
J. Fluid Mech. (2021), vol. 910, A23. © The Author(s), 2021.
Published by Cambridge University Press

910 A23-1

doi:10.1017/jfm.2020.968

On the statistical properties of surface elevation,
velocities and accelerations in multi-directional

irregular water waves

Mathias Klahn1,†, Per A. Madsen1 and David R. Fuhrman1

1Department of Mechanical Engineering, Technical University Of Denmark, DK-2800 Kgs. Lyngby,
Denmark

(Received 3 July 2020; revised 14 October 2020; accepted 28 October 2020)

This paper presents a detailed investigation of the role played by the wave steepness in
connection with the statistical properties of the surface elevation and fluid kinematics
in irregular, directionally spread, deep-water wave fields initially given by a JONSWAP
spectrum. Using ensembles of large wave fields obtained from fully nonlinear simulations,
we first consider the statistical properties of the surface elevation. In that connection we
determine the probability density functions (PDFs) of the surface and crest elevations
for wave fields of relatively small to unprecedentedly large steepness, and compare them
with theoretical results from the literature in order to establish the latter’s accuracy. We
then consider certain statistical aspects of the fluid kinematics found at the surface and
of the fluid kinematics accompanying large crests, which to our knowledge marks the
first investigation of these properties in the literature. We first determine the PDFs of
the horizontal fluid velocities and accelerations as well as the vertical fluid acceleration
at the surface. Next, we investigate the joint PDF of the surface elevation and each of the
velocities and accelerations at the surface, and use it to determine the surface elevations for
which the velocities and accelerations at the surface are large. We then present an analysis
of the largest fluid velocities and accelerations found in the vicinity of large crests, and
compute the PDFs of these quantities. Finally, we consider the PDFs of the location at
which the largest velocities and accelerations occur relative to the crest.

Key words: surface gravity waves

1. Introduction

The proper design of marine structures is well known to require detailed knowledge
about the surface elevation of the surrounding waves. Since real ocean waves are inherently
irregular and random due to their spread in frequency, direction and phase, they are most
adequately described statistically, and for that reason the probability distributions of the
surface and crest elevations have recently attracted considerable attention. For example,
Onorato et al. (2009), Toffoli et al. (2010) and Xiao et al. (2013) have studied these
distributions, and their work has, among other things, led to the conclusion that the
probability of finding large surface and crest elevations decreases with the directional
spread of the wave field. From an engineering point of view, the surface elevation is,
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however, not the only interesting quantity, as the loads on the structures are ultimately
determined by the fluid kinematics that accompany the waves. Despite the great practical
importance of the distributions of the fluid velocities and accelerations, contributions to
the literature on these aspects have been relatively rare within the last 20 years. On the
theoretical side, Song & Wu (2000) have derived the probability density function (PDF)
of the fluid velocity at arbitrary depth to second order in wave steepness. Numerical
simulations have been carried out by Toffoli et al. (2012), who showed that the PDF of
the fluid velocity at the surface antiparallel to the surface deviates from that of a normal
distribution only for long-crested seas in which modulational instabilities may occur. Other
numerical studies have been performed by Sergeeva & Slunyaev (2013), who investigated
whether large fluid velocities at the surface only occur in connection with large surface
elevations, and Alberello et al. (2016), who demonstrated that second-order effects lead to
a negative skewness of the PDF of the fluid velocity below the surface. Finally, it has been
found from experiments with extreme breaking waves that the velocity and acceleration
fields exhibit a substantial degree of front/back asymmetry (Grue & Jensen 2006) and
that the results of common techniques for the estimation of the velocity profile from
measurements of the surface elevation may deviate substantially from the actual velocity
profiles for certain extreme waves (Alberello et al. 2018). Although the work mentioned
here certainly does not cover all contributions to the kinematics of irregular wave fields,
we note that e.g. a systematic study of the dependence of the statistical properties of the
fluid velocities and accelerations on the wave steepness has not been carried out until now.

Obtaining exact expressions in closed form for the PDFs of the surface elevation and the
fluid kinematics has so far proven an exceedingly difficult task due to the nonlinearity of
the governing equations. On the other hand, a number of approximate methods for finding
the PDFs exist, and for the surface and crest elevations two rather different approaches
seem to prevail. The first of these is the narrowband approach, with which a first-order
result was derived by Longuet-Higgins (1952) and a second-order result was found
by Tayfun (1980). Although its underlying assumptions are, when taken strictly, rarely
satisfied, the PDFs found using the narrowband approach are very simple and they require
no parameter estimation, as they incorporate the wave steepness explicitly. The second
approach is the Gram–Charlier method which was used for the first time in connection
with water waves by Longuet-Higgins (1963), and was used to determine the PDF of the
crest height one year later by Longuet-Higgins (1964). This approach is, in principle, free
of any assumptions about the wave field, and computing the PDF to arbitrarily high order
with this method is conceptually straightforward. The method, however, suffers from the
fact that it takes the wave steepness into account implicitly through the cumulants of the
underlying variable, which may require a substantial amount of data to estimate accurately.
In addition, the PDF may become (slightly) negative for sufficiently large negative surface
and crest elevations. For both approaches it holds, however, that only their formal accuracy
(i.e. the power of the steepness to which the error is proportional) is known a priori,
and that a comparison to experimental or numerical results must be carried out in order
to establish the actual accuracy for a specific steepness. It appears that the narrowband
approach has only been tested thoroughly in the case of weakly nonlinear wave fields,
while the Gram–Charlier approach is yet to be thoroughly examined in all cases.

The numerical simulation of large irregular wave fields remains a formidable task on
today’s computers, even when assuming the wave motion to be described by the potential
flow formalism. For that reason, most simulations of irregular wave fields have been
performed using either the nonlinear Schrödinger equation and variants hereof (see e.g.
Dysthe et al. (2003) and Socquet-Juglard et al. (2005) as well as the review by Onorato
& Suret (2016)), the Zakharov equation (see e.g. Annenkov & Shrira 2009, 2013, 2018)
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or a low-order truncation of the high-order spectral (HOS) method (see e.g. Toffoli et al.
2010; Xiao et al. 2013; Fedele et al. 2016), which are all weakly nonlinear models. While
computationally very efficient, their long term accuracy and robustness must be taken with
some degree of caution when used to simulate steep wave fields, since e.g. Dommermuth
& Yue (1987) have shown that their implementation of the HOS method could not be
used to simulate steady nonlinear waves in deep water steeper than approximately 80 % of
the limiting steepness. At the same time, the weakly nonlinear methods do not generally
offer the possibility of computing the velocity and acceleration fields below the surface,
and simulations based on different numerical methods are therefore necessary, if the
distributions of the fluid kinematics are to be determined.

This paper presents an attempt to partially fill the voids described above by studying
the statistical properties of both the surface elevation and the fluid kinematics of irregular,
directionally spread wave fields in deep water using a fully nonlinear numerical method.
Denoting the peak wavelength and period by λp and Tp, respectively, we simulate the
time evolution of wave fields of size 50λp × 50λp for times up to 100Tp using the
very recently developed pseudospectral method of Klahn, Madsen & Fuhrman (2020),
which solves the Laplace equation in the entire fluid domain using a stretching of the
vertical coordinate while utilizing an artificial boundary condition close to the surface
to maintain computational efficiency. The method has been shown to be capable of
delivering highly accurate results for challenging wave problems in deep water, and
is without doubt substantially more accurate and robust than the above mentioned
approximate methods. Moreover, the method has the ability to accurately compute the
fluid kinematics throughout the water column even below the steepest (non-breaking)
waves. Initializing the simulations from a directional JONSWAP spectrum, we use the
method for the time integration of the wave fields, and extract the statistical properties
of the surface and crest elevations, the fluid kinematics at the surface as well as the
largest fluid velocities and accelerations found in connection with very large crests. In
all cases we study the role played by the initial wave steepness ε0 = kpHm0(0)/2, where
kp = 2π/λp is the peak wavenumber and Hm0(t) is the significant wave height at time t
defined as

Hm0(t) = 4〈η(t)2〉1/2, (1.1)

where the angle brackets denote spatial averaging and η(t) denotes the surface elevation
at time t.

The remainder of the paper is structured as follows: in § 2 we give a detailed description
of the physical system under considerations and its governing equations, and we briefly
describe the numerical method used for the simulations. As our simulations are carried
out using artificial damping in order to obtain temporal stability, we discuss the effect of
the damping on the total energy and the wave steepness in § 3. In § 4 we present results for
the skewness and kurtosis of the surface elevation as well as the PDFs of the surface and
crest elevations, and we study the average surface elevation close to large crests. In § 5 we
investigate the PDFs of the horizontal fluid velocity and the horizontal and vertical fluid
accelerations at the surface, and discuss for which surface elevations large fluid velocities
and accelerations at the surface are found. In § 6 we determine the PDFs for the largest
horizontal fluid velocity and horizontal and vertical fluid accelerations found in connection
with large crests, as well as for the locations at which the largest fluid kinematics occur.
Finally, conclusions are drawn in § 7.
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2. Physical model, governing equations and numerical methods

We consider the time evolution of an irregular wave field which is spatially periodic in
the horizontal x- and y-directions over distances Lx and Ly , respectively. We assume the
water to be infinitely deep and its motion to be inviscid, incompressible and irrotational.
Moreover, we assume the surface to be single-valued, and we note that this assumption
implies that wave breaking cannot take place in the simulations. We choose the coordinate
system such that the (x, y)-plane coincides with the still water plane, and denote the
surface elevation at the point (x, y) at time t by η(x, y, t). Under the above assumptions,
the motion of the water is governed by the irrotational Euler equations, which we express
in terms of the velocity potential, Φ. Denoting the surface potential, Φ|z=η, by Φs we
follow Zakharov (1968) and write the equations as

∂2Φ

∂x2
+ ∂2Φ

∂y2
+ ∂2Φ

∂z2
= 0 for z < η, (2.1a)

∂Φ

∂z

∣∣∣∣
z→−∞

= 0, (2.1b)

∂η

∂t
=
(

1 +
(

∂η

∂x

)2

+
(

∂η

∂y

)2
)

ws − ∂η

∂x

∂Φs

∂x
− ∂η

∂y

∂Φs

∂y
, (2.1c)

∂Φs

∂t
= −gη − 1

2

((
∂Φs

∂x

)2

+
(

∂Φs

∂y

)2
)

+ 1
2

(
1 +

(
∂η

∂x

)2

+
(

∂η

∂y

)2
)

w2
s , (2.1d)

where ws = ∂zΦ|z=η is the vertical velocity of the fluid at the free surface and g is the
gravitational acceleration. This set of equations constitutes an initial value problem for η
and Φs, and the remainder of this section is devoted to a description of the initialization
of η and Φs, the numerical methods used for the time integration and the computational
parameters that we have used.

2.1. Initialization
Given values for the peak wavelength, λp, and the initial significant wave height, Hm0(0),
we initialize the irregular wave fields from the directional JONSWAP spectrum

S(ω, θ) = S0

(
ω

ωp

)−5

exp

(
−5

4

(
ω

ωp

)−4
)

γ exp(−(ω/ωp−1)2/(2σ 2))D(θ). (2.2)

Here, ωp is the peak frequency related to the peak wavenumber, kp, through the linear
dispersion relation for waves in deep water, ω = (gk)1/2, the parameter γ is 3.3 and σ =
0.07 if ω/ωp < 1 and 0.09 otherwise. Moreover, the directional spreading function D(θ)

is chosen to be

D(θ) =
{

cos2(θ) for |θ | ≤ π/2,

0 otherwise,
(2.3)

and the constant S0 is defined implicitly through the requirement

∫ 2π

0

∫ ∞

0
S(ω, θ) dω dθ =

(
Hm0(0)

4

)2

. (2.4)
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Statistical properties of surface irregular water waves 910 A23-5

We note that the choice of D(θ) gives rise to wave fields which possess a large directional
spreading, and for comparison we mention that the wave fields in this work have a larger
directional spreading than the wave fields studied by e.g. Onorato et al. (2009) and Toffoli
et al. (2010).

Due to the assumed spatial periodicity of the wave field, the numerical method assumes
η and Φs to be given by truncated Fourier series, i.e.

η(x, y, t) =
Nx −1∑

nx =−Nx

Ny−1∑
ny=−Ny

η̂nx ,ny exp
(
iknx ,ny · r

)
, (2.5a)

Φs(x, y, t) =
Nx −1∑

nx =−Nx

Ny−1∑
ny=−Ny

Φ̂nx ,ny exp
(
iknx ,ny · r

)
, (2.5b)

where r = (x, y) and knx ,ny = (2πnx/Lx , 2πny/Ly). The initialization of the wave field
thus amounts to computing the sets of Fourier coefficients {η̂nx ,ny } and {Φ̂nx ,ny } from
(2.2). To do so we follow the two-step procedure outlined by Tanaka (2001), in which the
frequency ωnx ,ny is related to knx ,ny by the linear deep-water dispersion relation ω2

nx ,ny
=

g|knx ,ny |. The first step of the method is to compute the so-called complex amplitude bnx ,ny

given by

bnx ,ny =
(

2π2g3

ω4
nx ,ny

Lx Ly
S(ωnx ,ny , θnx ,ny )

)1/2

eiφnx ,ny , (2.6)

in which φnx ,ny is a random number drawn from a uniform distribution over the
interval [0, 2π] and θnx ,ny is the angle between the x-axis and knx ,ny measured positively
counterclockwise. From the complex amplitude, η̂nx ,ny and Φ̂nx ,ny may then be calculated
using the relations

η̂nx ,ny =
( |knx ,ny |

2ωnx ,ny

)1/2 (
bnx ,ny + b∗

−nx ,−ny

)
, (2.7)

and

Φ̂nx ,ny = −i
(

ωnx ,ny

2|knx ,ny |
)1/2 (

bnx ,ny − b∗
−nx ,−ny

)
, (2.8)

where the symbol ∗ denotes complex conjugation.

2.2. Numerical methods
For the time integration of the wave field we use our recently developed pseudospectral
volumetric method (Klahn et al. 2020), which may be thought of as consisting of two
independent parts. The first part treats the time integration of η and Φs under the
assumption that ws is known. The second part deals with the computation of ws from
η and Φs and is inspired by the work of Nicholls (2011), as it utilizes the same strategy
to reduce the size of the computational domain when solving the Laplace equation (2.1a).
In what follows we will briefly describe these two parts, as well as how the method may
be used for the computation of the velocity and acceleration fields of the fluid. For a full
description and validation of the method we refer to our paper Klahn et al. (2020).
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2.2.1. Time integration
Based on the spatial periodicity of the wave field, the numerical method discretizes the

spatial part of (2.1c) and (2.1d) using the Fourier collocation method (see e.g. Kopriva
2009), in which the equations are satisfied identically at the set of grid points{

(xnx , yny ) =
(

Lx nx

2Nx
,

Lyny

2Ny

)∣∣∣∣ 1 ≤ nx ≤ 2Nx and 1 ≤ ny ≤ 2Ny

}
. (2.9)

The spatial derivatives of η and Φs at the grid points are calculated from the truncated
Fourier series (2.5), and the link between the grid point values and the expansion
coefficients is provided by the fast Fourier transform and its inverse. The spatial
discretization generates a system of coupled ordinary differential equations describing the
time evolution of the grid point values of η and Φs, and we integrate this system in time
using the classical fourth-order Runge–Kutta method with fixed step size Δt.

When carried out without any kind of energy dissipation, we have found the simulations
to be unstable in such a way that they blow up after a after a few peak periods. We
note that the unstable behaviour may be provoked by a combination of the facts that the
initial condition described above is based on linear theory, and that wave breaking is not
allowed in the simulations. As a remedy to the former, we use the adjustment scheme of
Dommermuth (2000) in which the nonlinear interactions among the Fourier coefficients
of η and Φs are ramped up smoothly on the time scale Ta. This is done by multiplying the
nonlinear terms of (2.1c) and (2.1d) by the function

R(t) = 1 − exp
(

−
(

t
Ta

)n)
, (2.10)

where n is a parameter to be specified. For a precise definition of what is meant by the
nonlinear terms in this connection we refer to the paper of Dommermuth. To combat
instabilities which arise, because our numerical method does not take wave breaking into
account, we follow Xiao et al. (2013) and multiply the (nx , ny)th Fourier coefficient of η

and Φs by the number

Dnx ,ny = exp

(
−
( |knx ,ny |

8kp

)30
)

, (2.11)

every time step. In this way energy is dissipated from the high end of the wavenumber
spectrum, consistent with what is found in laboratory and field experiments (see Xiao et al.
(2013) and references therein). This energy dissipation allows the simulations to be carried
out without instabilities, but we stress that it e.g. does not introduce the amplification of
fluid velocities occurring in connection with breaking waves (Alberello et al. 2018). If
such effects are to be taken into account, the potential flow formalism used in this work
must be abandoned and a numerical method based on the full Navier–Stokes equations
must be used.

2.2.2. Computation of ws from η and Φs

To compute ws from η and Φs, one must solve the Laplace problem consisting of (2.1a)
and (2.1b) supplemented with the boundary condition Φ|z=η = Φs. To do so, we divide
the fluid domain into an upper part with z > −b and a lower part with z < −b, where b
is a positive number such that the level z = −b lies below the lowest trough of the wave
field. By solving the Laplace equation analytically on the lower part of the domain, it can
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Statistical properties of surface irregular water waves 910 A23-7

be shown (see e.g. § 5 in the paper of Nicholls (2011)) that the full Laplace problem is
equivalent to solving the reduced problem

∂2Φ

∂x2
+ ∂2Φ

∂y2
+ ∂2Φ

∂z2
= 0 for − b < z < η, (2.12a)

Φ|z=η = Φs, (2.12b)

∂Φ

∂z
(x, y,−b) − T[Φ|z=−b] = 0, (2.12c)

on the upper part of the domain. Here, the linear operator T is defined by the action
T[eik·r] = |k|eik·r for all k, and we note that this definition of T differs slightly from the
definition used in Klahn et al. (2020) (see (11) in that paper), because we take the water to
be infinitely deep in this work. To solve the reduced Laplace problem (2.12) we make the
coordinate transformation (x, y, z) �→ (x, y, s) with s defined as

s(x, y, z) = 2z + b − η(x, y)

b + η(x, y)
, (2.13)

and define the function F by F(x, y, s(x, y, z)) = Φ(x, y, z). From the Laplace equation
(2.1a) and the chain rule it then follows that F must satisfy the equation

0 = ∂2F
∂x2

+ ∂2F
∂y2

+
((

∂s
∂x

)2

+
(

∂s
∂y

)2

+
(

∂s
∂z

)2
)

∂2F
∂s2

+ 2
∂s
∂x

∂2F
∂x∂s

+ 2
∂s
∂y

∂2F
∂y∂s

+
(

∂2s
∂x2

+ ∂2s
∂y2

)
∂F
∂s

, (2.14)

as well as the boundary conditions

F|s=1 = Φs, (2.15a)

2
b + η

∂F
∂s

(x, y,−1) − T[F(x, y,−1)] = 0. (2.15b)

To compute F numerically, we consider the set of grid points{
(xnx , yny , sns) | 1 ≤ nx ≤ 2Nx , 1 ≤ ny ≤ 2Ny and 0 ≤ ns ≤ Ns

}
, (2.16)

in which xnx and yny are given by (2.9) and sns is the nsth point of the
Legendre–Gauss–Lobatto quadrature of order Ns, ordered such that s0 = −1, i.e. from
left to right. We moreover assume that F is of the form

F(x, y, s) =
Nx −1∑

nx =−Nx

Ny−1∑
ny=−Ny

Ns∑
ns=0

F̂nx ,ny ,ns exp
(
iknx ,ny · r

)
lns(s), (2.17)

where lns is the nsth Lagrange polynomial of order Ns, and require the boundary conditions
(2.15) to be satisfied identically at the points where ns = Ns and ns = 0, respectively, and
the (2.14) to be satisfied at the remaining 4Nx Ny(Ns − 1) points. We solve the resulting
system of linear equations for the values F at the grid points using the generalized minimal
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residual (GMRES) method (Saad & Schultz 1986) with a preconditioner inspired by the
work of Fuhrman & Bingham (2004). Finally, we compute ws from F using the relation

ws = ∂s
∂z

∂F
∂s

∣∣∣∣
s=1

, (2.18)

which follows directly from the definition of ws and the chain rule.

2.2.3. Computation of velocity and acceleration fields
By definition of the velocity potential, the velocity field, v = (vx , vy, vz)

T, is given by
the relation v = ∇Φ where ∇ = (∂x , ∂y, ∂z)

T is the gradient in Cartesian coordinates.
From this it follows that we can compute the velocity field as v = ∇̃F where the operator
∇̃ is defined as

∇̃ = ∇ + (∇s)
∂

∂s
, (2.19)

and it is understood that ∂zF = 0. The acceleration field, a = (ax , ay, az), is defined
through the relation a = (∂t + v · ∇)v and its computations requires somewhat more
effort, since the time derivative of the velocity potential, ∂tΦ, must be known. The
function ∂tΦ can be shown to satisfy the Laplace problem (2.12) but with the boundary
condition (2.12b) replaced by the condition (∂tΦ)|z=η = ∂tΦs − ws∂tη, and ∂tΦ can
therefore be obtained with the procedure described in § 2.2.2 to obtain Φ. Defining
G(x, y, s(x, y, z)) = ∂tΦ(x, y, z) at a fixed point in time we thus have

a = ∇̃G +
((

∇̃F
)

· ∇̃
) (

∇̃F
)

, (2.20)

which is used to compute the acceleration field.

2.3. Computational parameters and efficiency
In an attempt to add simplicity to the presentation, we have chosen to collect the values
of all computational parameters in this section. As basic dimensional parameters of the
wave fields we use the gravitational acceleration g = 9.81 m s−2 and the peak wavelength
λp = 275 m (corresponding to the peak period Tp = 13.3 s). We specify a wave field
through its initial steepness ε0 = kpHm0(0)/2, from which the initial significant wave
height is trivially computed. Throughout this paper ε0 takes the values 0.05, 0.10, 0.15,
0.20, 0.25, 0.30, and for each value we simulate 20 realizations of the JONSWAP
spectrum (2.2). We take the computational domain to have dimensions Lx = Ly = 50λp
and discretize it using Nx = Ny = 512 corresponding to approximately 20 grid points per
peak wavelength, since the total number of points in each of the x- and y-directions is
2Nx = 2Ny = 1024, respectively. When integrating η and Φs in time we use the time step
Δt = Tp/50 corresponding to the Courant number (λp/Tp)/(Δt/Δx) ≈ 0.4, and we carry
out the time integration for the time interval 0 ≤ t ≤ 100Tp. For the adjustment scheme of
Dommermuth (2000) we choose the parameters in (2.10) as Ta = 10Tp and n = 4. When
solving the reduced Laplace problem (2.12) we choose b = 1.5Hm0 and take Ns = 10 such
that the upper part of the domain is discretized with 11 points in the vertical direction.
We note that if we had not used the artificial boundary condition, but instead worked with
a finite water depth, h, we would have had to require h = O(Lx) in order to simulate an
infinite water depth, and with the choice b = 1.5Hm0 one finds that this requirement leads
to h/b = O(100/ε0). As such, the artificial boundary condition enables us to work with
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a computational domain which is between several hundred and several thousand times
smaller than the entire fluid domain. The system of linear equations resulting from the
reduced Laplace equation is solved with the GMRES method using the relative tolerance
10−6.

The numerical method is implemented as a serial Matlab program, and the
computational bottleneck of the method is the reduced Laplace equation which is here
solved with 1024 × 1024 × 11 ≈ 11.5 × 106 grid points four times per time step. By
construction of the preconditioning strategy, the efficiency of the program varies with
ε0, but in all cases the wall-clock time per time step was typically limited from above
by 5 minutes such that the 100 peak periods of simulation were each completed in
approximately 2.5 weeks on the high performance computing cluster of the Technical
University of Denmark. We note that the simulations have thus cumulatively taken about
six years of computation time in total.

3. The effect of artificial damping

To avoid instabilities in the simulations, we have employed damping as described in
§ 2.2.1. As explained there, some kind of dissipation is expected to be needed to keep
the simulations stable as our numerical method assumes an irrotational flow with a
non-overturning surface. It is, nevertheless, important to keep in mind that the damping
employed in this work is essentially unphysical, and this section therefore assesses its
implications on the simulations.

Since the effects of friction and viscosity are entirely neglected in the potential flow
formalism, it is clear that the total mechanical energy of the system at time t,

E(t) = 1
2

∫ Ly

0

∫ Lx

0

(
Φs(x, y, t)

∂η

∂t
(x, y, t) + gη(x, y, t)2

)
dx dy, (3.1)

should be a constant of motion. Due to the damping, E, however, decreases during our
simulations as may be seen in figure 1(a), which shows E as a function of time for different
values of ε0. From the figure it may be seen that the energy stays constant for t � 10Tp
(corresponding to the initial ramping period) in all cases, and that it decreases with time for
10Tp � t at a rate depending on ε0. For the initial steepness ε0 = 0.05 the energy is reduced
by approximately 2.5 % after 100 peak periods, while it is reduced by approximately 12 %
and 38 % over the same time span when ε0 = 0.15 and 0.30, respectively. The loss of
energy causes the wave steepness to decay with time, and for that reason we will denote
the steepness at time t by ε(t) throughout this paper. The decay of ε(t) is illustrated in
figure 1(b) for different values of ε0, and it can be seen that (ε0 − ε(100Tp))/ε0 ≈ 1.5 %,
6.0 % and 21 % for ε0 = 0.05, 0.15 and 0.30, respectively. In this context it is interesting
to note that Xiao et al. (2013) reported a comparable reduction in the significant wave
height (and hence also the steepness, as these are proportional) between 6 % and 9 % over
approximately 40 peak wavelengths (corresponding to 80 peak periods when transforming
length to time using the group velocity) for cases similar to our case with ε0 = 0.15.

The above results imply that the statistical properties of the system can only be expected
to be stationary within the first 100 peak periods for small values of ε0. For large values
of ε0 they will necessarily change over time, and we address this issue for the statistical
properties of the surface elevation in the following section.
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FIGURE 1. (a) The total energy and (b) the steepness as a function of time for different values
of the initial steepness ε0. The legend applies to both figures.

4. Statistical properties of the surface elevation

In this section we consider some specific statistical properties of the surface elevation.
In §§ 4.1 and 4.2 we investigate the skewness and kurtosis of the surface elevation as well
as its PDF, and in that connection we will work with spatial averages, which we denote
by angle brackets, 〈·〉. In § 4.3 we consider the PDF of the crest elevation, and in order to
be consistent with theoretical results from the literature we use temporal averages at fixed
spatial locations. We denote these averages with overbars, · . Finally, we study the average
surface elevation around crests of large height at fixed points in time in § 4.4. It applies to
all sections that in order to make sure that the shown results are reasonably converged, we
compute them from data from 20 different realizations of the initial condition.

4.1. Skewness and kurtosis of the surface elevation
Following the above notation, we define the skewness and kurtosis of the surface elevation
at a fixed point in time as S = 〈η3〉/〈η2〉3/2 and K = 〈η4〉/〈η2〉2, respectively. As ε0
approaches 0, the surface elevation tends to be normally distributed and we thus have
S = 0 and K = 3 in that limit. Deviations from these numbers hence provide a measure
of the nonlinearity of the wave field. Our results for S and K as a function of time for
different values of ε0 are shown in figure 2, and from these a number of trends are clear.
First of all, both S and K increase significantly in the time interval 0 ≤ t � 10Tp due to
the nonlinear ramping procedure employed in the simulations. Moreover, both S and K
exhibit oscillations whose magnitudes seem independent of ε0. While the oscillations of
the skewness are rather small, those of the kurtosis are somewhat larger, and this may
be understood qualitatively from the following argument: The oscillations seem not to
depend on ε0, and in the limit ε0 → 0 the dimensionless surface elevation ζ = η/〈η2〉1/2

is normally distributed with zero mean and unit variance (see § 4.2), such that the variables
ζ 3 (corresponding to the skewness) and ζ 4 (corresponding to the kurtosis) have variances
15 and 96, respectively. It then follows that the uncertainty of the kurtosis is expected
to be (96/15)1/2 ≈ 2.5 times larger than the uncertainty of the skewness when using the
same number of measurements, since the confidence interval for any particular quantity
scales with its respective standard deviation. We note that an interesting corollary of
this short argument is that approximately 96/15 = 6.4 times as many measurements are
needed to obtain the kurtosis with the same uncertainty as the skewness, because the
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FIGURE 2. (a) The skewness S and (b) the kurtosis K as a function of time. The simulated
results are averages of 20 realizations of the initial condition, and the legend applies to both
figures.

width of the confidence interval is inversely proportional to the square root of the number
of measurements.

Now, after the initial ramping period (i.e. approximately the first 10 peak periods) a
larger value of ε0 is clearly seen to yield a larger skewness, which is in line with the
well-known fact that troughs flatten and crests sharpen as the steepness is increased. In all
cases, except for ε0 = 0.05 where the statistical noise is too large to make the conclusion,
the skewness decreases with time after the initial ramping period. For large values of ε0
the skewness decays more rapidly than for small values of ε0, which is explained by the
fact that the steepness decreases most rapidly when ε0 is large cf. figure 1(b).

From figure 2(b) it can be seen that at a fixed point in time, a larger value of ε0 leads to
a larger kurtosis. Also, when neglecting the oscillations due to statistical noise, it appears
that K approaches a steady state level for all values of ε0, although the time at which the
level is reached depends on ε0. This hints that the wave fields considered in this work
are driven away from their initial Gaussian state by bound wave nonlinearities. For had
the nonlinear interactions among the free waves been significant, the kurtosis should first
have reached a local maximum before decaying to a quasi-steady state (see e.g. Onorato
et al. 2009; Toffoli et al. 2010; Xiao et al. 2013). We note that the free wave interactions
are absent due to the short crestedness (or, equivalently, large directional spread) of the
wave fields considered in this work. In fact, Onorato et al. and Toffoli et al. have shown
from experiments and numerical simulations, respectively, that the kurtosis of wave fields
whose directional spreading is given by the function D(θ) = cosN(θ) is only affected by
free waves when N ≥ 90 up to values of 0.16 for the wave steepness. In that connection it
is of course interesting to note that the contribution of the free waves to the kurtosis in our
results is very small even for the steepness ε0 = 0.30, since this contribution is of third
order, and therefore should become substantial if just the wave steepness is large enough.

4.2. Distribution of the surface elevation
We now consider the PDF of the surface elevation at a fixed point in time, and investigate
how this function changes with the initial steepness ε0. In addition we compare our results
with the theoretical result of Longuet-Higgins (1963), who calculated the PDF of the
surface elevation in terms of a Gram–Charlier series based on the cumulants of η. Since the
instantaneous value of the steepness has been shown to depend on time, we start, however,
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FIGURE 3. The PDF of ζ for (a) ε0 = 0.05 and (b) ε0 = 0.30 at times t = 20Tp, t = 50Tp and
t = 100Tp. The legend applies to both figures, which have been computed using data from 20
realizations of the initial condition. The dashed line depicts the PDF of a normal distribution
with zero mean and unit variance for reference.

by considering how the PDF of the surface elevation changes with time for a fixed ε0 and
whether it only depends on the instantaneous value of ε(t).

4.2.1. Dependence on time and the instantaneous steepness
As the PDF of the surface elevation depends on the instantaneous steepness, ε(t), it,

strictly speaking, does not stay constant during our simulations. To quantify the change
over time for different values of ε0, we consider the PDF, p(ζ ), of the dimensionless
surface elevation ζ = η/〈η2〉1/2 at times t = 20Tp, t = 50Tp and t = 100Tp for ε0 =
0.05 and ε0 = 0.30, since the former represents the most stationary case and the latter
represents the case which changes the most. The PDF of ζ for ε0 = 0.05 at the three
times is shown in figure 3(a), and from this it is clear that the PDF changes only very
little with time, and we therefore consider it to be constant over time. On the other hand,
figure 3(b) shows that the PDF of ζ for ε0 = 0.30 does change over time, most notably for
large negative values of ζ . We note that for negative values of ζ , the change of the PDF
becomes visible on the scale of the figure when p(ζ ) � 10−2 while for positive values of
ζ the change can be seen in the figure when p(ζ ) � 10−5.

4.2.2. Representative cases and comparison to theory
We now consider the PDF of the surface elevation at time t = 50Tp, and investigate how

this function changes with ε0. From the previous section it is clear that this choice of t
is somewhat arbitrary since the PDF of ζ varies with time in the steepest cases, and that
results which are quantitatively slightly different could have been obtained by choosing a
different time. On the other hand, the kurtosis has cf. figure 2(b) reached its quasi steady
value at t = 50Tp for all values of ε0, and in that sense our investigation of the PDF of the
surface elevation is similar to the investigation of Toffoli et al. (2010), who determined
the PDF at the instant where the maximum kurtosis was recorded. For completeness we
mention that at t = 50Tp the values of the instantaneous steepness for wave fields with
ε0 = 0.05, 0.10, 0.15, 0.20, 0.25, 0.30 have decreased to ε(50Tp) = 0.05, 0.10, 0.14, 0.19,
0.22 and 0.25, respectively, in our simulations.

In addition to investigating the role played by ε0, we also assess the accuracy of the PDF
obtained analytically by Longuet-Higgins (1963). He calculated the PDF of the surface
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elevation in terms of a Gram–Charlier series, and upon assuming 〈η〉 = 0, his result for
the PDF of the non-dimensionalized surface elevation ζ reads

p(ζ ) = 1
(2π)1/2

exp
(

−ζ 2

2

)(
1 + 1

6
Λ3H3(ζ ) +

(
1
24

Λ4H4(ζ ) + 1
72

Λ2
3H6(ζ )

)
+ · · ·

)
,

(4.1)

where Λ3 = 〈η3〉/〈η2〉3/2 and Λ4 = 〈η4〉/〈η2〉2 − 3 denote the non-dimensional third- and
fourth-order cumulants of the surface elevation, which we estimate from simulation data.
Moreover, H3(ζ ), H4(ζ ) and H6(ζ ) are the probabalists’ Hermite polynomials of degree
three, four and six defined by

H3(ζ ) = ζ 3 − 3ζ, (4.2a)

H4(ζ ) = ζ 4 − 6ζ 2 + 3, (4.2b)

H6(ζ ) = ζ 6 − 15ζ 4 + 45ζ 2 − 15. (4.2c)

In what follows, we will refer to p(ζ ) as being of nth order when keeping the first n
terms (the parenthesis containing H4 and H6 counts as one term) of the Hermite series.
The first-order distribution is thus the well-known Gaussian distribution which is implied
by the central limit theorem in the case where the surface consists of a large number of
statistically independent components. The second-order distribution is seen to take the
effect of skewness into account (clearly Λ3 = S), while the third-order distribution also,
among other things, allows a non-zero kurtosis.

Our results for p(ζ ) for different values of ε0 at time t = 50Tp are shown in figure 4. For
ε0 = 0.05 the PDF is almost symmetrical around ζ = 0, and for the inequality p(ζ ) ≥ 10−6

to be satisfied, ζ must, to a good approximation, lie in the interval [−5, 5]. For larger
values of ε0, the PDF becomes increasingly positively skewed, and as a consequence the
inequality p(ζ ) ≥ 10−6 implies that ζ should be contained in the interval [−3.8, 6.3] for
ε0 = 0.30. While the mean value of ζ is less than 10−4 in magnitude in all cases, the tail
of p(ζ ) decays much more rapidly when ε0 is small than when ε0 is large. This fact is
reflected by the probabilities listed in tables 1 and 2, which directly show that it is much
more likely to find large surface elevations when ε0 is large than when ε0 is small.

Figure 4 also shows the first-, second- and third-order results of (4.1) for p(ζ ), and
it is clear that for ε0 = 0.05 all three orders provide a highly accurate approximation of
the simulated result. For larger values of ε0 the accuracy depends on the order of the
approximation, with the third-order result being the most accurate in all cases, although
it behaves strangely for large negative values of ζ . It is interesting to note that even the
third-order PDF underestimates the simulated results, given that the system is driven away
from its Gaussian state by bound wave nonlinearities for all values of ε0 as discussed in
§ 4.1. To quantify the accuracy of the approximate distributions, we have used them to
compute the probability that ζ is larger than 2, 3, 4 or 5 for different values of ε0. The
results are shown in tables 1 and 2, and from it we conclude as follows: The first-order
PDF always underpredicts the probability from the simulations, and it does so by factors
which are at least (for ε0 = 0.05) 1.04, 1.4, 1.8 and 2.6 and at most (for ε0 = 0.30) 1.3,
2.7, 9.7 and 75.9 for ζ ≥ 2, ζ ≥ 3, ζ ≥ 4 and ζ ≥ 5, respectively. The second-order
PDF almost predicts the same probability for ζ ≥ 2 as the simulation, and otherwise it
always underestimates the probability obtained from the simulations. For ε0 = 0.05 the
probability of the events ζ ≥ 3, ζ ≥ 4 and ζ ≥ 5 are underestimated by factors of 1.4, 1.8
and 2.6, while for ε0 = 0.30 the same events are underestimated by factors of 2.7, 9.7 and
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FIGURE 4. The simulated and theoretical PDFs of the non-dimensional surface elevation
ζ = η/〈η2〉1/2 for (a) ε0 = 0.05, (b) ε0 = 0.10, (c) ε0 = 0.15, (d) ε0 = 0.20, (e) ε0 = 0.25 and
( f ) ε0 = 0.30 all at time t = 50Tp. Each histogram is constructed from 20 realizations of the
initial condition. The legend applies to all figures.

22.0, respectively. Finally, the third-order result agrees very well with the simulations for
both ζ ≥ 2 and ζ ≥ 3. It predicts the probability of the event ζ ≥ 4 correctly within 30 %
for all values of ε0, while it maximally underestimates the probability of ζ ≥ 5 by a factor
of 3.5, which happens for ε0 = 0.30.

4.3. Distribution of crest height
Next we consider the distribution of the crest height as a function of ε0. We compute the
PDF of the crest height from time series of the surface elevation at approximately 2300
fixed points in space, arranged such that the minimum distance between two points is at
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ε0

0.05 0.10 0.15

P(ζ ≥ 2) First order 2.3 × 10−2 2.3 × 10−2 2.3 × 10−2

Second order 2.4 × 10−2 2.6 × 10−2 2.8 × 10−2

Third order 2.4 × 10−2 2.6 × 10−2 2.8 × 10−2

Simulated 2.4 × 10−2 2.6 × 10−2 2.8 × 10−2

P(ζ ≥ 3) First order 1.3 × 10−3 1.3 × 10−3 1.3 × 10−3

Second order 1.7 × 10−3 2.1 × 10−3 2.5 × 10−3

Third order 1.8 × 10−3 2.2 × 10−3 2.7 × 10−3

Simulated 1.8 × 10−3 2.2 × 10−3 2.7 × 10−3

P(ζ ≥ 4) First order 3.2 × 10−5 3.2 × 10−5 3.2 × 10−5

Second order 5.2 × 10−5 7.4 × 10−5 9.4 × 10−5

Third order 5.9 × 10−5 9.5 × 10−5 1.4 × 10−4

Simulated (5.7 ± 0.3) × 10−5 1.0 × 10−4 1.7 × 10−4

P(ζ ≥ 5) First order 2.9 × 10−7 2.9 × 10−7 2.9 × 10−7

Second order 6.6 × 10−7 1.0 × 10−6 1.4 × 10−6

Third order 9.0 × 10−7 1.9 × 10−6 3.3 × 10−6

Simulated (7.6 ± 3.7) × 10−7 (2.4 ± 0.7) × 10−6 (7.6 ± 1.2) × 10−6

TABLE 1. The probability of ζ being larger than 2, 3, 4 and 5, respectively, obtained from
simulations and the first-, second- and third-order PDFs from (4.1) for ε0 = 0.05, 0.10 and 0.15.
For the simulated results of the form a ± b, b denotes the half-width of the 95 % confidence
interval. In most cases the statistical uncertainty is smaller than the error introduced when
rounding the probabilities to two significant digits, and confidence intervals have therefore been
left out. The simulated results are obtained at time t = 50Tp from 20 realizations of the initial
condition.

least one peak wavelength, and only data for which 20Tp ≤ t ≤ 100Tp are used such that
the initial ramping period does not influence the result. For each time series the surface
elevation is said to have a crest at time tn = nΔt of height ηc = η(tn) if η(tn) > η(tn±1),
and we note that crest heights may be negative with this definition. As such, it differs
from the usual definition used in connection with zero-crossing analyses, where a crest is
defined as the highest point of an individual wave. If one insists that a crest height must be
positive, we here note that one may simply use the conditional PDF

p(ηc | ηc ≥ 0) = p(ηc)∫ ∞

0
p(ηc) dηc

(4.3)

in connection with our definition of a crest. In the following, we will, however, not pursue
this possibility, as we restrict our attention to the dependence of p(ηc) on the steepness,
and how well the theoretical distributions of Longuet-Higgins (1964) and Tayfun (1980)
compare to the simulation results.

The result of Longuet-Higgins builds on the work of Cartwright & Longuet-Higgins
(1956) and Longuet-Higgins (1963), and gives the PDF of ηc per unit time. Normalizing
by the total number of crests per unit time for the case where ε0 = 0, one finds that the
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ε0

0.20 0.25 0.30

P(ζ ≥ 2) First order 2.3 × 10−2 2.3 × 10−2 2.3 × 10−2

Second order 2.9 × 10−2 3.0 × 10−2 3.1 × 10−2

Third order 2.9 × 10−2 3.0 × 10−2 3.0 × 10−2

Simulated 2.8 × 10−2 2.9 × 10−2 3.0 × 10−2

P(ζ ≥ 3) First order 1.3 × 10−3 1.3 × 10−3 1.3 × 10−3

Second order 2.7 × 10−3 2.9 × 10−3 3.1 × 10−3

Third order 3.1 × 10−3 3.5 × 10−3 3.6 × 10−3

Simulated 3.1 × 10−3 3.4 × 10−3 3.5 × 10−3

P(ζ ≥ 4) First order 3.2 × 10−5 3.2 × 10−5 3.2 × 10−5

Second order 1.1 × 10−4 1.2 × 10−4 1.3 × 10−4

Third order 1.8 × 10−4 2.2 × 10−4 2.4 × 10−4

Simulated 2.4 × 10−4 2.9 × 10−4 3.1 × 10−4

P(ζ ≥ 5) First order 2.9 × 10−7 2.9 × 10−7 2.9 × 10−7

Second order 1.7 × 10−6 1.9 × 10−6 1.0 × 10−6

Third order 4.6 × 10−6 5.7 × 10−7 6.3 × 10−6

Simulated (1.4 ± 0.2) × 10−5 (1.9 ± 0.2) × 10−5 (2.2 ± 0.2) × 10−5

TABLE 2. Same as table 1 but with ε0 = 0.20, 0.25 and 0.30.

distribution of ζc = ηc/(η2)1/2 to second order (i.e. including the effects of skewness) is
given by

pLH(ζc) =
(

1 − ρ2

2π

)1/2 (
e−x2/2 − ρxF(x; ρ)

+ 1
6
Λ300

(((
1 − ρ2)3

x3 − (
3 − 9ρ2 + 5ρ4) x

)
e−x2/2

−
(
ρ
(
1 − ρ2)3

x4 − 6ρ
(
1 − ρ2)2

x2 + 3ρ
(
1 − ρ2))F(x; ρ)

)
+ 1

2
Λ201

(
ρ
(
2 − ρ2) x e−x2/2 +

((
1 − ρ2)2

x2 − (
1 − ρ2))F(x; ρ)

)

+ 1
2
Λ102x e−x2/2 + 1

6
Λ003ρx e−x2/2

−1
2
Λ120

((
1 − ρ2) x e−x2/2 + (

ρ − ρx2 + ρ3x2)F(x; ρ)
))

(4.4)

after correcting a few printing errors as well as an issue with the definition of the skewness
coefficients in the paper by Longuet-Higgins (1964). Here the numbers x and ρ and the
function F(x; ρ) are defined as

x = ζc(
1 − ρ2

)1/2 , ρ = ηηtt(
η2 η2

tt

)1/2 , F(x; ρ) = exp
(−x2(1 − ρ2)/2

) ∫ ∞

ρx
e−z2/2 dz,

(4.5a–c)
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while the different skewness coefficients are given by

Λp1p2p3 = (−1)p3(
1 − ρ2

)( p1+p3)/2

η
p1η

p2
t η

p3
tt(

η2
)p1/2 (

η2
t

)p2/2 (
η2

tt

)p3/2 . (4.6)

To compute these coefficients, we use a centred second-order finite difference scheme to
compute the time derivatives of η. In what follows we say that pLH(ζc) is of first order when
all skewness terms in (4.4) are neglected, and of second order if the entire expression is
used, and we note that the first order result for pLH(ζc) is the exact result for the PDF of
the crest height in the limit ε0 → 0.

The result of Tayfun is based on the assumption that the wave field is unidirectional with
an underlying narrowbanded frequency spectrum and is accurate to second order in wave
steepness. In the present notation the expression for the PDF reads

pT(ζc) = 2
ε

(
1 − 1

(εζc + 1)1/2

)
exp

(
− 2

ε2

(
(εζc + 1)1/2 − 1

)2
)

, (4.7)

and we have evaluated it taking ε = ε0. Using a Taylor series expansion, it is
straightforward to show that this expression reduces to the well-known Rayleigh
distribution ζc exp(−ζ 2

c /2) for narrowbanded waves as ε becomes vanishingly small,
and we note that this is fundamentally different from the crest height distribution of
Longuet-Higgins, which reduces to the exact result in the linear limit. For a discussion
and illustration of the difference between the PDFs in the linear limit we refer to the paper
by Cartwright & Longuet-Higgins (1956).

Our results for p(ζc) are shown for different values of ε0 in figure 5, which illustrates the
fact that the PDF becomes more skewed towards positive values of ζc as ε0 increases.
This may be seen quantitatively by noting that for the inequality p(ζc) ≥ 10−6 to be
approximately satisfied, ζc must lie in the interval [−2, 6] when ε0 = 0.05 and in the
interval [−2, 7.5] when ε0 = 0.30. The mean crest height varies only little with ε0,
and achieves its minimum, 1.10, for ε0 = 0.05 and its maximum, 1.17, for ε0 = 0.20. In
contrast, the mode (i.e. the most probable value of ζc) of the crest height distribution
monotonically increases in an approximately linear fashion with ε0, and is 0.77 for
ε0 = 0.05 and 0.89 for ε0 = 0.30.

The theoretical results of Longuet-Higgins and Tayfun are also shown in the figure,
and from these we conclude the following: The first-order PDF of Longuet-Higgins
is relatively accurate for ε0 = 0.05 only, as it overestimates the probability density of
large negative crest heights and drastically underestimates the probability density of large
positive crest heights larger for values of ε0. The second-order PDF of Longuet-Higgins
shares these drawbacks, but is somewhat more accurate than the first-order distribution. In
neither case do we consider a more quantitative comparison necessary to conclude that the
two PDFs are not useful to predict the probability of large crest heights in steep wave fields.
Finally, the second-order PDF of Tayfun is not capable of predicting negative crest heights
due to the narrowband assumption, but predicts the probability density of large positive
crest heights for large values of ε0 with very high accuracy. This is remarkable when
considering that the PDF is derived for unidirectional wave fields with a narrowbanded
frequency spectrum while the wave fields in this work are short-crested and the underlying
JONSWAP spectrum is not exactly narrowbanded. The good agreement is, however, not
completely unexpected, as e.g. Onorato et al. (2009) have previously demonstrated that
the Tayfun distribution performs well for wave fields whose statistical properties are
dominated by bound wave effects.

ht
tp

s:
//

do
i.o

rg
/1

0.
10

17
/jf

m
.2

02
0.

96
8 

Pu
bl

is
he

d 
on

lin
e 

by
 C

am
br

id
ge

 U
ni

ve
rs

ity
 P

re
ss

https://doi.org/10.1017/jfm.2020.968


910 A23-18 M. Klahn, P. A. Madsen and D. R. Fuhrman

10–4

10–6

10–2

100

10–4

10–6

10–2

100

10–4

10–6

10–2

100

10–4

10–6

10–2

100

10–4

10–6

10–2

100

10–4

10–6

10–2

100

p(ζc)

p(ζc)

p(ζc)

1st order (LH)
2nd order (LH)
2nd order (T)

–2 0 2 4 6 8
ζc

–2 0 2 4 6 8
ζc

–2 0 2 4 6 8 –2 0 2 4 6 8

–2 0 2 4 6 8 –2 0 2 4 6 8

(e)

(b)(a)

(c) (d )

( f )

FIGURE 5. The simulated and theoretical PDFs of the non-dimensional crest height ζc =
ηc/

(
η2
)1/2

for (a) ε0 = 0.05, (b) ε0 = 0.10, (c) ε0 = 0.15, (d) ε0 = 0.20, (e) ε0 = 0.25 and
( f ) ε0 = 0.30. Each histogram is constructed from 20 realizations of the initial condition and
uses data from the time interval 20 ≤ t ≤ 100Tp. The legend applies to all figures.

4.4. Average surface elevation around large crests
We conclude the study of the statistical properties of the surface elevation by considering
the average surface elevation around large crests at a fixed point in time. This is an old
problem to which, among others, Phillips, Gu & Donelan (1993) and Boccoti (2000) have
contributed solutions to lowest order in ε0, and Fedele & Tayfun (2009) have supplied
a solution that incorporates weak nonlinearity. Here we define the surface elevation to
have a crest at the location (xc, yc) with height ηc = η(xc, yc) if ηc ≥ η(x, y) for all
(x, y) satisfying the conditions |x − xc| ≤ λp/2 and |y − yc| ≤ λp/2, and we compute the
average surface elevation around crests with ηc ≥ Hm0 using data for which t ≥ 20Tp.
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(b)(a)

FIGURE 6. The average surface elevation in the domain {(x, y) | |x − xc| ≤ λp and |y − yc| ≤
λp} around crests higher than Hm0 for (a) ε = 0.05 and (b) ε = 0.30 seen from behind (i.e. for
x < xc). The vertical scale on the figures is the same. The figures are computed using data from
20 realizations of the initial condition at times later than 20Tp.

The result of the computation for ε0 = 0.05 and ε0 = 0.30 is shown in figure 6,
from which it may be seen that large crests, on average, become steeper and more
narrow as ε0 increases. Moreover, the trough behind the crest (i.e. for x < xc) is seen
to flatten and to come closer to the still water level for larger steepness. To make the
structure of large crests more clear, their contours are shown in figures 7(a) and 7(b).
The figures illustrate the fact that the average surface elevation around large crests
does, to a good approximation, possess the symmetry properties η(x, y) = η(−x,−y),
η(x, y) = η(−x, y) and η(x, y) = η(x,−y) when ε0 is small, while it only satisfies the
condition η(x, y) = η(x,−y) when ε0 is large. We note that the former result can be
explained qualitatively by the approximate result of Phillips et al., which states that the
surface elevation in the vicinity of a point where η is known to be large is expected to have
the shape of the surface elevation’s autocorrelation function,

Ψ (x, y) = E[η(x0, y0)η(x0 + x, y0 + y)], (4.8)

where E[·] denotes an average over all points (x0, y0). Since all points of the wave field
are statistically identical, Ψ does not depend on x0 and y0, and one may, for fixed values
of x and y, substitute x0 with x0 − x and y0 with y0 − y, which upon insertion in (4.8)
shows that Ψ (x, y) = Ψ (−x,−y). The two other symmetry properties may be shown in
an analogous way by utilizing the fact that the directional spreading function (2.3) satisfies
the condition D(θ) = D(−θ).

In order to check the actual accuracy of the approximate result of Phillips et al., the
average surface elevation around crests higher than Hm0 is compared to the autocorrelation
function along the line y = yc for ε0 = 0.05 and 0.30 in figures 7(c) and 7(d). For
ε0 = 0.05 the overall agreement is seen to be good, although the autocorrelation function
predicts the troughs to be slightly deeper than found from the simulation results. For
ε0 = 0.30 the agreement is in contrast very poor. The autocorrelation function severely
overpredicts the depth of the troughs and does also not capture the shape of the crest.
Moreover, the autocorrelation function predicts the average surface elevation around the
crest to be symmetrical, which it clearly is not.

5. Statistical properties of fluid kinematics at the surface

In this section we study the horizontal fluid velocity at the surface, v
(s)
h , the horizontal

fluid acceleration at the surface, a(s)
h , and the vertical fluid acceleration at the surface, a(s)

z ,
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FIGURE 7. (a,b) Contour lines of the average surface elevation in the domain {(x, y) | |x −
xc| ≤ λp and |y − yc| ≤ λp} around crests higher than Hm0 for (a) ε = 0.05 and (b) ε = 0.30.
The crest elevation has been normalized to 1. (c,d) Comparison of the average surface elevation
around crests higher than Hm0 and the autocorrelation function (4.8) computed at t = 50Tp for
(c) ε0 = 0.05 and (d) ε0 = 0.30. The legend applies to both (c) and (d). The figures are computed
using data from 20 realizations of the initial condition at times later than 20Tp.

at a fixed point in time as a function of the initial steepness. These quantities are defined
as

v
(s)
h = (

v2
x + v2

y

)1/2
∣∣∣
z=η

, (5.1a)

a(s)
h = (

a2
x + a2

y

)1/2
∣∣∣
z=η

, (5.1b)

a(s)
z = az|z=η, (5.1c)

and we normalize them by v0 = ε0(g/kp)
1/2 and a0 = ε0g, respectively, where the factor

ε0 is included in each case to account for the expected scaling based on linear theory.
Although the statistical properties of the wave field change slightly in time, we will again
use the results at t = 50Tp as a representative of the results for all t satisfying 20Tp ≤
t ≤ 100Tp, as we did in § 4.2. Since we have not been able to find a discussion of the
PDFs of v

(s)
h and a(s)

h in the literature and a(s)
z has also not received much attention, we

start by deriving the PDFs of v
(s)
h , a(s)

h and a(s)
z based on first-order theory using some

results obtained by Song & Wu (2000) in order to find out what to expect in the limit of
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small steepness. Using our simulation results we then go on to discuss how the exact PDFs
depend on ε0 and how they differ from the first-order results. Finally, we consider the joint
distribution of the fluid kinematics at the surface and the surface elevation, and ask for
what surface elevations velocities and accelerations of large magnitude occur. We note that
this question is motivated by the work of Sergeeva & Slunyaev (2013), who investigated
whether large fluid velocities at the surface only occur in connection with large surface
elevations.

Before proceeding, we want to draw attention to the fact that the distributions of the
fluid kinematics presented in this paper are not expected to be exhaustive descriptions of
the true distributions that may be measured in field experiments, since the effects of wave
breaking are not included in our simulations. In particular caution should be taken for the
wave fields with large values of ε0 where breaking is expected to occur more often than
for wave fields with small values of ε0. The reason for this warning is that breaking waves
have been found to exhibit substantially more violent kinematics than non-breaking waves.
For a discussion of the fluid kinematics of breaking waves we refer the reader to the papers
by Grue & Jensen (2006) and Alberello et al. (2018) as well as the references therein.

5.1. First-order distributions of the surface kinematics

To derive the PDF of v
(s)
h we start out by noting that when only terms to first order in ε0

are kept, (67) of Song & Wu (2000) immediately implies that the horizontal components
of the fluid velocity at the surface, v(s)

x and v(s)
y , are jointly normally distributed. Since the

directional spreading function (2.3) of the wave fields studied in this work possesses the
symmetry property D(θ) = D(−θ), it follows from (34) of Song & Wu that v(s)

x and v(s)
y

are uncorrelated, and their joint PDF can hence be expressed generically as

p
(
v(s)

x , v(s)
y

) = 1
2πσvx σvy

exp

⎛
⎝−1

2

⎛
⎝(v(s)

x

σvx

)2

+
(

v(s)
y

σvy

)2
⎞
⎠
⎞
⎠ , (5.2)

where σvx and σvy denote the standard deviations of v(s)
x and v(s)

y , respectively. By definition,
the cumulative distribution function of v

(s)
h is given by

P
(
v

(s)
h ≤ v

)
=
∫

v
(s)2
x +v

(s)2
y ≤v2

p
(
v(s)

x , v(s)
y

)
dv(s)

x dv(s)
y , (5.3)

and upon insertion of (5.2), differentiation with respect to v and some tedious, but
otherwise straightforward, algebraic manipulations, it can be shown that the PDF of v

(s)
h /v0

to first order in ε0 reads

p
(
v

(s)
h /v0

)
= 2

π

v
(s)
h v0

σvx σvy

∫ π/2

0
exp

⎛
⎝−1

2

(
v

(s)
h

σvx

)2 (
cos(x)2 +

(
σvx

σvy

)2

sin(x)2

)⎞⎠ dx .

(5.4)

We note that in the case where σvx = σvy the integral becomes trivial and p(v
(s)
h /v0) is

seen to be the PDF of a Rayleigh distribution. In the more general case where σvx /= σvy

and both standard deviations are non-zero, the integral can not be computed in terms of
elementary functions, but the notation may be simplified by using the modified Bessel
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function of order zero, I0. After a few calculations one finds that (5.4) can be rewritten
as

p
(
v

(s)
h /v0

)
= v

(s)
h v0

σvx σvy

exp

(
−1

4
v

(s)2

h

(
1

σ 2
vx

+ 1
σ 2

vy

))
I0

(
1
4
v

(s)2

h

(
1

σ 2
vx

− 1
σ 2

vy

))
, (5.5)

which is on a form that may be evaluated directly by a large number of software packages.
In order to find the standard deviations we have executed simulations with ε0 = O(10−6),
and found that σvx ≈ 0.556v0 and σvy ≈ 0.321v0, such that σvx /σvy ≈ 1.732 is very close
to the exact ratio

√
3 ≈ 1.732, which may be derived using (33) and (35) of Song & Wu.

To derive the PDF of a(s)
h we start by noting that the contribution from the nonlinear

convective terms to the horizontal components of the fluid acceleration at the surface,
a(s)

x and a(s)
y , vanish to first order in ε0. As a consequence, a(s)

x and a(s)
y are jointly

normally distributed to this order, and using the same argument about the symmetry of
the directional spreading function as above, their correlation can be shown to be zero.
This then implies that the derivation of the PDF of a(s)

h /a0 becomes exactly the same as
that of p(v

(s)
h /v0), and we are therefore content with stating the result, which is

p
(

a(s)
h /a0

)
= a(s)

h a0

σax σay

exp

(
−1

4
a(s)2

h

(
1

σ 2
ax

+ 1
σ 2

ay

))
I0

(
1
4

a(s)2

h

(
1

σ 2
ax

− 1
σ 2

ay

))
. (5.6)

Here, σax ≈ 0.831a0 and σax ≈ 0.489a0 are the standard deviations of a(s)
x and a(s)

y ,
respectively, and the actual values have again been found by simulating wave fields with
ε0 = O(10−6). We note that σax /σax ≈ 1.699 which is close to the expected ratio of

√
3 for

the directional spreading function (2.3).
Finally, it may readily be seen that a(s)

z follows a normal distribution to first order in ε0.
Hence, the PDF of a(s)

z /a0 to this order simply reads

p
(
a(s)

z /a0
) = a0

(2π)1/2σaz

exp

(
−1

2

(
a(s)

z

σaz

)2
)

, (5.7)

where a good approximation for the standard deviation of a(s)
z has been found to be σaz ≈

0.950a0 by simulating wave fields with ε0 = O(10−6). This concludes our derivation of
the PDFs of the quantities v

(s)
h , a(s)

h and a(s)
z to first order.

5.2. Nonlinear distributions of the surface kinematics

We now investigate the PDFs of v
(s)
h /v0, a(s)

h /a0 and a(s)
z /a0 obtained from our simulations

at time t = 50Tp for different values of ε0. The PDFs are shown in figure 8, from which it
may be seen that the PDFs of v

(s)
h /v0 and a(s)

h /a0 acquire a less rapidly decaying tail as ε0
increases from 0.05 to approximately 0.20, and that the PDFs are almost independent of
ε0 when the initial steepness is 0.20 or larger. In contrast, both the left and right tails of
the PDF of a(s)

z /a0 become more rapidly decaying as ε0 increases. The trend is, however,
most pronounced for small values of ε0. The PDFs of all three variables are quantitatively
described in table 3 through their modes, mean values and standard deviations. The table
shows that the modes and mean values of v

(s)
h /v0 and a(s)

h /a0 decrease with ε0, while the
opposite happens to be the case for a(s)

z /a0. The table also shows, surprisingly enough, that
the standard deviations of all three variables decrease with the initial steepness, and we
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FIGURE 8. The PDFs of (a,b) v
(s)
h /v0, (c,d) a(s)

h /a0 and (e, f ) a(s)
z /a0 at time t = 50Tp for

different values of ε0. The PDFs are computed from 20 realizations of the initial condition.
The legends of the first row apply to all rows. The dashed lines depict the first-order results given
by (5.5), (5.6) and (5.7), respectively.

v
(s)
h /v0 a(s)

h /a0 a(s)
z /a0

ε0 Mode Mean Std. dev. Mode Mean Std. dev. Mode Mean Std. dev.

0.05 0.36 0.51 0.29 0.53 0.69 0.39 0.00 0.03 0.79
0.10 0.35 0.49 0.28 0.47 0.66 0.37 0.05 0.06 0.74
0.15 0.35 0.48 0.28 0.46 0.62 0.36 0.05 0.08 0.70
0.20 0.32 0.45 0.27 0.42 0.58 0.34 0.07 0.09 0.64
0.25 0.31 0.42 0.26 0.38 0.54 0.31 0.06 0.09 0.59
0.30 0.29 0.39 0.24 0.36 0.50 0.29 0.07 0.10 0.54

TABLE 3. The modes, means and standard deviations of v
(s)
h /v0, a(s)

h /a0 and a(s)
z /a0 at time

t = 50Tp as a function of ε0. The values are computed from 20 realizations of the initial
condition.

can therefore in some sense conclude that the fluid kinematics at the surface become more
predictable as the initial steepness is increased. This statement should, however, be taken
cautiously, as the above description of the PDFs implicitly implies that the probability of
finding very large horizontal fluid velocities and accelerations at the surface increases with
the steepness.
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FIGURE 9. The joint PDFs of η/Hm0 and (a,d) v
(s)
h /v0, (b,e) a(s)

h /a0 and (c, f ) |a(s)
z |/a0 at time

t = 50Tp for ε0 = 0.05 (a–c) and ε0 = 0.30 (d–f ). All figures are produced using 20 realizations
of the initial condition.

In order to assess the accuracy of the first-order results (5.5), (5.6) and (5.7), we show
them as dashed lines in figure 8 together with the nonlinear results. From the figure we note
that the first-order result for the PDF of v

(s)
h matches the nonlinear results with ε0 ≤ 0.15

rather well, but also that the first-order results in all other cases deviate substantially from
the nonlinear results. In particular we note that for steep wave fields the first-order result
tends to underestimate the probability of large values of v

(s)
h and a(s)

h and overestimate the
probability of large values of a(s)

z .

5.3. Joint distribution of surface kinematics and surface elevation
The interest in very large surface and crest elevations is partly motivated by the fact
that they are typically accompanied by large fluid velocities and accelerations. There is,
however, no guarantee that a violent fluid flow is found only in the vicinity of large surface
elevations, since it e.g. has been shown by Sergeeva & Slunyaev (2013) that not all large
fluid velocities at the surface of unidirectional waves are found where the surface elevation
is large. In an attempt to find out for what surface elevations large fluid velocities and
accelerations at the surface occur, we have computed the joint PDF of η/Hm0 with each
of v

(s)
h /v0, a(s)

h /a0 and |a(s)
z |/a0 at time t = 50Tp for different values of ε0. The results

for ε0 = 0.05 and 0.30 are shown in figure 9, and from it we reach different conclusions
about the fluid kinematics at the surface when the initial steepness is small and when
it is large. When the initial steepness is small, we conclude that large values of v

(s)
h /v0

and |a(s)
z |/a0 are most likely found when the surface elevation is large in magnitude,

while large values of a(s)
h /a0 are most likely found when the surface elevation is small

in magnitude, i.e. close to the still water level. When the initial steepness is large, we
can make the same conclusion about a(s)

h /a0, but large values of v
(s)
h /v0 are now found

primarily when the surface elevation is large and positive, whereas large values of |a(s)
z |/a0

are mainly found when the surface elevation is large and negative. Even though the fluid
velocities and accelerations at the surface are important quantities, we stress at this point
that they cannot be expected to give the full picture of how violent the flow field actually is.
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For example we know from the work of Longuet-Higgins (1986) that when the steepness
becomes large enough, the downwards fluid acceleration at the crest of a steady nonlinear
wave may in fact be exceeded by up to approximately 20 % by the maximum downwards
fluid acceleration found vertically below the crest.

6. Statistical properties of fluid kinematics associated with large crests

In this section we present a detailed analysis of the largest fluid velocities and
accelerations appearing in connection with large crests. To do so, we consider the wave
field at fixed points in time with t ≥ 20Tp, and define the surface elevation to have a
crest at the location (xc, yc) with height ηc = η(xc, yc) in the same way as in § 4.4, i.e. if
ηc ≥ η(x, y) for all (x, y) satisfying the conditions |x − xc| ≤ λp/2 and |y − yc| ≤ λp/2.
We consider the extremum velocities and accelerations

v
(m)

h = max
{(

v2
x + v2

y

)1/2
}

, (6.1a)

a(m)

h = max
{(

a2
x + a2

y

)1/2
}

, (6.1b)

a(m)
z = min {az} , (6.1c)

where the maxima and minimum are computed over the region of space{
(x, y, z)

∣∣∣∣ |x − xc| ≤ λp

2
, |y − yc| ≤ λp

2
and − 1.5Hm0 ≤ z ≤ η(x, y)

}
, (6.2)

and note that the minimum value of az corresponds to the value having the largest
magnitude, since vertical accelerations are negative close to crests. We begin the analysis
by studying the influence of ε0 on the conditional distribution of these quantities given
that ηc ≥ Hm0. Next, we consider the distribution of the locations relative to the crest
at which v

(m)

h , a(m)

h and a(m)
z occur for crests higher than Hm0, and show that only the

horizontal acceleration attains its maximum away from the crest. For crests higher than
Hm0 we therefore subsequently investigate the distribution of the horizontal acceleration at
the crest,

a(c)
h = (

a2
x + a2

y

)1/2
∣∣∣
(x,y,z)=(xc,yc,ηc)

, (6.3)

relative to the maximum horizontal acceleration found in connection with the crest.

6.1. Conditional distributions of the extremum velocities and accelerations

Our results for the conditional PDFs of v
(m)

h /v0, a(m)

h /a0 and a(m)
z /a0 given that ηc ≥ Hm0 are

shown in figure 10 for different values of ε0. For all variables it holds that a larger value of
ε0 leads to a less rapidly decaying tail, in such a way that all PDFs are easily told apart on
the scale of the figure already around probability densities of magnitude 10−2. For v

(m)

h /v0
the tail changes most rapidly for ε0 ≤ 0.15 while for the accelerations the tail also changes
appreciably for larger values of ε0. From the figure it is also clear that the most likely
values of v

(m)

h /v0 and a(m)

h /a0 are only weakly dependent on the initial steepness while the
most likely value of a(m)

z /a0 quickly moves towards less negative values as ε0 is increased
from 0.05. The PDFs are quantitatively described in table 4, which lists the modes, mean
values and standard deviations of the three quantities as a function of ε0. From the table it
is interesting to note that the standard deviations of the three quantities increase with the
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v
(m)
h /v0 a(m)

h /a0 a(m)
z /a0

ε0 Mode Mean Std. dev. Mode Mean Std. dev. Mode Mean Std. dev.

0.05 2.27 2.29 0.22 2.51 2.59 0.33 −3.04 −3.03 0.30
0.10 2.38 2.42 0.27 2.46 2.58 0.39 −2.71 −2.71 0.24
0.15 2.48 2.58 0.32 2.52 2.66 0.50 −2.40 −2.41 0.20
0.20 2.51 2.66 0.37 2.46 2.81 0.65 −2.09 −2.21 0.25
0.25 2.53 2.70 0.38 2.56 2.95 0.78 −1.91 −2.11 0.34
0.30 2.55 2.71 0.36 2.58 3.11 0.93 −1.85 −2.11 0.48

TABLE 4. The conditional modes, means and standard deviations of v
(m)
h /v0, a(m)

h /a0 and
a(m)

z /a0 given that ηc ≥ Hm0 as a function of ε0.

initial steepness, which is the exact opposite trend than exhibited by the fluid velocities and
accelerations at the surface as discussed in § 5.2. In this connection it should in particular
be noted that while the standard deviations of v

(m)

h /a0 and a(m)
z /a0 merely increase by

factors of about 1.2 and 1.6, respectively, when ε0 is increased from 0.05 to 0.30, the
standard deviation of a(m)

h /a0 increases by a factor of approximately 2.8. Finally, we want
to draw attention to the fact that the mean of a(m)

h /a0 is smaller in magnitude than the mean
of a(m)

z /a0 for small values of ε0, while it is the other way around with a(m)

h /a0 exceeding
a(m)

z /a0 by approximately a factor 1.5 in magnitude for ε0 = 0.30.
The conditional distributions do, of course, not tell the whole story, as they do not

distinguish between crests of different heights as long as they are larger than Hm0. It turns
out, as one would expect, that if the initial steepness is kept constant, the average values of
v

(m)

h /v0, a(m)

h /a0 and a(m)
z /a0 tend to grow in magnitude with the crest height, and this fact is

illustrated in figure 11. The figure shows the averaged extremum velocity and accelerations

Vh(ηc; δ) = 1
N(ηc; δ)

N(ηc;δ)∑
n=1

v
(m)

h (n), (6.4a)

Ah(ηc; δ) = 1
N(ηc; δ)

N(ηc;δ)∑
n=1

a(m)

h (n), (6.4b)

Az(ηc; δ) = 1
N(ηc; δ)

N(ηc;δ)∑
n=1

a(m)
z (n), (6.4c)

where N(ηc; δ) is the number of crests with elevation in the interval [ηc − δ, ηc + δ),
v

(m)

h (n) is the value of v
(m)

h at the nth crest of appropriate elevation and a(m)

h (n) and a(m)
z (n)

are defined similarly. In this connection we note that Vh/v0 grows with ηc at a rate which is
nearly independent of ε0 and that Ah/a0 grows with ηc at rate which is highly dependent on
ε0. It can also be seen from the figure that the rate at which Az/a0 increases in magnitude
with ηc is almost independent of ε0 for small values of the initial steepness but does depend
on ε0 for large values of the initial steepness.
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FIGURE 10. The conditional PDFs of (a,b) v
(m)
h /v0, (c,d) a(m)

h /a0 and (e, f ) a(m)
z /a0 given that

ηc ≥ Hm0 for different values of ε. The PDFs are computed from 20 realizations of the initial
condition at times later than 20Tp. The legends of the first row apply to all rows.
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FIGURE 11. The non-dimensional average extremum velocity and accelerations Vh/v0, Ah/a0
and Az/a0 (full lines) with 95 % confidence intervals (dashed-dotted lines) as a function of the
crest height. The averages have been computed in steps of 0.02Hm0 with δ = 0.01Hm0, and the
legend applies to all figures.

6.2. Locations of the extremum fluid velocities and accelerations

Next, we consider the location at which v
(m)

h , a(m)

h and a(m)
z occur for crests of height

larger than Hm0. We denote these locations by (x (m)
vh

, y(m)
vh

, z(m)
vh

), (x (m)
ah

, y(m)
ah

, z(m)
ah

) and
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FIGURE 12. The joint conditional PDF of (x (m)
ah , y(m)

ah ) given that ηc ≥ Hm0 for (a) ε0 = 0.05,
(b) ε0 = 0.10, (c) ε0 = 0.15, (d) ε0 = 0.20, (e) ε0 = 0.25 and ( f ) ε0 = 0.30.

(x (m)
az

, y(m)
az

, z(m)
az

), respectively, and start by examining the location of the horizontal
acceleration.

The joint conditional PDF of (x (m)
ah

, y(m)
ah

) given that ηc ≥ Hm0 is shown in figure 12
for different values of ε0, and illustrates the fact that a(m)

h is most likely to be found
approximately 0.1λp away from the crest in the horizontal plane for all values of ε0. For
a small initial steepness, a(m)

h is found almost as often behind the crest (i.e. for x (m)
ah

< xc)
as in front of the crest (i.e. for x (m)

ah
> xc), while for large initial steepness a(m)

h is most
likely found in front of the crest. Moreover, we note that the conditional PDF becomes
more localized with as ε0 increases. Although not to the same degree, the conditional
distribution of the vertical location, z(m)

ah
, given that ηc ≥ Hm0 also becomes more localized

as ε0 increases. This may be seen in figure 13, which also shows that the most likely
position for a(m)

h to occur becomes increasingly negative as ε0 becomes large. As a result
the maximum horizontal acceleration is most likely found approximately 0.6Hm0 below
the crest when ε0 = 0.05, while for ε0 = 0.30 a(m)

h occurs most often about 0.7Hm0 below
the crest. Interestingly enough, the average value of z(m)

ah
does seemingly not depend on ε0

and is about −0.8Hm0 in all cases.
In contrast to a(m)

h , v
(m)

h and a(m)
z are typically found right at the crest with a very high

probability for all values of the steepness. This fact is illustrated for ε0 = 0.15 in figure 14
which shows the joint conditional PDFs of (x (m)

vh
, y(m)

vh
) and (x (m)

az
, y(m)

az
) given that ηc ≥ Hm0,

and in figure 15 which shows the conditional PDFs of z(m)
vh

and z(m)
az

given that ηc ≥ Hm0. In
this connection it is interesting to note that the maximum horizontal velocity sometimes,
although rarely, occurs somewhat below the crest which is never the case for regular waves.

6.3. Velocities and accelerations at the crest compared to maximum values
From the preceding section it is clear that the horizontal velocity and vertical acceleration
at the crest must typically be very similar to the corresponding maximum quantities
associated with the crest. On the other hand, the horizontal acceleration at the crest
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may deviate substantially from the maximum horizontal acceleration, since the latter is
typically found a non-negligible distance away from the crest, and we here quantify the
deviation using the conditional PDF of a(c)

h /a(m)

h given that ηc ≥ Hm0. Figure 16 illustrates
the fact that the PDF acquires a less rapidly decaying tail with the steepness and that it
peaks around a(c)

h ≈ 0.1a(m)

h for all values of ε0. From integration of the PDF we moreover
conclude that the probability of a(c)

h exceeding a(m)

h /2 is less than approximately 1.2 % for
ε0 = 0.30 and significantly less for smaller values of the initial steepness.
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7. Conclusions

We have presented a numerical study of the statistical properties of the surface elevation
and the fluid kinematics of irregular wave fields with emphasis on the role of the initial
wave steepness ε0. The study was performed using the fully nonlinear numerical model
of Klahn et al. (2020), which is a pseudospectral volumetric method for solving the
irrotational Euler equations without any simplifying assumptions. In that regard this
investigation stands out, since most other numerical studies of irregular wave fields have
been carried out using either the nonlinear Schrödinger equation (Dysthe et al. 2003;
Socquet-Juglard et al. 2005), the Zakharov equation (Annenkov & Shrira 2009, 2013,
2018) or a low-order truncation of the HOS method (Toffoli et al. 2010; Xiao et al.
2013; Fedele et al. 2016). The wave fields under consideration were of size 50λp × 50λp,
discretized with approximately 20 points per peak wavelength and initialized from a
directional JONSWAP spectrum using a method due to Tanaka (2001).

We first considered the statistical properties of the surface elevation. Its skewness and
kurtosis were computed as a function of time, and it was shown that at a fixed point in time
a larger value of ε0 leads to larger values of the skewness and the kurtosis. Moreover, it was
found that while the skewness decreases with time when the steepness is large, the kurtosis
seemed to approach a steady state level for all values of ε0. Next, we showed that the PDF
of the surface elevation changes slightly over time in our simulations, with the change
mainly affecting the left tail of the PDF. With this result in mind, we considered the PDF of
the surface elevation at time t = 50Tp. This PDF was computed for different values of ε0,
and it was concluded that it acquires a less rapidly decaying tail for large positive surface
elevations as ε0 increases. The simulated results were compared to the first-, second-
and third-order approximations of the Gram–Charlier series derived by Longuet-Higgins
(1963), and a good agreement was found for all orders for small values of ε0. For large
values of ε0 the theoretical results were, however, found to underestimate the probability
of large positive surface elevations. Hereafter, we studied the PDF of the crest elevation,
whose dependence on the initial steepness was found to be qualitatively similar to that
of the PDF of the surface elevation. The theoretical results of Longuet-Higgins (1964)
and Tayfun (1980) were compared to the simulated results, and while the expressions
of Longuet-Higgins did not provide accurate results unless ε0 = 0.05, the expression of
Tayfun matched the results of the simulations remarkably well. In that connection it was
mentioned that the PDF of Tayfun is based on assumptions which are not satisfied by
the wave fields in this work, and it was therefore noted that its good agreement with the
simulated results should be regarded as a coincidence. We concluded the investigation
of the statistical properties of the surface elevation by considering the expected surface
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elevation in the vicinity of crests higher than the significant wave height, Hm0. The
symmetry properties of the surface elevation were discussed, and it was shown that two
out of the three mentioned symmetries are broken as the initial steepness becomes large.

Secondly, we considered various statistical aspects of the fluid kinematics encountered
in connection with irregular wave fields. The fluid kinematics of irregular waves have so
far only received very little attention in the literature, and none of the PDFs presented in
§§ 5 and 6 have to our knowledge been published elsewhere.

In § 5, we first considered the statistical properties of the horizontal fluid velocity and
horizontal and vertical fluid acceleration at the surface. Drawing on some results due
to Song & Wu (2000) we derived expressions for the PDFs of these quantities to first
order, and showed that already for ε0 these approximations are fairly inaccurate. When
increasing the initial steepness, the tails of the PDFs were found to become less rapidly
decaying in the case of the horizontal velocity and acceleration for larger values, and more
rapidly decaying in the case of the vertical acceleration. Moreover, the standard deviations
of all three quantities were found to become smaller when increasing the value of ε0.
Next, we investigated for what surface elevations large fluid kinematics at the surface
occur by considering the joint PDF of the surface elevation and the fluid velocities and
accelerations. For small values of ε0 we concluded that large horizontal velocities and
vertical accelerations at the surface are typically found when the surface elevation is of
large magnitude, while large horizontal accelerations at the surface are most often found
close to the still water level. For large values of ε0 the latter conclusion still holds, but
large horizontal velocities at the surface are in this case most often found when the surface
elevation is large and positive, while large vertical accelerations at the surface are most
likely found when the surface elevation is large and negative.

In § 6 we characterized the largest values of the horizontal velocity as well as horizontal
and vertical accelerations that accompany large crests. We computed the conditional PDFs
of these quantities given that the crest height is larger than Hm0, and showed that all PDFs
acquire less rapidly decaying tails as the initial steepness becomes large. Moreover, we
found that the standard deviations of all quantities become larger with ε0 which is in clear
contrast to the standard deviations of the fluid velocities and accelerations at the surface.
Following this, we studied the statistical distribution of the location where the extremum
velocities and accelerations occur. We concluded that for small values of ε0 the largest
horizontal acceleration is most likely found the distance 0.1λp either behind or in front of
the crest, while for large values of ε0 it is most likely found the same distance in front of
the crest. The largest horizontal velocity and vertical acceleration were in all cases most
likely to be found right at the crest. Finally, we considered the horizontal acceleration at
the crest relative to the maximum horizontal acceleration for crests higher than Hm0. For
all values of ε0 we found that the former is most often an order of magnitude smaller than
the latter, and that the probability of finding a horizontal acceleration at the crest which is
more than half the maximum horizontal acceleration found in connection with the crest is
only about 1.2 % in the case ε0 = 0.30 and smaller for smaller values of ε0.

Acknowledgements

The authors gratefully acknowledge the funding received from Centre for Oil and Gas -
DTU/Danish Hydrocarbon Research and Technology Centre (DHRTC). Project name:
DEWIOS. Project ID: FL_110.

Declaration of interests

The authors report no conflict of interest.

ht
tp

s:
//

do
i.o

rg
/1

0.
10

17
/jf

m
.2

02
0.

96
8 

Pu
bl

is
he

d 
on

lin
e 

by
 C

am
br

id
ge

 U
ni

ve
rs

ity
 P

re
ss

https://doi.org/10.1017/jfm.2020.968


910 A23-32 M. Klahn, P. A. Madsen and D. R. Fuhrman

REFERENCES

ALBERELLO, A., CHABCHOUB, A., GRAMSTAD, O., BABANIN, A. V. & TOFFOLI, A. 2016
Non-Gaussian properties of second-order wave orbital velocity. Coast. Engng 110, 42–49.

ALBERELLO, A., CHABCHOUB, A., MONTY, J. P., NELLI, F., ELSNAB, J. & TOFFOLI, A. 2018
An experimental comparison of velocities underneath focused breaking waves. Ocean Engng
155, 201–210.

ANNENKOV, S. Y. & SHRIRA, V. I. 2009 Evolution of kurtosis for wind waves. Geophys. Res. Lett.
36, L13603.

ANNENKOV, S. Y. & SHRIRA, V. I. 2013 Large-time evolution of statistical moments of wind-wave fields.
J. Fluid Mech. 726, 517–546.

ANNENKOV, S. Y. & SHRIRA, V. I. 2018 Spectral evolution of weakly nonlinear random waves: kinetic
description versus direct numerical simulations. J. Fluid Mech. 844, 766–795.

BOCCOTI, P. 2000 Wave Mechanics for Ocean Engineering. Elsevier Science.
CARTWRIGHT, D. E. & LONGUET-HIGGINS, M. S. 1956 The statistical distribution of the maxima of a

random function. Proc. R. Soc. Lond. 237, 212–232.
DOMMERMUTH, D. 2000 The initialization of nonlinear waves using an adjustment scheme. Wave Motion

32 (4), 307–317.
DOMMERMUTH, D. G. & YUE, D. K. P. 1987 A high-order spectral method for the study of nonlinear

gravity waves. J. Fluid Mech. 184, 267–288.
DYSTHE, K. B., TRULSEN, K., KROGSTAD, H. E. & SOCQUET-JUGLARD, H. 2003 Evolution of a

narrow-band spectrum of random surface gravity waves. J. Fluid Mech. 478, 1–10.
FEDELE, F., BRENNAN, J., PONCE DE LEÓN, S., DUDLEY, J. & DIAS, F. 2016 Real world ocean rogue

waves explained without the modulational instability. Sci. Rep. 6, 27715.
FEDELE, F. & TAYFUN, M. A. 2009 On nonlinear wave groups and crest statistics. J. Fluid Mech.

620, 221–239.
FUHRMAN, D. R. & BINGHAM, H. B. 2004 Numerical solutions of fully non-linear and highly

dispersive Boussinesq equations in two horizontal dimensions. Intl J. Numer. Meth. Fluids 44,
231–255.

GRUE, J. & JENSEN, A. 2006 Experimental velocities and accelerations in very steep wave events in deep
water. Eur. J. Mech. B/Fluids 25 (C3), 554–564.

KLAHN, M., MADSEN, P. A. & FUHRMAN, D. R. 2020 Simulation of three-dimensional nonlinear water
waves using a pseudospectral volumetric method with an artificial boundary condition. J. Fluid
Mech. (submitted). Available at: https://files.dtu.dk/u/1CDK80-gyvfGIMrx/manuscript.pdf?l

KOPRIVA, D. A. 2009 Implementing Spectral Methods for Partial Differential Equations. Springer.
LONGUET-HIGGINS, M. S. 1952 On the statistical distribution of the heights of sea waves. J. Mar. Res.

11, 245–266.
LONGUET-HIGGINS, M. S. 1963 The effect of non-linearities on statistical distributions in the theory of

sea waves. J. Fluid Mech. 17, 459–480.
LONGUET-HIGGINS, M. S. 1964 Modified Gaussian distributions for slightly nonlinear variables. Radio

Sci. J. Res. NBS/USNC-URSI 68D, 1049–1062.
LONGUET-HIGGINS, M. S. 1986 Eulerian and Lagrangian aspects of surface waves. J. Fluid Mech.

173, 683–707.
NICHOLLS, D. P. 2011 Efficient enforcement of far-field boundary conditions in the transformed field

expansions method. J. Comput. Phys. 230, 8290–8303.
ONORATO, M., CAVALERI, L., FOUQUES, S., GRAMSTAD, O., JANSSEN, P. A. E. M., MONBALIU, J.,

OSBORNE, A. R., PAKOZDI, C., SERIO, M., STANSBERG, C. T. et al. 2009 Statistical properties
of mechanically generated surface gravity waves: a lobaratory experiment in a three-dimensional
wave basin. J. Fluid Mech. 627, 235–257.

ONORATO, M. & SURET, P. 2016 Twenty years of progress in oceanic rogue waves: the role played by
weakly nonlinear models. Nat. Hazards 84, S541–S548.

PHILLIPS, O. M., GU, D. & DONELAN, M. 1993 Expected structure of extreme waves in a Gaussian sea.
Part 1. Theory and SWADE buoy measurements. J. Phys. Oceanogr. 23, 992–1000.

SAAD, Y. & SCHULTZ, M. H. 1986 GMRES: A generalized minimal residual algorithm for solving
nonsymmetric linear systems. SIAM J. Sci. Stat. Comput. 7, 856–869.

ht
tp

s:
//

do
i.o

rg
/1

0.
10

17
/jf

m
.2

02
0.

96
8 

Pu
bl

is
he

d 
on

lin
e 

by
 C

am
br

id
ge

 U
ni

ve
rs

ity
 P

re
ss

https://files.dtu.dk/u/1CDK80-gyvfGIMrx/manuscript.pdf?l
https://doi.org/10.1017/jfm.2020.968


Statistical properties of surface irregular water waves 910 A23-33

SERGEEVA, A. & SLUNYAEV, A. 2013 Rogue waves, rogue events and extreme wave kinematics in
spatio-temporal fields of simulated sea states. Nat. Hazards Earth Syst. Sci. 13, 1579–1771.

SOCQUET-JUGLARD, H., DYSTHE, K., TRUELSEN, K., KROGSTAD, H. E. & LIU, J. 2005 Probability
distibutions of surface gravity waves during spectral changes. J. Fluid Mech. 542, 195–216.

SONG, J. B. & WU, Y.-H. 2000 Statistical distribution of water-particle velocity below the surface layer
for finite water depth. Coast. Engng 40, 1–19.

TANAKA, M. 2001 Verification of Hasselmann’s energy transfer among surface gravity waves by direct
numerical simulations. J. Fluid Mech. 444, 199–221.

TAYFUN, M. A. 1980 Narrow-band nonlinear sea waves. J. Geophys. Res. 85 (C3), 1548–1552.
TOFFOLI, A., BITNER-GREGERSEN, E., SUSLOV, S. & ONORATO, M. 2012 Statistics of wave orbital

velocity in deep water random directional wave fields. In ASME 2012 31st International Conference
on Ocean, Offshore and Arctic Engineering (OMAE), 469–475. American Society of Mechanical
Engineers.

TOFFOLI, A., GRAMSTAD, O., TRUELSEN, K., MONBALIU, J., BITNER-GREGERSEN, E. &
ONORATO, M. 2010 Evolution of weakly nonlinear random directional waves: laboratory
experiments and numerical simulations. J. Fluid Mech. 664, 313–336.

XIAO, W., LIU, Y., WU, G. & YUE, D. K. P. 2013 Rogue wave occurrence and dynamics by direct
simulations of nonlinear wave-field evolution. J. Fluid Mech. 720, 357–392.

ZAKHAROV, V. E. 1968 Stability of periodic waves of finite amplitude on the surface of a deep fluid.
J. Appl. Mech. Tech. Phys. 9, 190–194.

ht
tp

s:
//

do
i.o

rg
/1

0.
10

17
/jf

m
.2

02
0.

96
8 

Pu
bl

is
he

d 
on

lin
e 

by
 C

am
br

id
ge

 U
ni

ve
rs

ity
 P

re
ss

https://doi.org/10.1017/jfm.2020.968

	1 Introduction
	2 Physical model, governing equations and numerical methods
	2.1. Initialization
	2.2. Numerical methods
	2.2.1. Time integration
	2.2.2. Computation of ws from  and s
	2.2.3. Computation of velocity and acceleration fields

	2.3. Computational parameters and efficiency

	3 The effect of artificial damping
	4 Statistical properties of the surface elevation
	4.1. Skewness and kurtosis of the surface elevation
	4.2. Distribution of the surface elevation
	4.2.1. Dependence on time and the instantaneous steepness
	4.2.2. Representative cases and comparison to theory

	4.3. Distribution of crest height
	4.4. Average surface elevation around large crests

	5 Statistical properties of fluid kinematics at the surface
	5.1. First-order distributions of the surface kinematics
	5.2. Nonlinear distributions of the surface kinematics
	5.3. Joint distribution of surface kinematics and surface elevation

	6 Statistical properties of fluid kinematics associated with large crests
	6.1. Conditional distributions of the extremum velocities and accelerations
	6.2. Locations of the extremum fluid velocities and accelerations
	6.3. Velocities and accelerations at the crest compared to maximum values

	7 Conclusions
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


