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Abstract. Localisation of drifting objects and lost at sea persons is an integral part of search and rescue
(SAR) missions. It is thus important to possess effective tools to determine the trajectory of such objects. The
method currently used presents some limitations and may prove imprecise in certain cases. The development
of a new method based on CFD-generated drag and lift polars is therefore investigated as an alternative. This
approach is implemented in a simplified manner for a 40-feet container, and the results compared to the
method currently in use. These results, though improvable, appear promising and prove the potential of this
approach.

Résumé. La localisation des objets flottants et des personnes à la dérive est une part importante des missions
de sauvetage en mer, il est dès lors important de disposer d’outils efficaces pour déterminer la trajectoire de
tels objets. La méthode actuellement employée présente certaines limitations et peut s’avérer imprécise. Le
développement d’une nouvelle méthode basée sur l’utilisation de polaires de coefficients aérodynamiques
calculés à l’aide d’outils de mécanique des fluides numérique est considéré en tant qu’alternative. Cette
approche est mise en œuvre pour un conteneur standard. Ces premiers résultats bien que perfectibles
semblent prometteurs et témoignent du potentiel de cette approche.
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1. Introduction

Floating objects drifting at sea encompass a wide variety of cases ranging from person in water, oil
spill and shipping containers to life raft and other types of craft [1]. Depending on their nature,
they may warrant search and rescue (SAR) operations if lives are in jeopardy or if they pose a
serious threat to either the safety of ship traffic or to the environment. As such, conducting SAR
operations is an integral part of the mission of Maritime Rescue Coordination Center (MRCC)
around the globe.

The most recent SAR operational models such as MOTHY (Modèle Océanique de Transport
d’Hydrocarbures) for the French MRCC [1], CANSARP (Canadian Search and Rescue Planning
Program) for the Canadian Coast Guards [2] and SAROPS (Search and Rescue Optimal Planning
System) for the United States Coast Guards [3] make use of environmental data (namely wind and
current) stemming from prediction models and object-specific drift properties obtained by the
“leeway field method” [4] in order to compute drift trajectories which are then combined through
stochastic methods in order to generate a search area. For more details regarding SAR history or
forcing fields see [5].

Although the leeway field method has been improved over the years by the introduction of
a rigorous definition, the decomposition in downwind and crosswind leeway, and the advent of
the “direct method” permitted by improving measurement devices [6, 7], it still remains tainted
by uncertainties which are then passed onto the SAR model. This can result in incorrect or rapidly
expanding search area, especially considering that SAR models are also subject to uncertainties
from current and wind fields.

In this paper we will present a new method to determine drift properties of floating objects
using CFD-generated polar coefficients (hereafter referred to as the “polar-based method”) and
compare it to the leeway field method on a 40-ft shipping container.

Section 2 presents a definition of the leeway and a brief overview of the leeway field method as
well as the method to determine a search area. It also provides a brief summary of the shortcom-
ing of these methods. Section 3 describes the proposed polar coefficients-based method and its
application to the 40-ft container. Section 4 presents results hailing from the polar-based method
and discuss them in regard to existing literature.

2. Leeway and the leeway field method

2.1. Principle of the leeway

We will retain in the rest of this work the definition of leeway given by Allen and Plourde in 1999 [6]
and illustrated in Figure 1(a):

Leeway is the motion of the object induced by wind (10 m reference height) and waves relative
to the ambient current (between 0.3 and 1.0-m depth).

Historically, leeway was expressed by its norm L and the angle to wind (or leeway angle) Lα.
The decomposition in its downwind DW L and crosswind CW L components as presented in
Figure 1(b) is now preferred as it appears more accurate [7]. Unlike the DW L which has a fixed
direction, the CW L has two possible directions. A leeway to the “right” of the downwind direction
is designated as positive and a leeway to the “left” of the downwind direction is designated as
negative. A sudden change in the sign of the CW L is possible and called a “jibe” [8].
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Figure 1. Definition and decomposition of the leeway. (a) Relationship between ship’s
speed ~V , ambient current ~Uamb and leeway ~L. (b) Decomposition of the leeway ~L into its
downwind ~DW L and crosswind ~CW L component.

The norm of the leeway and its components is assumed to depend linearly on the wind
measured 10 m above water W10 [4] which results in (1) and (2).

DW L = aD ·W10 +bD (1)

CW L = aC ·W10 +bC . (2)

The aim of the leeway field method is to determine the dimensionless leeway coefficients aD

and aC and the offset coefficients (in m·s−1) bD and bC as well as their respective uncertainties.

2.2. Application

2.2.1. The leeway field method

The leeway field method relies on field experiments where the object whose leeway coeffi-
cients are to be determined is put adrift and subsequently monitored to determine its coordi-
nates as well as the ambient current and wind. The speed of the object relative to the surface cur-
rent is determined from the reading of the trajectory and the ambient current. This relative speed
is then compared to the wind speed and the various leeway coefficients are obtained by linear
regression [9].

Two different approaches have been used in the leeway field studies [6], described as the
“indirect” and “direct” methods based on the way the ambient current was determined. While
the indirect method made use of current drifters to estimate the ambient current, the direct
method uses current sensors directly attached to the studied object. Due to its higher precision,
the direct method has supplanted the indirect method [5]. For more details regarding the leeway
field method see [4].

2.2.2. Determination of a search area

SAR operational models use a Monte-Carlo-based simulator to generate a probability distri-
bution for the object’s location. This probability distribution is the result of the superposition of
different weighted scenarios; each scenario corresponding to the simulation of several thousand
particles [3].

The simplest drift scenario is defined by the last known position and the associated time. The
position and the position uncertainty are used to create a bivariate normal distribution for the
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starting position of the drift and a normal distribution is also made for the starting time. Random
draws are then made to determine where and when each particle starts its drift.

The velocity of the particle is then equal to the sum of the current velocity and the leeway.
The current velocity at the particle location for each time step is derived from the environmental
data and a perturbation is added in the form of a random draw from a normal distribution. The
downwind and crosswind leeway vary linearly with the wind velocity, which is obtained from
the environmental data. The downwind and crosswind slope are set once for each particle via a
random draw accounting for standard deviation in the leeway coefficients.

The initial crosswind leeway direction is random, and a jibe probability is added with an
exponential law. If the crosswind leeway is important and the jibe probability is low, two high
probability areas can appear in the distribution depending on the initial direction of the CW L [7].
Jibing is a complex phenomenon for which data are scarce [10], but it is important in SAR models
as it can alter the search area in a significant way [11].

2.3. Shortcoming

In addition to a high cost resulting from the need to conduct a measurement campaign at sea,
this method is subject to many uncertainties, especially on the measurement of current. The
draught can vary greatly between objects, ranging from less than a meter for a life raft to more
than 10 m for large cargo ships. Since the current can vary greatly in the first meter of the ocean
due to wind and wave-induced current, the value chosen for the reference current is critical,
especially for objects with either an extremely shallow draught (less than 0.3 m) or particularly
deep draught (more than 10 m). This can lead to strong uncertainties during the linear regression,
with correlation coefficients that can be inferior to 0.5, especially for the CW L [8].

It also has to be noted that a wide range of weather conditions will lead to more robust results.
However, since trials are conducted in a specific area at a specific time, they may not always cover
a wide range of conditions.

Furthermore, this method accounts only indirectly for inertia. The leeway coefficients repre-
sent a mean over the duration of the field trial which includes steady and unsteady phase, but the
object is thus supposed to be always at equilibrium. For large objects which are slower to reach
equilibrium, this could induce higher uncertainties for short drift durations.

Finally, the initial heading is not accounted for but it could permit to determine the initial
sign of the CW L. Although the initial heading is only available for ships fitted with Automatic
Identification System (AIS), it may in certain case have a significant impact on the probability
distribution, thus avoiding the existence of two distinct high probability areas.

3. Polar-based method

We will now present the polar-based method and apply it to a 40-ft shipping container (12.192
m length by 2.438 m breadth by 2.591 m height). This object has been chosen because it has
been frequently studied by the leeway field method [8, 9]. It also presents interesting geometric
properties which will make the study easier.

The polar-based method does not focus on determining the leeway directly, but rather on
determining the object’s speed, heading and course. This is done using Newton’s second law of
motion.

This approach to estimate the leeway has been done previously by Daniel et al. for a con-
tainer [12]. However they considered that the lift force was negligible and did not account for the
impact of the angle of incidence of the wind and current.
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Figure 2. Overview of the forces exerted on the system and meteorological parameters.
(a) Relationship between the ship’s speed ~V and heading φ, and the fluid’s true speed ~u,
apparent speed ~ua and angle of incidence θu . The frame of reference (~eu ,~e⊥u ,~k), relative
to the fluid is introduced as well as the drag force ~FD,u and lift force ~FL,u . (b) The wind ~W
and current ~U profile are presented as well as their relationship with the 10-m wind ~W10

and ambient current ~Uamb. In general these vectors are not collinear. The ship’s centre of
buoyancy CB and centre of gravity CG are also depicted, along with the associated buoyancy
force ~B and weight force ~P .

3.1. Theory

3.1.1. Forces involved

We will consider
∑
~F the sum of forces,

∑
~T the sum of torques, m the mass of the object, J its

moment of inertia, ~a the acceleration and ~α the angular acceleration. Newton’s second law can
then be broken into translational terms (3) and rotational term (4).∑

~F = m~a (3)∑
~T = J~α. (4)

The forces exerted on the object are its weight ~P , the buoyant force ~B , the Coriolis force and the
forces generated by the action of the wind on the emerged part, by the current on the immersed
part, and by the waves [13].

As the object is floating, the weight and the buoyant force cancel each other (see Figure 2b).
The Coriolis force is considered as negligible on the study scale in regard to the other forces. The
influence of waves can be divided into the wave-induced currents or Stokes drift and the wave
forcing on the object [14]. The wave forces acting on the object will not be considered as they
are negligible for objects less than 30 m in length [10]. This is also the case for most models [5],
even though formulas regarding the drift velocity in waves have been proposed by Le Boulluec
et al. [15]. We will however try to account for the wave-induced currents by including the Stokes
drift.

For simplification, it was decided to neglect pitch, roll and heave. The movement is thus
reduced to three degrees of freedom: translation along the axes i and j and rotation around the
k axis.

As a result, the only forces being applied on the system are those resulting from the direct
action of the wind and current on the object. We will thus adopt the standard decomposition into
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a drag force and a lift force. Contrary to what is observed in the case of airplanes, the lift force is
not oriented vertically but rather horizontally. This is common when dealing with sails [16].

After this decomposition we are left with four forces and two torques (5), (6). They are as
follows: the drag force on the emerged part ~FD,air, the drag force on the immersed part ~FD,water,
the lift force on the emerged part ~FL,air, the lift force on the immersed part ~FL,water, the resulting
torque on the emerged part ~Tair and the resulting torque on the immersed part ~Twater.∑

~F = ~FD,air +~FD,water +~FL,air +~FL,water (5)∑
~T = ~Tair +~Twater. (6)

We will use the general formulation of a drag or lift force (7). The fluid density ρ will be taken
equal to 1.289 kg·m−3 for the emerged part and 1025 kg·m−3 for the immersed part. The speed of
the object relative to the fluid ua (see Figure 2a) will be either the apparent wind or the apparent
current. The cross-sectional area S and drag or lift coefficient C will depend on the object and its
immersion rate.

F = 1
2ρSC |~ua |2. (7)

By analogy we will use the same formula for the torque (8). In this case however a characteristic
length l has to be added to keep C dimensionless. This characteristic length was set to 6.096 m,
or half the length of a 40-ft container.

T = 1
2ρSlC |~ua |2. (8)

As denoted in Figure 2(b), ~ua depends on the height z. This prompts us to introduce simplified
formula for the wind and the current profile that will be developed in Section 3.1.2. Furthermore,
as denoted in Figure 2(a) the drag, the lift and the torque depend on the angle of incidence of
the flow θu . As such, we will have to use polars of drag, lift and torque coefficient, which we
will introduce in Section 3.1.3. Finally, the cross-sectional area also varies depending on θu . For
simple geometries it is not an issue, but for more complicated objects it may be advisable to
directly compute a dimensional coefficient.

3.1.2. Wind profile and surface current

Our method requires both a wind profile and a current profile, as there can be significant
variations in speed close to the air–water interface due to shearing. However, the leeway field
method only takes into account the wind measured at 10 m above water (W10), which is the
standard for wind model, and the current measured somewhere between 0.3 and 1 m. In order to
make comparisons we have thus to determine a wind and a current profile using only these two
parameters.

We implement a logarithmic wind profile W (z) in order to take into account the friction with
the ocean surface [17]. We thus have equation (9) with z0 the roughness coefficient of the sea
surface.

W (z) =W10

ln
(

z
z0

)
ln

(
10
z0

) . (9)

There are several formulas to calculate z0, in particular Charnok’s formula [17] but these
formulas all require information on the sea state which we do not have in the simulation. We
will therefore take z0 = 0.00002 as an average value for an open sea.

For the current profile, we consider an ambient current which is constant over the immersion
depth and corresponds to the current used in the leeway method and we add the surface current
generated by the force of the wind. As such, ~U = ~Uambient+~Usurface. The surface current generated
by the wind can be further decomposed into the Stokes current and the Lagrangian current [18].
The Lagrangian current being relatively constant over the typical depth of the draft of the objects
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Figure 3. Dimensionless polar of coefficients for a 40-ft container.

considered, it will be counted as being part of the ambient current. We are thus left with the
Stokes current which decreases sharply with depth and can have an impact greater than wind
drag on a surface drifter [19]. In order to keep the model relatively simple, we use the following
equation (10) given by Kenyon [20].

Usurface(z) = 3.58.10−2W (19.5)e
−3.93(g z)1/2

W (19.5) . (10)

The surface current ~Usurface has the same orientation as the wind ~W , but not in general the
ambient current. As a result, the orientation of the global current ~U varies depending on the
depth z.

3.1.3. Polars

The numerical model used in this study was developed considering previous work by Kaidi et
al. [21] and Razgallah et al. [22].

The container was modelled as a parallelepiped with a length of 12.192 m, a height of 2.591 m,
and a width of 2.438 m. The container was placed within a larger domain of fluid to avoid the
influence of boundaries. For limit condition we applied a velocity inlet with a unitary value of
1 m·s−1 and a pressure outlet, the other boundaries (sides, bottom and top) were set as symmetry
conditions. Tests were performed using the StarCCM+ software by solving the steady Navier–
Stokes equation. To reduce computation time the free surface was neglected and the container
was supposed completely emerged. Polars were determined by rotating the container over 360°
with a 15° step. As a unitary velocity was used, dimensionless coefficients are then directly
obtained considering the fluid density ρ and the projected surface S.

The drag polar CD (θ), the lift polar CL(θ) as well as the polar for the resulting yaw moment of
these two forces CT (θ) are presented in Figure 3.
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3.1.4. Equations

To account for the variation of both the fluid’s velocity and orientation depending on z we will
integrate (7) and (8) along the~k axis. This requires to define a cross-sectional area depending on
both the heigth z and flow incidence at that height θ(z). Furthermore the drag, lift and torque
coefficients must also be modified to account for this. For the 40-ft container, this can be done by
dividing all these coefficients by the air draft or water draft. If H is the total height of the container
and I its immersion rate, then the air draft is (1− I )H and the deep draft is I H .

By taking these new parameters into account, we can thus give a detailed formula for all forces
and torque (11)–(16).

~FD,air = 1

(1− I )H

∫ (1−I )H

0

1

2
ρair S(θair(z)) CD (θair(z)) | ~W (z)−~V |2 ~eair(z)dz (11)

~FD,water = 1

I H

∫ 0

−I H

1

2
ρwater S(θwater(z)) CD (θwater(z)) | ~U (z)−~V |2 ~ewater(z)dz (12)

~FL,air = 1

(1− I )H

∫ (1−I )H

0

1

2
ρair S(θair(z)) CL(θair(z)) | ~W (z)−~V |2 ~e⊥air(z)dz (13)

~FL,water = 1

I H

∫ 0

−I H

1

2
ρwater S(θwater(z)) CL(θwater(z)) | ~U (z)−~V |2 ~e⊥water(z)dz (14)

~FT,air = 1

(1− I )H

∫ (1−I )H

0

1

2
ρair S(θair(z)) CT (θair(z)) | ~W (z)−~V |2 ~k dz (15)

~FT,water = 1

I H

∫ 0

−I H

1

2
ρwater S(θwater(z)) CT (θwater(z)) | ~W (z)−~V |2 ~k dz. (16)

These formulas are not general and can only be applied to the container (or another object
presenting the same geometrical properties).

3.2. Application to determine the leeway coefficients

The polar-based method can be applied in two different ways: either by solving (3) and (4) for~0
and looking for a stable equilibrium (the static method) or by integrating these equations over
time in order to plot a trajectory (the dynamic method). We will hereafter present both methods.

3.2.1. Static method

We assume that both ~W10 and ~Uambient are known in the inertial frame of reference R(O,~i ,~j ,~k).
Thanks to equations (9) and (10) we can determine ~W and ~U . We also assume that the immersion
rate I is constant and known.

We then consider the forces Fi ·~i = (
∑
~F )·~i , F j ·~j = (

∑
~F )·~j and T ·~k =∑

~T . These forces depend
solely on the speed of the object ~V and its heading φ (see Figure 2a).

Let us then introduce the tensor U (17) and its Jacobian matrix J (18).

U :

Vi

V j

φ

 7→
Fi (Vi ,V j ,φ)

F j (Vi ,V j ,φ)
M(Vi ,V j ,φ)

 (17)

J =



∂Fi

∂Vi

∂Fi

∂V j

∂Fi

∂φ

∂F j

∂Vi

∂F j

∂V j

∂F j

∂φ

∂M

∂Vi

∂M

∂V j

∂M

∂φ

 . (18)
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An equilibrium point is a triplet (Vi ,eq,V j ,eq,φeq) so that U (Vi ,eq,V j ,eq,φeq) = (0,0,0). Further-
more according to the Hartman–Grobman theorem if the eigenvalues λ1,λ2,λ3 of J at the point
(Vi ,eq,V j ,eq,φeq) are all negative or if their real parts are negative, the equilibrium is stable.

Let us then consider the stable equilibrium (Vi ,eq,stable,V j ,eq,stable,φeq,stable). The leeway coef-
ficients can be determined by using equations (1) and (2). If we assume that there is no offset (i.e.
bD and bC are null) we have a direct expression for aD (19) and aC (20). This would correspond
to a constrained regression in the leeway field method [8].

aD = DW L

W10
(19)

aC = CW L

W10
. (20)

The downwind (21) and crosswind leeway (22) can then be expressed depending on only V ,
Uamb and ~W10 if we consider Figure 1.

DW L = (~V − ~Uambient) ·
~W10

W10
(21)

CW L =
∣∣∣∣∣(~V − ~Uambient)−DW L

~W10

W10

∣∣∣∣∣ . (22)

Alternatively these coefficients can be regarded as coefficients specific to a wind and current
condition, thus eliminating the offset problem.

3.2.2. Dynamic method

For this method, the drift trajectory is calculated using an explicit Euler scheme (23)–(28).
A dissipation coefficient η expressing the percentage of angular velocity lost every second is in-
troduced in (27) to account for angular momentum dissipation caused by the lack of phenomena
such as waves and vortices.

ẋ(t +dt ) = ẋ(t )+ Fi dt

m
(23)

x(t +dt ) = x(t )+ ẋ(t +dt )dt (24)

ẏ(t +dt ) = ẏ(t )+ F j dt

m
(25)

y(t +dt ) = y(t )+ ẏ(t +dt )dt (26)

φ̇(t +dt ) = φ̇(t )(1−η)dt + T dt

J
(27)

φ(t +dt ) = θ(t )+ φ̇(t +dt )dt . (28)

The results from this method can then be interpreted by assuming that the position reached
after a sufficient number of steps is an equilibrium position. Leeway coefficients are then ob-
tained as in the static method.

Alternatively, it is possible to use a variable wind and current forcing and to consider the
trajectory as if it were the result of a leeway field experiment. This allows to account for a potential
offset.

4. Results

We applied our model to the 40-ft container and tested a vast array of both external parame-
ters (wind and current) and internal parameters (initial conditions, time step and dissipation
coefficient) to try and asses its performance. Results from these tests are presented hereafter in
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Table 1. The different equilibrium between 0° and 90° and 0 <Vi ,V j < 0.5 and their stability

Equilibrium point Eigenvalues of J Stability

φ (°) Vi (m·s−1) V j (m·s−1) λ1 (×104) λ2 (×104) λ3 (×102)

0 0.2957 0 −9.062 −8.854 12.40 Unstable
43.57 0.3376 0.2673 2.495 −2.286 11.09 Unstable
56.97 0.1988 0.1608 −2.549+3.459i −2.549−3.459i 2.757 Unstable
79.88 0.1854 0.08699 −2.464+1.691i −2.464−1.691i −1.962 Stable
90.00 0.2957 0 −1.203 1.680 3.766 Unstable

three independent subsections. The first section focuses on the determination of the leeway co-
efficients using the polar-based method and their comparison to results from the leeway field
method. In the second section we examine other characteristics of the leeway that have been ex-
perimentally documented. In the last section we apply our model to determine drift trajectory
directly.

4.1. Determination of the leeway coefficient for a 40-ft container at 70% of immersion

4.1.1. Application of the static method

We applied the static method on the 40-ft container at 70% immersion (I = 0.7) with no
ambient current and a west wind (positively along the x axis) of 10 m·s−1. Considering the
symmetries of the problem, we limited our study to φ = [0°;90°]. Indeed, since the container is
invariant by a 180° rotation we can limit ourselves to [0°; 180°]. As the problem would remain the
same if it were mirrored along the i axis we can once again restrict the range of study to [0°; 90°].
In this range five equilibria were found, they are presented in Figure 4.

The Jacobian matrix J (18) was then determined and diagonalised for each of these equilibria.
Only the one at 79.88° had all three of its eigenvalues strictly negative and is thus stable. Since we
considered a west wind, this corresponds to an angle of incidence θW10 of 10.12° for the 10-m
wind. The others all had a λ3 positive which suggests that they are unstable along φ. The results
are compiled in Table 1.

These equilibria can then be mirrored along the i axis to account for the symmetry in both
wind and current and so the transformation (Vi ,V j ,φ) 7→ (Vi ,−V j ,180 −φ) gives us the corre-
sponding equilibrium on [90°; 180°]. Accounting for the symmetry of the container, the transfor-
mation (Vi ,V j ,φ) 7→ (Vi ,V j ,φ+180) can then be applied and so the equilibria on [180°; 360°] are
known. All equilibria determined this way retain the same stability as their original counterpart.
In a more complex case with a current that is neither null nor collinear to the wind and an object
presenting no symmetry, the study must be conducted for all angles φ.

This way, we found four stable equilibria corresponding to a heading of 79.9° with leeway
coefficients aD = 1.854% and aC = 0.8699% (Figure 4d), its mirror at 100.1° with aD = 1.854%
and aC =−0.8699% and their respective symmetric at 259.9° and 280.1° with the same respective
leeway coefficients. There are thus two distinct stable equilibria which have the same downwind
coefficient, but opposite crosswind coefficient. This configuration with a crosswind leeway that
can be either to the “left” or the “right” of the downwind leeway and crosswind leeway coefficients
that are thus positive or negative is coherent with field observation [8].

However, since these coefficients were established using only one wind speed, their values
cannot be compared directly with previous studies. We need to either repeat this operation for
different wind speed or use another method.
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Figure 4. Equilibria for the 40-feet containers in a 10 m·s−1 west wind. Each sub-figure
corresponds to a different heading of the container; norm of the forces exerted on the
container are plotted as blue-green isolines on a logarithmic scale and points of null
momentum are plotted in red.
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Table 2. Comparison of leeway coefficients a, aD , aC , and their associated standard devia-
tionσ and coefficient of determination r 2 between the results from Breivik et al. [8] and the
polar-based model

Leeway speed DW L CW L

a (%) σ (cm·s−1) r 2 aD (%) σ (cm·s−1) r 2 aC (%) σ (cm·s−1) r 2

Breivik et al. 2.00 3.03 0.71 1.96 3.08 0.83 0.02 2.65 −0.11
Our model 1.80 2.12 0.914 1.58 2.38 0.875 0.856 0.330 0.987

4.1.2. Application of the dynamic method

The static method, though accurate, is relatively tedious. As such the dynamic method has
been preferred for it allows us to more easily test various wind and current conditions in order to
compare it to the results from Breivik et al. [8].

We first verified that the results from both methods coincide for a wind speed of 10 m·s−1. This
confirmed that this model did indeed reach the equilibrium point after a sufficient number of
iterations.

We then performed 100 different runs, each with a different wind and current condition. The
wind conditions were evenly distributed between 0.1 and 11.1 m·s−1 in order to replicate the field
conditions encountered by Breivik et al. [8]. The ambient current was evenly distributed between
0 and 0.5 m·s−1 with a random orientation regarding the wind. Each run consisted of 7200 steps
with a time step of dt = 1 s. After 7200 steps both the speed and the heading were remaining
constant, indicating that the equilibrium had been reached. The speed of the last step of the run
was thus considered to be the equilibrium speed for the wind and current conditions of the said
run. This equilibrium speed was then turned into a downwind and crosswind leeway via (21) and
(22). The results of the 100 runs are presented in Figure 5 and Table 2 where they are compared
with the results from the scaled-down 40-ft container obtained by Breivik et al. [8].

We chose to use constrained linear regression to eliminate any offset which would indicate the
existence of the leeway even in the absence of wind. This is possible because an apparent wind
can exist as long as the speed over ground of the object is not null, and also because leeway is
defined as the motion of the object induced not only by wind but also by waves. We however still
found it problematic as it is then impossible to determine the downwind direction.

As can be seen in Table 2, the coefficients a and aD are consistent from one method to another.
The coefficient aC presents for its part significant differences between the two approaches. Since
the crosswind leeway is highly impacted by variations in heading, a small error on this part can
be greatly amplified when considering aC . As such, the angle step of 15° we used to compute
the polars might be too important. Furthermore the coefficient given by Breivik et al. [8] for the
modelled 40-ft container exhibits a high uncertainty on the linear regression and it is thus difficult
to conclude. It is interesting to note that for both the leeway and downwind leeway the relation to
wind speed appears not to be linear but rather a parabola which is in contradiction with existing
studies. A possible explanation for this lies is the way the surface current was accounted for in
our method, as we did not include it in the ambient current.

4.2. Determination of others leeway behaviours

In addition to determining the leeway coefficients, we tried to see whether or not our model could
reproduce other behaviours and properties that have been observed during field studies.
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Figure 5. DW L and CW L speed in m·s−1 for various conditions of wind and current. The
leeway rate (solid) and associated 95% confidence interval (dashed) found by Breivik et
al. [8] for a constrained linear regression are plotted in blue ; equilibrium speed for different
conditions (crosses) and leeway rate (solid) obtained via our model are plotted in red.

4.2.1. Variation of the leeway as a function of the wind–current angle

By plotting the leeway rate as a function of the wind–current angle as illustrated in Figure 6, we
can note that there appears to be a dependency between these two parameters. This dependency
was also found experimentally by Cabioc’h and Aoustin [13] although they did not give an
explanation for it.

While the wind–current angle β does not appear explicitly in our model, it appears implicitly
as θwater = θair −β. As such, it has a direct impact on Cwater and thus on the equilibrium.

4.2.2. Variation of the leeway as a function of the immersion rate

A second phenomenon reported in the literature is the variation of the leeway as a function of
the immersion rate which has been discussed in several articles [12, 13]. The formula (29) based
on mechanical considerations has been proposed by Daniel et al. [12] with r the density ratio of
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Figure 6. Drift speed versus angle wind current. Blue x represents results from separate
runs and a cosines regression is plotted in red.

Figure 7. Variation of the leeway depending on I . Results from the polar-based method are
plotted with red x and Daniel et al. formula (29) [12] is plotted with a solid blue line.

air and water, and I the immersion rate.

L(I ) = 100− I −p
r I (100− I )

100− (1+ r )I
. (29)

This formula can then be compared with the results hailing from our model as illustrated in
Figure 7. The values we used for this comparison were obtained for W10 = 10 m·s−1 as it is at this
point that we observed the closest match between our model and the values of Breivik et al. [8].

While both figures coincide for an immersion rate of around 75%, large discrepancies appear
for extreme values. These differences arise from the fact that the formula proposed by Daniel et
al. [12] does not take surface current into account, and thus the leeway is equal to zero for an
immersion rate of 100%. However, in our model, a drifting container is still influenced by the
wind through the surface current.
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Figure 8. Variation of the heading over time depending on the dissipation coefficient for
otherwise identical initial conditions.

The second source of difference stems from the fact that the Daniel et al. [12] formula does
not account for the variation of the coefficients C and S depending on the angle of attack of the
flow. This means that they are taken to be equal and are therefore simplified to leave only a ratio
of immersion between the emerged part and the submerged part, as well as a ratio of density
between air and water. However, at equilibrium in the general case the relative wind and the
relative current do not have the same direction, which partly explains the differences observed
between the two models.

4.3. Use of the direct method to plot trajectories

As stated previously, the direct method can be employed to directly compute an estimated
trajectory. This however raises issues concerning the choice of the dissipation coefficient and
the precision of the model.

4.3.1. Impact of the dissipation coefficient

The dissipation coefficient introduced in (27) does not interfere with the equilibrium point,
however it can have a significant impact on the trajectory as depicted in Figure 8. If the system
is over-damped (dissipation coefficient of more than 20%) there is no oscillation, while if the
system is clearly under-damped (dissipation coefficient of less than 5%) the system can oscillate
for several minutes before it finally reaches the equilibrium. Coefficients that lie between these
two values can result in curves that are quite peculiar as they do not resemble those from a simple
damped oscillator. For these values the non-linear nature of the system is quite clear and the
influence of non-stable equilibrium points can be assumed. In particular, inflexion points appear
around 43° and 58° which precisely coincide with non-stable equilibrium points in Table 1.

4.3.2. Existence of dynamic equilibrium

By conducting further simulations with dissipation coefficient in the critical range (5%–20%)
we found that equilibrium that are not restricted to a single point in the phase space (Vx ,Vy ,φ)
exists for specific conditions. Six different runs for a dissipation coefficient of 15% and fine-tuned
initial parameters are depicted in Figure 9 to illustrate various effects.
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Figure 9. Trajectories in the phase space (Vx ,Vy ,φ) of six different runs with varying initial
conditions.

The run numbers 2, 4, 5 and 6 all converged toward the stable equilibria at 79.88° previously
determined (see Table 1). They were however differently impacted by the various unstable
equilibrium. Run number 5 directly converged toward the stable equilibrium, while run 2 and
4 first converged toward the unstable equilibrium at 90°. Run number 6 had a somewhat more
convoluted trajectory, though it seems that it was influenced by several unstable equilibria.

The run number 3 converged toward the equilibrium at 100.12° which is the mirror of the
equilibrium at 79.88° but is out of bounds in Figure 9. As such it exhibited a comportment that
can be assimilated to a jibe since its crosswind speed changed sign at some point. It is however
not a true jibe as it did not go from one stable equilibrium to another.

Finally the run number 1 (see Figure 10 for an enlarged version) is unique in the fact that it
did not converge toward an equilibrium point but rather looped around two unstable equilibria.
Furthermore unlike the other equilibria it exhibited a chaotic behaviour as even a slight pertur-
bation of the initial conditions results in a significant difference over time. This is illustrated in
Figure 11 for the heading. The initial heading was increased by 10−5 degrees and compared over
time to its original value. For more than 10,800 iterations (3 h of time as we used dt = 1 s) the de-
viation was not noticeable (less than 0.2°), but over the next 10,800 iterations the divergence had
reached more than 10°. This is characteristic of a chaotic behaviour. In addition, the trajectory
appears to be a fractal (see Figure 12), which, in addition to the chaotic behaviour would indicate
that we are in presence of a strange attractor. While we believe this to be strictly a consequence of
our oversimplified model (as such behaviour has never been observed for relatively permanent
conditions of wind and current) it is still of interest as it highlights the dependence of the model
to initial conditions. Since such initial conditions are hardly ever known in operatiing conditions,
much less to such a precision, a stochastic approach remains necessary.
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Figure 10. A zoom on the trajectory of run number 1. The red box indicates the position of
Figure 12.

Figure 11. Evolution in the difference in heading over time between two trajectories fol-
lowing the same dynamic equilibrium, with only a difference of 10−5 degrees in the initial
heading.
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Figure 12. Fine structure of a part of run number one’s trajectory.

5. Conclusion

We have given an overview of a new method for determining the leeway coefficients of drifting
objects. This new method boils down to the use of polars of drag, lift and torque to solve Newton’s
second law of motion. Simple formulas to derive a wind and current profile from the 10-m wind
and ambient current were presented. Two methods of exploiting the results from this model to
obtain the leeway coefficients were given.

We applied this new method to the example of the 40-feet container. We found a downwind
leeway of 1.58% of the 10-m wind and a crosswind leeway of 0.86%. The downwind leeway
coefficient is within 2σ from the one obtained with the leeway field method. The crosswind
leeway coefficient however appears to be too high. Since this coefficient bears a high uncertainty
in the leeway field method it is difficult to conclude. The model successfully replicated the
dependency on the wind–current angle and the immersion rate of the leeway.

While we consider the first results promising, some improvements are to be made. A more
general way of accounting for wind and current profile must be devised in order to allow the use
of this method for different classes of objects. If the dynamic method is to be used, it appears
necessary to devise a way to get an approximation of the dissipation coefficient. This could
be done either by means of CFD, or through experiments on scaled-down models. It will also
be necessary to implement a higher-order algorithm to solve the differential equations (such
as a Runge–Kutta scheme). In the long term it will also be necessary to gradually integrate
the phenomena which have hitherto been considered negligible, such as the effect of waves or
vortices. Field studies need to be conducted to validate this new model since the heading of the
object is critical but was not previously monitored. Finally, the question of uncertainties must be
addressed to better evaluate their propagation throughout the model.
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