
aligning with the pattern of current speed changes. The experiment also analyzed the drift
direction of the debris, along with the concurrent sea current and wind directions over
time, as shown in Figure 6. The overall drift direction of the debris and the sea current is
predominantly southwest, while the wind direction initially blows towards the southeast
and later shifts to the southwest. It is also noted that when the current direction and the
wind direction are not aligned, the drift speed of the debris is lower than the current speed;
conversely, when they are aligned, the debris drift speed exceeds the current speed.

Four effective trajectories were identified for the debris, and after decomposing the
experimental data into 10-min averages, 393 valid samples were obtained. According to the
change in the leeway direction, the numbers of positive and negative CWLs were tallied.
Among these, the number of instances where the leeway drift vector of the debris veered
right of the downwind direction was 186, accounting for 47.4% of cases. The instances of
veering left of the downwind direction were 207, comprising 52.6% of cases, indicating that
the probabilities of positive and negative CWLs are both close to 50%. The tracking buoy
was used to record the drift track, velocity, and direction of debris in the drift experiment.
The dynamics governing the CWL sign change, as the physical factors affecting the change
may be numerous and subtle, and in general, were not directly measured during the leeway
experiments. To further study the variations in the CWL direction, a statistical method
was used to obtain the jibing frequency of the debris based on the drift sample data. The
determination of downwind jibing events was based on relatively strict criteria, requiring
the fulfillment of two conditions: (1) the CWL direction changes to the opposite side of
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the wind direction; (2) before and after the change, the CWL remains stable in the same
direction for more than 20 min. Based on these criteria, the jibing frequency of the debris
was found to be 7.7% per hour. The maximum leeway divergence angle was statistically
determined to be 40.4◦, representing the characteristic range of the leeway angle.
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4.2. Calibration Results of Model Parameters

Before calibrating the parameters of the wind drift model, the initial task is to convert
the start and end position coordinates of the debris within ten-minute sample intervals to
calculate the debris’s drift velocity. After eliminating the influence of the current speed on
the debris drift, the leeway velocity L and the wind deviation angle are obtained. From
a vector decomposition of L, the DWL and CWL components are derived. Using the
least squares method, linear fits are performed between the ten-meter wind speed and
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the DWL and CWL components, with their 95% confidence intervals being ±2Sy/x. The
linear regression results of the debris wind drift model parameters are shown in Figure 7.
The results indicate that both the DWL and CWL exhibit a strong linear relationship with
the ten-meter wind speed. The corresponding calibration results of the model parameters
are shown in Table 2. It is observed that, across all samples, the ten-meter wind speed
ranged between 1.5 m/s and 13 m/s. The downwind, wind-induced drift speed DWL
varied from 0 to 0.3 m/s, with a slope of 2.41% obtained from constrained linear regression
and a fitting residual of 3.09 cm/s. In contrast, the slope from unconstrained regression
was 2.09%, with an intercept of 2.94 cm/s and a fitting residual of 2.90 cm/s, indicating
that the unconstrained regression results are more optimal. The right-deviating, crosswind-
induced drift speed +CWL ranged from −0.03 to 0.13 m/s. The slope from the constrained
linear regression was 0.74%, significantly lower than the fit slope between the DWL and
ten-meter wind speed, with a fitting residual of 2.87 cm/s. The unconstrained regression
yielded a slope of 0.77%, an intercept of −0.28 cm/s, and a fitting residual of 2.86 cm/s,
again showing that unconstrained regression results are more optimal. The left-deviating,
crosswind-induced drift speed −CWL varied from −0.25 to 0.05 m/s. The slope from the
constrained linear regression was −1.36%, significantly lower than the fit slope between the
DWL and ten-meter wind speed, with a fitting residual of 4.34 cm/s. The unconstrained
regression produced a slope of −2.26%, an intercept of 8.45 cm/s, and a fitting residual of
3.69 cm/s, indicating that the unconstrained regression results are more optimal.
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Figure 7. Linear regression results in the AP98 model for the wind-induced drift velocity of debris (a),
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Table 2. Calibration results of the AP98 model parameters for debris.

Constrained Unconstrained

a (%) Sy/x (cm/s) a (%) b (cm/s) Sy/x (cm/s)

Leeway 2.70 3.25 2.49 1.91 3.18
DWL 2.41 3.09 2.09 2.94 2.90

+CWL 0.74 2.87 0.77 −0.28 2.86
−CWL −1.36 4.34 −2.26 8.45 3.69
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By substituting the results of the unconstrained linear regression back into the wind
drift effect model, the relationship between the debris wind drift speed and the ten-meter
wind speed can be established. The resulting debris AP98 wind drift effect model is
as follows:

→
VO =

→
Vcurrent +

→
L

→
L =

→
L d +

→
L c


→
L d = 2.09%W10mwind + 2.94/100

→
L c+ = 0.77%W10mwind − 0.28/100

→
L c− = −2.26%W10mwind + 8.45/100

(14)

Based on the drift trajectories of maritime distress targets and synchronous obser-
vations of wind and currents, the parameters of the debris drift dynamics model were
calibrated. The linear regression results of the model parameters are shown in Figure 8. It is
observed that in all samples, on the east–west (X) axis, the drift speed of the debris is mostly
negative, reaching up to about −0.4 m/s, corresponding to the 10 m high sea surface wind
and sea water flowing westward. On the north–south (Y) axis, the debris drift speed, the
10 m high sea surface wind, and sea water are predominantly southward. On both axes, the
debris drift speed shows a strong linear relationship with the 10 m high sea surface wind
and sea surface current speed, exhibiting a good fit overall. The corresponding calibration
results of the model parameters are shown in Table 3. In both the X and Y directions, the
impact coefficients of the 10 m high sea surface wind are less than 0.03, while the impact
coefficients of the sea surface current are more than 0.97, indicating that the influence of the
sea surface current on the debris drift is much greater than that of the 10 m high sea surface
wind. On the north–south (Y) axis, the RMSE (root mean square error) is about 0.038, more
than half less than on the east–west (X) axis, suggesting a better fit on the north–south
(Y) axis.
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Figure 8. Regression results of debris drift velocity in relation to the 10 m high sea surface wind
speed and sea surface current speed (a) in the east–west (X) direction and (b) in the north–south
(Y) direction.

Table 3. Fitting parameters of the debris drift dynamics model.

Object Direction λ-Value R-Square RMSE

Wreckage X 0.9901 0.4225 0.0848
Y 0.9728 0.9743 0.0381

Based on the calibration results of the parameters, the drift dynamics model for the
debris is as follows: 

→
VO =

→
VOx +

→
VOy

VOx = 0.9901Vcurrent−x + 0.0099Vwind−x
VOy = 0.9728Vcurrent−y + 0.0272Vwind−y

(15)
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Here, VOx and VOy represent the components of the debris drift velocity in the east–west
and north–south directions, respectively. Vcurrent−x and Vcurrent−y are the components of
the current speed in the east–west and north–south directions, respectively. Similarly,
Vwind−x and Vwind−y correspond to the components of the wind speed in the east–west and
north–south directions, respectively.

The parameters from the above-mentioned drift dynamics model are substituted into
Equation (6) to calculate the new leeway velocity. Then, a least squares linear regression
is adopted between this new leeway velocity and the wind speed. The linear regression
of the debris leeway velocity, DWL, and CWL with respect to the ten-meter wind speed
and their 95% confidence level statistics are shown in Figure 9. The results indicate that
both the DWL and CWL have a strong linear relationship with the ten-meter wind speed.
Similarly, the results from the unconstrained regression are more optimal than those from
the constrained regression. The corresponding calibration results of the model parameters
are presented in Table 4.
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Figure 9. Linear regression results in the improved model for the wind-induced drift velocity of
debris (a), DWL component (b), +CWL component (c), and −CWL component (d) in relation to wind
velocity at a height of ten meters. The red solid line represents the fit line with no constraints, the
green solid line represents the constrained fit line, and the dashed lines indicate the 95% confidence
interval range.

Table 4. Calibration results of the improved model parameters for debris.

Constrained Unconstrained

a (%) Sy/x (cm/s) a (%) b (cm/s) Sy/x (cm/s)

Leeway 2.73 3.24 2.49 2.17 3.14
DWL 2.44 3.12 2.09 3.17 2.90

+CWL 0.74 2.92 0.76 −0.18 2.92
−CWL −1.34 4.24 −2.24 8.41 3.53
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By substituting the results of the unconstrained linear regression back into the im-
proved model, the formula for the improved debris model is as follows:

→
VO =

→
VOx +

→
VOy

VOx = 0.9901Vcurrent−x + Lx
VOy = 0.9728Vcurrent−y + Ly


→
L d = 2.09%W10mwind + 3.17/100

→
L c+ = 0.76%W10mwind − 0.18/100

→
L c− = −2.24%W10mwind + 8.41/100

(16)

5. Comparison and Discussion

The Monte Carlo method is employed to simulate the drift trajectories of floating
debris, so as to validate the effectiveness of the drift models. When simulating particle
trajectories using the established drift prediction models, the probability of +CWL for
the debris is set at 47.4%, and the probability of −CWL is set at 52.6%, based on the
characteristics of the debris drift. Of 1000 random particles, 474 are used to simulate
particle drift trajectories with +CWL, while the remaining 526 simulate trajectories with
−CWL. Additionally, the frequency of debris jibing is set at 7.7% per hour. The calculation
of particle drift trajectories uses Equations (8)–(10). Perturbations in the leeway coefficients
of the particles are calculated using Equations (11)–(13).

Two real trajectories from the debris drift experiment are selected for comparative
analysis, corresponding to Case 1 and Case 2. The results of the Monte Carlo simulations
for random particles in Case 1 are shown in Figure 10, and for Case 2, in Figure 11. The
simulation results indicate that, in the AP98 leeway model and the improved model, due
to the CWL direction being divided to the left and right sides of the wind speed, particles
are distributed on both sides of the actual trajectory. In contrast, the particle trajectories
simulated by the drift dynamics model always follow a single path. Moreover, with the
passage of time, the simulation error and the search area gradually increase. The average
hourly deviation between the simulated random particles and the actual trajectory in Case 1,
as well as the final average deviation, are presented in Table 5. After 10 h, the average drift
deviation for the debris in the AP98 model was 0.46 km, in the dynamic model, was 0.68 km,
and in the improved model, was 0.44 km. The improved model outperformed both the
AP98 leeway model and the dynamic model in simulating debris drift. The average hourly
deviation between the simulated random particles and the actual trajectory in Case 2, as
well as the final average deviation, are presented in Table 6. After 10 h, the average drift
deviation for the debris in the AP98 model was 1.72 km, in the dynamic model, was 1.91 km,
and in the improved model, was 1.64 km. The improved model also showed a superior
performance in simulating debris drift in Case 2 compared to the AP98 leeway model and
the dynamic model. Combining the simulation results of the two models in both Case 1
and Case 2, it is observed that the improved model’s accuracy in simulating debris drift is
higher than those of the AP98 leeway model and the dynamic model.

Table 5. The average distance error (km) between the simulated trajectories and the true trajectory in
Case 1.

1H 2H 3H 4H 5H 6H 7H 8H 9H 10H Ave

AP98 0.26 0.37 0.50 0.47 0.41 0.38 0.41 0.48 0.63 0.67 0.46
Dynamics 0.23 0.17 0.20 0.28 0.44 0.67 0.83 1.18 1.21 1.57 0.68
Improved 0.26 0.36 0.49 0.45 0.39 0.36 0.39 0.47 0.61 0.67 0.44

Table 6. The average distance error (km) between the simulated trajectories and the true trajectory in
Case 2.

1H 2H 3H 4H 5H 6H 7H 8H 9H 10H Ave

AP98 0.26 0.71 1.06 1.51 1.89 2.18 2.13 2.25 2.56 2.89 1.72
Dynamics 0.28 0.72 0.99 1.40 1.96 2.23 2.58 2.75 2.97 3.26 1.91
Improved 0.26 0.70 1.03 1.46 1.74 2.04 2.11 2.20 2.35 2.54 1.64
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Figure 11. The trajectory simulation results of the Monte Carlo simulations for random particles in
Case 2 (the true trajectory is plotted in red, the simulation results of the leeway drift model are plotted
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6. Conclusions

In this paper, a series of drift experiments were carried out in the South China Sea to
study the drift characteristics and drift models of floating debris. Some drift characteristics
of the debris were obtained. The probability of positive crosswind leeway (CWL) was
47.4%, while the probability of negative crosswind leeway (CWL) was 52.6%. The jibing
frequency was 7.7% per hour, and the maximum leeway divergence angle was 40.4 degrees.
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Based on extensive experimental data, nine coefficients for the debris’s AP98 model, four
coefficients for the dynamics model, and nine coefficients for the improved model were
determined using the least squares method. For the AP98 model, the downwind slope,
intercept, and standard error were 2.09%, 2.94 cm/s, and 2.90 m/s, respectively, while the
coefficients for right- and left-side winds were: 0.77%, −0.28 cm/s, and 2.86 cm/s and
−2.26%, 8.45 cm/s, and 3.69 cm/s. The coefficients for the drift dynamics model were
divided into the X and Y directions, with the λ_X at 99.01% and the λ_Y at 97.28%. The
improved model’s downwind slope, intercept, and standard error were 2.09%, 3.71 cm/s,
and 2.90 cm/s, respectively, and the coefficients for the right- and left-side winds were
0.76%, −0.18 cm/s, and 2.92 cm/s and −2.24%, 8.41 cm/s, and 3.53 cm/s. Three types of
marine debris drift prediction models were finally established. The Monte Carlo technique
was used to evaluate these three drift prediction models, finding that the improved model’s
predictive accuracy was higher than that of the AP98 leeway model and the dynamic model.
Overall, the three debris drift prediction models established in this paper can be directly
used to guide the search for floating debris in the South China Sea.
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