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Abstract

This paper concerns the calculation of the water particle kinematics generated by the propagation of surface gravity
waves. The motivation for this work lies in recent advances in the description of the water surface elevation associated
with extreme waves that are highly nonlinear and involve a spread of wave energy in both frequency and direction. To
provide these exact numerical descriptions the nonlinear free-surface boundary conditions are time-marched, with the
most efficient solutions simply based upon the water surface elevation, 5, and the velocity potential, ¢, on that surface.
In many broad-banded problems, computational efficiency is not merely desirable but absolutely essential to resolve the
complex interactions between wave components with widely varying length-scales and different directions of propa-
gation. Although such models have recently been developed, the calculation of the underlying water particle kinematics,
based on the surface properties alone, remains a significant obstacle to their practical application. The present paper
tackles this problem, outlining a new method based upon an adaptation of an existing approximation to the Dirichlet—
Neumann operator. This solution, which is presently formulated for flow over a flat bed, is appropriate to the
description of any kinematic quantity and has the over-riding advantage that it is both stable and computationally
efficient. Indeed, its only limitation arises from the assumed Fourier series representations. As a result, both # and ¢ must
be single-valued functions and are not therefore appropriate to the description of overturning waves. The proposed
method is compared favourably to both existing analytical wave models and laboratory data providing a description of
the kinematics beneath extreme, near-breaking, waves with varying directional spread. The paper concludes by in-
vestigating two important characteristics of the flow field beneath large waves arising in realistic ocean environments.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

The accurate prediction of the water particle kinematics generated by surface water waves is an im-
portant part of any wave model. Indeed, from an engineering perspective, this information is essential since
it forms the basis of force calculations on which the safe and economic design of all offshore and coastal
structures rely. Although numerous wave solutions are available, the water particle kinematics associated
with the largest or steepest waves arising in an ocean environment can only be predicted by models that
adequately reflect the fact that such waves are transient, involving a significant spread of wave energy in
both frequency and direction, and may also be highly nonlinear.

The models most appropriate to this task are based upon the numerical solution of the exact equations
of motion for water waves, the Euler equations. Longuet-Higgins and Cokelet [1] first outlined the cal-
culation procedure whereby a wavefield, initially specified in the spatial domain, could be time-marched
using the nonlinear free-surface boundary conditions. Following this initial development, and based upon
the same underlying methodology, several alternative solutions have sought to provide improved accuracy,
stability and numerical efficiency, where the latter becomes significant when attempting to maximise the
resolution appropriate to the description of steep and/or over-turning waves. With a few notable excep-
tions, discussed below, such models have been applied to unidirectional waves.

Broadly speaking, wave models of this type may be subdivided into two categories. The first includes
models that explicitly describe the velocity potential, and hence the water particle kinematics, throughout
the fluid domain. These have the advantage that the vertical derivative of the velocity potential at the water
surface, necessary for the time-marching process, is easily calculated. However, they have the over-riding
disadvantage of being numerically inefficient, involving large matrix inversion, with computational effort
increasing with N3, where N defines the number of surface points. Examples of this approach include
Fenton and Rienecker [2], Li and Fleming [3] and Johannessen and Swan [4,5], where the latter model
represents an extension of that proposed in [2] to include the effects of directional spreading. Although this
model has been successfully applied to the description of a number of relatively narrow-banded laboratory
test cases, the computational effort involved is such that it cannot be applied to broad-banded ocean spectra
with realistic directional spreads.

The second category of solution exploits the full benefits of the time-marching procedures originally
outlined by Longuet-Higgins and Cokelet [1], employing only the velocity potential on the water surface.
Such solutions, which were anticipated in the work of Zakharov [6], involve a reduction in the dimen-
sionality of the problem leading to significantly improved numerical efficiency. In the context of unidi-
rectional waves, Dommermuth and Yue [7] provide a spectral method in which the velocity potential is
described using perturbation methods, whilst Dold and Peregrine [8] employ Cauchy integral theory to
provide a very accurate and stable method in which the computational effort increases with N2. Unfor-
tunately, with no three-dimensional equivalent of Cauchy integral theory this method cannot be extended
to include the effects of directional spreading.

In contrast, Craig and Sulem [9] achieved the required dimensional reduction using a Taylor series ex-
pansion of the Dirichlet-Neumann operator, which they referred to as their G-operator. For two-dimen-
sional problems expansions of this type can be rigorously justified using the theory of Coifman and Mayer
[10]. Although the method proposed by Craig and Sulem [9] is limited to nonoverturning waves (the Fourier
series description of both the water surface elevation, 5, and the velocity potential, ¢, being restricted to
single valued functions of the spatial position) it has two over-riding advantages. First, the Fourier integrals
that arise in the application of the G-operator can be calculated very rapidly using fast Fourier transforms,
involving a computational effort proportional to N log,(N). Secondly, although the model proposed in [9] is
only applicable to unidirectional waves, the authors clearly note that this is not an inherent limitation.
Indeed, Craiget al. [11] and Nicholls [12] have provided descriptions of the Dirichlet-Neumann operator for
three-dimensional domains. In the latter case Nicholls [12] applied numerical continuation methods to both
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two- and three-dimensional wave problems. However, the computational efficiency of this scheme is such
that parallel computing power is required to resolve a small number of wave components. In contrast,
Bateman et al. [13] have applied the method originally outlined by Craig and Sulem [9] and extended the
solution to include the effects of directional spreading. Comparisons between this directional wave model
and recent laboratory observations, also given in [13], confirm that the water surface elevation associated
with highly nonlinear, directionally spread, wavefields can be accurately reproduced with modest compu-
tational effort. Furthermore, these comparisons also demonstrate that numerical efficiency was not sought
for its own sake, but was essential to achieve the resolution in the wavenumber domain necessary to describe
wavefields that are broad-banded in both frequency and direction.

In applying these highly efficient wave models it is clear that an additional method is required to cal-
culate the water particle kinematics based solely on the water surface elevation, 5, and the velocity potential
on that surface, ¢,_,. Whilst there are currently two main methods of tackling this problem, those due to
Fenton and Rienecker [2] and Dold and Peregrine [§8], these approaches have traditionally only been ap-
plied to unidirectional wave problems. Indeed, preliminary investigations outlined in 2 confirm that neither
of these solutions are appropriate to the description of a three-dimensional flow field.

The present paper addresses this problem and, more specifically, aims to describe the water particle
kinematics associated with the highly nonlinear, transient, and directionally spread surface water waves
modelled by Bateman et al. [13]. Although the approach described herein is closely related to the devel-
opments originally proposed by Craig and Sulem [9] and further extended by Bateman et al. [13], it can also
be applied to other periodic wave domains, where the surface values (1 and ¢,_,) have been calculated by an
alternative numerical or analytical method, provided the water depth is constant. To tackle this problem
two new operators, referred to as the H- and H,-operators, are introduced. Although the methods asso-
ciated with these are distinct, in many cases either can be used to describe the kinematics over the entire
flow field, their real value becomes apparent when they are used together to describe the kinematics beneath
extreme wave groups.

Section 2 commences with a brief review of the governing equations and the kinematic method originally
outlined by Fenton and Rienecker [2]. An alternative approach based on Green’s second identity is also
discussed. In addition to illustrating the limitations of these approaches, the review also highlights some
important characteristics that appear to apply to all boundary methods. The first H-operator is discussed in
Section 3. This calculates a set of global constants that can be used to describe the water particle kinematics
throughout the flow field. However, this is subsequently shown to be adversely effected by high-frequency
wave components present in very steep wavefields. Section 4 describes an alternative method based on the H,-
operator. This approach employs the description of the water particle kinematics along any surface (initially
the free surface) and transforms it onto an alternative surface. Comparisons between the numerically pre-
dicted kinematics, calculated using both the H- and H,-operators, and available laboratory observations are
given in Section 5. Having established the success of the proposed method, Section 6 investigates some in-
teresting properties of the water particle kinematics arising beneath extreme ocean waves. Finally, Section 7
provides some concluding remarks and comments on the practical importance of the proposed scheme.

2. Spectral and boundary integral techniques

If the output from a wave model describes the water surface elevation, #, and the velocity potential on
that surface, ¢,_,, the existing literature provides a number of methods for calculating the underlying water
particle kinematics. Unfortunately, one of the most successful methods applied to unidirectional waves,
based on Cauchy integral theory [7,8], cannot be applied to a three-dimensional domain. It is therefore not
relevant to the present study of directionally spread waves and will not be considered further. Two principal
methods remain, the first being based upon the spectral method proposed by Fenton and Rienecker [2] and
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the second the boundary integral technique involving the application of Green’s second identity. Each of
these methods is briefly discussed following an initial statement of the governing equations.

2.1. Governing equations

If the fluid motion generated by waves propagating on the surface of a three-dimensional water body is
irrotational, a velocity potential ¢(x,y,z,¢) can be defined where ¢ indicates time and (x, y,z) represent the
usual Cartesian coordinates in which (x,y) defines a horizontal plane located at the mean water level and z
is measured vertically upwards. The velocity vector, u= (u,v,w), is defined by u= V¢, where
V = (8,,0,,0.). Assuming the fluid is incompressible, mass continuity is consistent with V - u = 0. When
expressed in terms of ¢ this yields Laplace’s equation

Vi =0. (1)

This equation applies throughout the fluid domain, ©,, which is bounded by a horizontal bed at z = —h
and the free surface defined by z = 5(x,y, ). On these boundaries the following conditions apply

0.0=0 onz=—h (2)
and
1
0 +5IVoL +gn=0 onz=nlxy1), (3a)
atn + axnax¢ + aynay¢ - az¢ =0 onz= '/I(xvy7 t)7 (3b)

where g is the gravitational acceleration. Eq. (2) denotes the fact that the horizontal bed is assumed im-
permeable, while Eqs. (3a) and (3b) define the dynamic and kinematic free surface boundary conditions
that, respectively, require the pressure at the water surface to be constant and the fluid particles at the
surface to remain there.

In many wave models, including [9,13], it is customary to represent the dependent variables ¢ and 7 by a
Fourier series in the horizontal (x,y) plane. Adopting this approach, the wave motion will be periodic in
both the x and y directions. If 4, and 4, define the wavelengths in the x and y directions over which the
solution is assumed periodic (commonly referred to as the ‘fundamental’ wavelengths) it follows that
n(x + A,y + 4,) =n(x,y) and (l)(x + ey + Ay, z) = ¢(x,,z). Whilst spatially periodic boundary conditions
obviously provide some limitations to the wavefields that can be successfully modelled, earlier work by
[5,13] has shown that they do not impact adversely on the ability to describe large transient waves, provided
they are assumed to arise due to the focusing of freely propagating wave components. In the context of
large ocean waves, field observations confirm that this is indeed the case [14]. To successfully model such
waves two requirements must be met. First, 4, and 4, must be chosen to ensure that the wavefield can be
adequately represented in the wavenumber domain (k, /), where k and / are the wavenumbers in the x and y
directions, respectively. Within a Fourier system k and / are integer multiples of the fundamental wave-
number components k = nky and I = ml,, where ky = 2n/A,, Iy =2n/,, and n and m are integers. Sec-
ondly, the total number of wavenumber components must be such that the calculations remain within the
practical bounds of current computing capabilities. A full discussion of these and other related issues is
given in [13].

At this point it is perhaps worth noting that in seeking a solution of the underlying water particle ki-
nematics one could adopt a direct domain solution of Laplace’s equation (1). However, since the starting
point for the present calculations is a given solution for #(x, y,¢) and ¢(x,y,n, 1), this would be less efficient
than the methods discussed below, particularly those involving the new H-operators.
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2.2. The Fenton and Rienecker solver

The method proposed originally by Fenton and Rienecker [2] uses a series of sine and cosine waves to
represent the water surface. In this way the problem is broken down into a set of linear contributions to the
velocity potential whose behaviour is clearly understood. For a unidirectional problem the velocity po-
tential anywhere within the wave is assumed to be

d(x,z) = ij o cosh(k(z + h)) €™, (4)

where o, are the complex global constants that define the water particle kinematics throughout the domain.
The solution for ¢ is obtained by solving a series of simultaneous equations formed from the evaluation of
Eq. (4) at each surface node. In matrix form, with the unknown coefficients separated from the knowns, the
problem has the following form

k=0 k=00

o cosh(k(n(x) + h))etke : X ag = | ®(x) : (5)

=\, L Jd Y k=oco L Jdda=A,

where @(x) = ¢(x, n(x)) for a unidirectional wavefield. The values of o, are found by multiplying @ with the
inverse of the coefficient matrix. Due to the fully populated state of the coefficient matrix, lower—upper
factorisation is amongst the best methods for inverting this matrix. Unfortunately, with current computing
facilities the application of this approach to most three-dimensional domains is impractical. For example, a
problem with N = 256 x 256 surface points, would require in excess of 1 GB of memory and take a
700 MHz Pentium III approximately two weeks to compute the inverse matrix, a process that has to be
undertaken for each time-step at which kinematics data is required. Whilst it is possible to implement multi-
grid relaxation methods [3] to speed up the calculation, the memory requirements remain a considerable
problem for realistic directionally spread problems. Obviously, computing time may be significantly re-
duced using a parallel implementation. However, recent work by Jakobus [15] involving an optimised
lower—upper decomposition on a Cray T3E with 60 processors suggests that a similar sized problem would
still take up to 20 h per time step.

In addition to the limitations imposed by the computational procedure, Vijfvinkel [16] has also shown
that the method may suffer from the amplification of small numerical errors. In order to obtain the desired
velocity components throughout the fluid domain ¢, defined in Eq. (4), must be differentiated either
horizontally or vertically. For example, the horizontal velocities in a unidirectional wave are given by

u(x,z) = 0,¢p(x,z) = i ik cosh(k(z + h))e™*. (6)

The difficulties associated with this approach are considered in Fig. 1. This example concerns the depth-
variation in the horizontal velocity arising beneath the crest of a regular Stokes’ wave, with a steepness of
ak = 0.33, and contrasts the results of the Fenton and Rienecker [2] method (Eq. (4)) with a fifth-order
analytic Stokes’ solution based on the method outlined by Fenton [17]. In this example small numerical
errors, arising in the high-wavenumber range, are amplified by the differentiation process leading to er-
roneous velocity predictions close to the water surface.
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Fig. 1. The effect of high frequency errors on the horizontal velocities beneath a Stokes wave (ak = 0.33).

In many respects this problem is similar to the difficulties associated with high-frequency contamination,
commonly experienced when a linear random wave theory is applied to the description of the kinematics
beneath a large wave crest, Sobey [18]. In the present case small high-wavenumber errors, arising as a
consequence of numerical rounding and/or aliasing, are amplified massively as they are extrapolated onto
the water surface. Whilst it may be possible to remove these errors by filtering, there is currently no clear
methodology to ensure that physically important information is not lost. Alternatively, Vijfvinkel [16] has
shown that at least some of these errors may be controlled by calculating the required velocities on the free
surface prior to determining the global constants. For example, applying the G-operator developed by
Bateman et al. [13], the horizontal velocity on the water surface is defined by [6X¢}z:” =0,9 — 0,nG(n)®,
where @ = ¢__,. Using this result, an alternative set of unknown global constants, f;, may be defined that
directly describe the required kinematics

u(x,y,z) = i B, cosh(k(z + h))e™. (7)

Applying this method to the previous example considered in Fig. 1, the predicted horizontal velocity profile,
u(z), is shown to be in good agreement with the Stokes’ solution [17].

Despite these difficulties, methods similar to that outlined by Fenton and Rienecker [2] have been
successfully used to model a large number of unidirectional wave cases [4,16]. More recently, they have also
been applied to the description of a number of simple, laboratory-scale, multi-directional problems [5].
Nevertheless, the potential difficulties in modelling realistically broad-banded sea states using this appar-
ently straightforward approach, not least because of the restrictions imposed by its poor computational
efficiency, should not be under-estimated.

2.3. Green’s second identity

The advantage of the dimensional reduction arising from the exact projection of the equations of wave
motion onto the water surface were noted in Section 1. In effect, any methodology that facilitates this
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reduction can be applied in reverse to yield the velocity potential, and hence the water particle kinematics,
at any internal point subject to known values of 7(x, ) and ¢(x,y,n). It has also been noted that for three-
dimensional domains Cauchy integral theory is inappropriate. However, Green’s theory, or more specifi-
cally Green’s second identity, offers a viable alternative such that

o= [ (o5

where ¢ is defined at any point within the domain, the integral is taken over the boundary S of the domain,

n is the outward facing normal and G = 1/(4nR), where R is the radial distance from the internal point of

interest to the position on the boundary.

Although, as far as the authors are aware, this method has not been specifically used to calculate the
internal water particle kinematics, it has formed the basis of the dimensional reduction critical to the
success of several earlier models. Examples include Longuet-Higgins and Cokelet [1] and Fenton and Mills
[19] in two-dimensions and Isaacson [20] and Romate [21] in three-dimensions.

In reviewing this material the benefits of applying Green’s theory are readily apparent:

(i) The methodology can be expanded to include the effects of variable bathymetry [19],
(i1) It can be applied to directional domains with nonrectangular geometries [20,22],

(iii) Unlike the Fourier based methods there is no assumed periodicity, particularly important when seek-
ing to model waves propagating up a slope or the interaction of waves with fixed or floating structures,
and

(iv) The shape of the water surface is not limited to nonoverturning waves [1].

Despite these obvious advantages it is important to note that the previous applications of Green’s theory
have reported significant problems with the growth of high wavenumber instabilities. These are particularly
apparent in the two-dimensional calculations reported in [1,19] and in the three-dimensional studies of [21].
At this stage it is not clear whether these difficulties are a direct result of adopting the Green’s theory
approach or whether they arise due to the numerical approaches employed or, in some cases, because of a
desire to model a more complex problem involving the interaction with fixed or floating bodies [20,22].
However, the work by Romate [21] is particularly telling in that it does not include the interaction with
fixed or floating bodies but seeks to model a relatively simple unidirectional wave train within a three-
dimensional domain. In this case, the only one presented, the instabilities are such that the simulation
breaks down shortly after 100 time-steps, corresponding to less than a single wave period. This is in marked
contrast to the preliminary results reported by Bateman et al. [13] in which they demonstrated that their
three-dimensional model could successfully describe a unidirectional wave train propagating at any angle
across the computational domain. Furthermore, in these and many other wave cases involving highly
nonlinear, near-breaking, directionally spread wave fields, the stability of the model was such that no fil-
tering was required.

Given the success of this latter approach it was decided to progress with the calculation of the water
particle kinematics using an adaptation of the three-dimensional G-operator developed in [13]. Neverthe-
less, the advantages of the Green’s theory approach (noted above) are significant and separate work is
presently underway to investigate its effective application to the evolution of three-dimensional wavefields.

3. The H-operator
The method outlined within this section builds upon the solution originally proposed by Fenton and

Rienecker [2]. In effect, the H-operator provides an alternative to the computationally intensive method
proposed in [2] for calculating the global unknown constants (). Specifically, it replaces the slow matrix
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inversion with an approximation that can be calculated very rapidly. Due to reduced numerical rounding
errors this H-operator approximation is often more accurate than results obtained using lower—upper
factorisation, even though the latter method is formally ‘exact’. When the operator is applied to an arbitrary
kinematic quantity, &, at the surface of a three-dimensional domain, it calculates

o0

HOSEDY Z oy sinh(Kh) e/ &) (9)

k=—00 [=—00

where the superscript s denotes the value of the quantity evaluated at the water surface, &*(x,y, ) =
E(x,y,n(x,»,1),t), oy are the global constants that describe ¢ everywhere within the fluid domain and

= Vk? + I?, where (k,[) are the wavenumbers in the x and y directions, respectively. A simple Fourier
transformation of this result obtains oy, sinh(K#) from which oy, are isolated by dividing by the known
constant sinh(K#). It therefore follows that

E(x,p,2,t) = Z Z oz cosh(K (z + h)) e+, (10)

k=—00 [=—0c0

This equation is suitable for describing the variation of terms such as ¢ or u = ¢, whose profile with depth
is described by the summation of cosh terms. For an alternative conjugate variable such as w = ¢, the cosh
term in Eq. (10) should be replaced by a sinh. This inevitably leads to a different form for the H-operator,
although the result given by the right-hand side of (9) remains unchanged.

In the remainder of this paper, the derivation appropriate for resolving kinematic profiles with a depth
dependency related to cosh only is provided for both the H- and H,-operators. In practice, however, the
quantity ¢ can be taken to be any linear function of the velocity potential, @. Accordingly, it must satisfy
V2E=0.

3.1. Derivation

For simplicity the initial equations shown in this section are for a single wavenumber component in-
volving only one value of / and k. Following the development of the G-operator [9,13], the H-operator is
defined as the sum of a Taylor series

A (1)

m=0

This operator may be applied to a general kinematic variable, representing any kinematic quantity, spec-
ified on the water surface, &°. If Eq. (10) is evaluated at the water surface, z = 5, and expanded about 7 = 0
using a Taylor expansion

1 .
&= E - (Kn) cosh(Kh) + E n)’ sinh(Kh) | oy e+, (12)
>0 7 =0 J :
Jj even j odd

This expansion moves the variable z, expressed as 7, outside the cosh term and permits their rapid eval-
uation using Fast Fourier transforms (FFTs). Substituting Eqgs. (11) and (12) into (9) and dividing
throughout by cosh(Kh) gives

lZHM(")l S S Kn)  3 < (Kon) tanh (k) | o) = o tanb (K)o (13)
m=0 .

ji=0 j>0
7 ‘even 7 odd



78 W.J.D. Bateman et al. | Journal of Computational Physics 186 (2003) 70-92

To simplify this equation, the summations on the left-hand side are re-ordered using a series law

iam ibj = i <iambjm> (14)

m=0 Jj=0 j=0 m=0

to produce a summation of homogeneous powers from which even and odd terms of the same degree can be
identified.

Using Fourier analysis it may be shown that a solution appropriate to multiple components can be
obtained by integrating over all wavenumber components

[(D)¢*(x,y) = —4152 / / f(K)oy @) diedl (15)
with
. d s —ikx-+1y)
D= —1d— and oy = ¢ (x,y)e Y dxdy,
r

where D is a complex radial derivative operator in physical space, r = /x> + »? and qy; are the global
constants found from a Fourier transform of @. After applying (14) and (15), the general form of (13)
appropriate to multiple components can be written as:

for j=0
Hy(n) = tanh(Dh), (16a)
for j > 1 and odd
1 i—m 1 j—m
H0) = = 3 Hal) G (1) = 37 Haln) = (D) tanh (D), (165)
' oda W
for j > 2 and even
1 i—m 1 j—m
mmgén mmjéd

The evaluation of the operator at any arbitrary order, requires the evaluation of the operator at all
previous (or lower) orders. During this process there are many instances where identical (or near identical)
terms are re-evaluated. Accordingly, the computational effort required to evaluate any order of the oper-
ator above zero can be significantly improved by storing the values of previously calculated terms that are
subsequently re-used. This ‘improved’ method may be summarised by

H,(n)& = tanh(Dh)p,, (17)
where
,u() - 637

W'D’ tanh(Dh) 1, ]

”nDn[ﬂ‘—n]
b= 2 T 2 n!

1<n<j 1<n<j
n even n odd
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The solution given in (17) is derived for the case of finite water depth. In infinite depth the solution is
considerably simpler, with the tanh(Dh) terms being replaced by sign(D).
Expanding the first three terms of this solution gives:

H, = tanh(Dh),
H; = — tanh(Dh)nD tanh(Dh), (18)

H, = —% tanh(Dh)n*D* + tanh(Dh)nD tanh(Dh)nD tanh(Dh).

3.2. Implementation and validation

The convergence of the H-operator occurs rapidly, so that in the majority of cases it is sufficient to
evaluate the first ten terms in the series expansion. To validate this expansion the operator was applied to
the analytic surface parameters from a unidirectional regular wave train. With the input specified by the
surface parameters (1 and @) from an analytical Stokes’ solution [17], the global constants defining the
internal kinematics are all accurately recovered. To illustrate this, Fig. 2, shows the inline horizontal ve-
locities beneath the crests of three regular wave systems. Each set of calculations was performed in a fully
three-dimensional computational domain, with the unidirectional waves propagating at 0°, 20° and 45° to
the x-axis. In each case the surface parameters have been prescribed using a fifth-order Stokes solution [17].
Comparisons between these results and the analytical solution for the horizontal velocity beneath a wave
crest, Uqes(z), are provided. These results confirm that the H-operator is capable of recovering the global
constants, oy, required to describe the variation of u(x, y, z). To avoid points obscuring each other, alternate
results are shown from each of the three directions. In these, and several other preliminary cases, the
differences between the theoretical Stokes’ solution and the predicted kinematics are small. For example, for
the cases considered on Fig. 2 the variations in the surface velocities are: ugires = 0.901 m/s, ug- = 0.903 m/s,
uy- =0.899 m/s, and uyse = 0.899 m/s, representing a maximum error of 0.2%.

o 0Odeg B
a  20deg I
m  45deg
—— Analytic [
0.0 0.2 0.4 0.6 0.8

Horizontal Velocity (m/s)

Fig. 2. A comparison between the horizontal velocities calculated from a simulation of steady Stokes waves (ak = 0.3) at different
angles across a numerical domain N = 128 x 128.
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Although these results are encouraging, further preliminary investigations have shown that the H-op-
erator can become divergent when applied to problems involving substantially different length-scales. A
process similar to ‘high-frequency contamination’, Sobey [18], produces errors in the predicted kinematics
close to the water surface. This appears to be related to the convergence of the Taylor series (11) which is
reduced for very high wavenumber terms as the deviation of the water surface from the mean water level
increases. As a result, the most significant errors arise during the calculation of the kinematics profile
beneath the crest of an extreme wave. Unfortunately, from an engineering perspective, this corresponds to
an area of particular interest.

An example of this problem is highlighted on Figs. 3 and 4. These results concern a steep focused wave
group first investigated in a laboratory study by Baldock et al. [23] (case Bud55, Figure 5c, p. 659) and
subsequently considered by Bateman et al. [13]. This wavefield is unidirectional and the underlying fre-
quency spectrum relatively broad-banded. In the present example, the surface parameters (y and @) have
been generated using the method proposed by Dold and Peregrine [8]. Using this approach, which is widely
regarded as being both computationally efficient and highly accurate, the solution has inadvertently gen-
erated noise in the high wavenumber regime. Evidence of this is given in Fig. 3(a) which describes the
wavenumber spectrum, S,,(k), derived from a spatial description of the water surface elevation at the in-
stant of wave focusing. Although this noise is extremely small (note the logarithmic vertical scale) and
should therefore have no practical impact on the water particle kinematics, it adversely effects the velocities
calculated using the H-operator such that large errors arise close to the water surface. Direct evidence of
this is given in Fig. 4 which concerns the horizontal velocities arising beneath the largest, or focused, wave
crest. Within this figure the exact surface velocity, calculated using the G-operator proposed in [13], is
indicated by the open square. Comparison between this value and the predictions based on the H-operator
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Fig. 3. Spectral distributions of: (a) water surface elevation; (b) horizontal velocity.
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nonlinear wave (case B with A =55mm). Note the break in the x-axis.

confirms that the latter involves a very large over-prediction of the near-surface velocities. Further evidence
of this is given in Fig. 3(b). This describes a spectrum, in wavenumber space, based upon a spatial de-
scription of the horizontal water particle velocity arising on the water surface at the instant of wave fo-
cusing, S,, (k). The errors associated with the H-operator are clearly apparent, with significant and spurious
distributions arising in the high wavenumber components.

In hindsight, difficulties of this type might have been anticipated. Unlike the three-dimensional G-op-
erator [13], for which no evidence of nonconvergence was found, the H-operator transforms values of the
kinematic variable, &, from z =7 to z =0 in a single step. If the crest elevations are large and ¢ involves
contributions from very large wavenumber components, the rate of change of ¢ will be rapid. This is exactly
the situation in which the Taylor series might be expected to become divergent. Recent work by Nicholls
and Reitich [24,25] provides important insights into the stability of perturbation methods for the evaluation
of Dirichlet-Neumann operators, highlighting the potential sensitivity of these methods to the amplifica-
tion of round-off errors. Although this work specifically relates to the G-operators developed in [9,13], it
also has implications for the stability of the H-operator given its related derivation.

4. The H,-operator

To overcome the problems encountered with the first H-operator, a second operator (H,) has been
developed which allows the kinematic values on any surface to be transformed onto a second arbitrary
surface. If this operator transforms the arbitrary kinematic quantity, £, from an initial surface # onto a new
surface 1,, the following definition applies

Hy(n,my)&(x,p,1) = E(x,y,1,). (19)

Introducing Eq. (10), the H,-operator is given by

Hy)eCeym) = 30 S aycosh(K(n, + b)) e+, (20)

k=—00 l=—00
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Provided the vertical distance between 1 and 7, is not excessively large, the convergence of the operator is
maintained. At this point it is important to note that the convergence of both the H- and the H,-operators
has not been investigated in a rigorous mathematical sense. Nevertheless, extensive numerical calculations
have shown that the operators are convergent when applied according to the limitations adopted herein.
Further discussion of this are given in Sections 4.2, 4.3, and 5.

4.1. Derivation

The steps associated with the formal derivation of this operator are virtually identical to the derivation
of the H-operator given above and also the three-dimensional G-operator detailed in [13]. Avoiding rep-
etition, the basic solution for H, in water of finite depth is given by:

for m > 0 and even

Ho, (1,112) = — (12D)" = > Ha, (1) —— )" ="y, (n) Gy (@) tanh (D),
ot Jr<m,
(21a)
for m > 1 and odd
1 m—n
Hy, (n,1m,) = %(’IzD) tanh(Dh) Z H,,(n Z H,, (n ) (D)™ " tan (Dh).
: n<m n<m
m odd m even

(21b)

In accordance with the previous solutions, the definition of the H,-operator appropriate to infinite water
depths is simply acquired by replacing the tanh(D#) terms with sign(D). Given that the Hp-operator will
typically be applied several times in a series of successive calculations (see below), there are considerable
benefits in forming a ‘quick’ version, similar to that outlined for the H-operator (17). After undertaking a
similar analysis of the order of calculations involved, an improved solution can be defined accordingly

H, (0, m)é(y,m) = > ny- CE T+ Y CEr tanh(Dh)[u,] — 1, (22)
e wn o
where
,uo = 5S7
- > T+ X0 o D anh(DR) |
n<j n<j !
j—n even Jj—n odd

Expanding this solution gives:

=1
2y 9
H,, = n,Dtanh(Dh) — nDtanh(Dh), (23)
1
H), = 5;7§D2 - ErlzDz — n,D tanh(Dh)n,D tanh(Dh) 4+ nD tanh(Dh)nD tanh(Dh).

The fact that the operator is equal to unity when 5 = 5, follows directly from the definition given in (19).
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4.2. Implementation

The H»-operator becomes particularly important when seeking to calculate kinematic profiles for steep
waves with a wide spectral bandwidth (k. > 50k, ). For less steep, narrow-banded problems the original
H-operator, outlined in Section 3, can be applied without modification. However, as the wave steepness and
underlying spectral bandwidth increases, this method becomes rapidly unreliable. Indeed, the first evidence
of errors, similar to those noted on Fig. 3, may arise at wavenumbers as small as five times that of the
spectral peak.

Although, in theory, the H,-operator can be used to calculate the kinematics at any point within the
wave domain (given sufficient iterations) its use becomes increasingly cumbersome and subject to large
errors when it is required to calculate the kinematics far beneath the water surface. A more logical approach
is to apply the two operators sequentially, building upon their respective strengths, thereby avoiding both
the difficulties associated with numerical accuracy and the over-prediction of near-surface values relating to
‘high-frequency’ contamination.

In the first part of this approach the H,-operator is used to gradually transform &(x,y,#) onto in-
creasingly flatter surfaces, i.e. 4, = ¢ x 1, where ¢ reduces from one down to zero. The size of the increments
with which ¢ is reduced must be linked to the initial steepness of the wave profile. However, in all cases
investigated to date, no more that ten steps were needed to yield the required results. This choice is im-
portant since too many steps will magnify the numerical errors (although they remain very small), while too
few steps will cause convergence problems similar to those identified with the original H-operator. Once the
kinematic values have been transformed to a suitable elevation (typically (0,%),,,, < 0.1), the H-operator
can be applied to calculate the global constants, from which the kinematics anywhere can be evaluated. It is
perhaps worthwhile to note that if the final application of the H>-operator transforms the kinematics onto a
flat surface, say n, = 0, the zero term of the H-operator is sufficient to make the final calculations.

The only difficulties with this calculation procedure concerns the possible existence of the singularities
identified by Mclver and Peregrine [26]. These arise in an analytical extension of the flow field above the
free surface. If, in applying 1, = cn, this imaginary representation of the water surface passes through these
singularities, the solution may break down. So far, no problems of this type have been encountered.
Nevertheless, a simple procedure to avoid such difficulties is to create an imaginary reference level that is at
least as low as the lowest trough. The surface elevation can then be redefined to be #,., = #iniia + 0ffset,

Singularities

SW

Offset

\ J

Fig. 5. The possible position of singularities and an example of the gradual reduction of the surface onto an offset horizontal plane.
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with the depth to still water level defined as /ey = Ainiial — Offset. The process of calculating the velocities
then proceeds as before, but in this shifted plane of reference. When the kinematics are transformed to a
new (and perhaps flat) plane, this imaginary surface will always be within the bounds of the original fluid
domain (D,). Fig. 5 describes the application of this procedure, with successively smaller values of ¢ used in
each application of the H,-operator.

4.3. Validation

Returning to the previous example (Case Bud55), the dashed line on Fig. 4 shows an alternative solution
for u(z) based on the use of both the H and H, operators as described above. Whilst some high-wave-
number noise remains (Fig. 3(b)), the size of this is too small to have any noticeable effect. Using this new
approach, the velocities calculated from the global constants produce a solution whose surface values are
within 0.1% of the values originally known at the water surface.

5. Comparisons to laboratory data

The laboratory data provided by Johannessen and Swan [27] allows further rigorous assessment of the
methodology used to determine the water particle kinematics. This experimental study provides detailed
measurements of a large number of focused wave groups involving a spread of energy in both frequency
and direction. Moreover, the study includes several sets of wave kinematics measurements for cases that
were observed to be within 4% (in terms of the input amplitudes) of the limit at which incipient wave
breaking was first observed. Such waves are highly nonlinear and provide an excellent example of wave
conditions for which accurate predictions of the associated water particle kinematics are both practically
important and notoriously difficult. Within the laboratory study three underlying frequency spectra, S, (w),
were considered: case B was relatively broad-banded, case D narrow-banded and case C intermediate. In
each of these cases, six different directional spreads were considered corresponding to s = oo (or unidi-
rectional), s = 150, 45, 25, 10 and 4, where s is the Mitsyasu [28] spreading parameter. For each combi-
nation of frequency spectra, S,,(w), and directional spread, s, a range of input amplitudes, 4, were
considered, where 4 defines the linear sum of the component wave amplitudes 4 = ij:] a,, a, 1s the
amplitude of the nth wave component and N is the total number of wave components. Given the nature of
the focusing event, 4 also corresponds to the linearly predicted crest elevation at the focal position.

To distinguish between the various test cases, the notation devised by [27] and adopted in [13], will also
be applied herein. Accordingly, specific test cases are referred to by their input frequency spectrum, their
linear or input amplitude sum and their directional spread. For example, case B66s45 corresponds to the
broad-banded frequency spectra (case B), an input amplitude of 4 = 66 mm, and a directional spread of
s = 45. The description and implementation of these parameters to generate a numerical simulation of the
evolving water surface is detailed in [13]. Using the values of # and @ from these earlier calculations, u._, is
calculated using the G-operator,

Uy = axqj - aan(n)[¢} (24)

From this result repeated applications of the H,-operator allows the horizontal velocities to be calculated at
the still water level (z = 0), after which the H-operator is applied to determine the global kinematic
constants. Finally Eq. (7) is used to produce profiles of the horizontal velocity with depth.

Figs. 6(a)—(f) concern the horizontal velocity profiles, u(z), recorded beneath the largest wave crest (x = 0
m and ¢ = 0 s) corresponding to six highly nonlinear focused wave groups. The six cases concern both
broad- and narrow-banded frequency spectra (cases B and D) and involve a range of directional spreads
from s = oo (a unidirectional wave denoted by ‘ud’), directionally spread but relatively long crested waves
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corresponding to s = 45, and very short-crested waves with a large directional spread corresponding to
s = 4. In each case the numerical approximations are shown to be in very good agreement with the lab-
oratory data. There are, however, two small differences:

(1) The numerical predictions typically show a small over-estimate of the experimental data at all depths.
Detailed analysis of the evolving wavefields suggest that this may be accounted for by small inconsistencies
between the numerical predictions and the laboratory observations, specifically concerning the spatial lo-
cation to which the velocity data relates. In the numerical predictions the calculated velocities correspond to
the behaviour directly beneath the largest wave crest. In the laboratory study the discrete spacing of the
wave gauges, at 100 mm intervals, means that it is not possible to achieve a corresponding level of precision
and consequently one would expect to record slightly lower velocities. Nevertheless, the largest over-esti-
mate is less than 2%, which corresponds closely to the measurement accuracy of the laser Doppler ane-
mometer employed by Johannessen and Swan [27].
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Fig. 7. Temporal profiles of the horizontal velocity, u(z), at specific elevations, z, for case D93s4: (a) z= —0.65m, (b) z= —0.1m,
(¢) z=0m (SWL), (d) z=0.055m.
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(i1) The largest numerical velocities exceed those measured experimentally. Again this is to be expected
since it is impossible to measure velocities at the limit of a wave crest that only exists for a very small
fraction of a second. Indeed, Johannessen and Swan [27] note that they were only able to measure the
horizontal velocities to within 4-6 mm of the maximum crest elevation. Although this is very good from an
experimental perspective, it accounts for the slight discrepancies that appear at the top of each of the
velocity profiles.

To further validate the proposed methodology, Fig. 7 concerns case D93s4 and provides time-histories of
the x-component of the horizontal water particle velocity, u, recorded at four elevations. In parts (a) and (b)
the elevations (z = —0.65 and —0.1 m, respectively) lie beneath the level of the deepest wave trough and
consequently the velocity traces are continuous. In contrast, parts (c) and (d) concern elevations (z = —0.0 m
and —0.055 m, respectively) that lie within the crest-trough region. As a result, the corresponding velocity
traces are intermittent. Indeed, in part (d) the elevation is such that only a brief section of velocity data is
recovered, corresponding to the passage of the largest wave crest. At each of these four elevations the
predicted water particle kinematics, based upon the combined application of the H- and H,-operators, are
shown to be in good agreement with the laboratory data provided by Johannessen and Swan [27].

At this point it is perhaps important to note that the agreement between the numerical and experimental
results presented on Figs. 6 and 7 is further verification of numerical time-stepping scheme proposed by
Bateman et al. [13]. Without the precise description of the surface parameters (y and @) provided by this
model, the accurate prediction of the associated water particle kinematics would have been impossible,
irrespective of the accuracy of the two H-operators.

6. Kinematics predictions beneath extreme ocean waves

The success of the H-operators when compared to the experimental results presented in 5 illustrate that
the new method for calculating the water particle kinematics is both accurate and stable. Furthermore, the
computational efficiency of these operators allows the first realistic opportunity to predict accurate, fully
nonlinear, representations of the water particle kinematics beneath extreme ocean waves, characterised by a
significant spread of energy in both frequency and direction. In the absence of field data describing the
kinematics beneath such waves, particularly close to the water surface, direct comparisons with the present
procedures are not possible. Nevertheless, the new methodology can be used to investigate some interesting
features of the kinematics arising beneath extreme ocean waves.

6.1. Horizontal velocities

Within this subsection we will re-consider the numerical wave case generated earlier by Bateman et al.
[13] (see their Figure 10, p. 302). This case is important since it represents the first fully nonlinear simulation
of a typical design wave appropriate to the northern North Sea. The specific case chosen represents a 1 in
10,000 year event, for which the underlying frequency spectrum is based upon a JONSWAP spectrum with
a peak period of 7, = 13.5s and a peak enhancement factor of y =1.7. The wave height is defined as
H = 25m, the water depth is assumed deep and the directional spread is given by a Mitsuyasu [28] dis-
tribution with s = 7. This directional spread corresponds closely to a normal distribution with a standard
deviation of g, = 30°, which is consistent with the field observations of Jonathan and Taylor [14].

Numerically generated kinematics data relating to this extreme, directionally spread, wave case are
presented on Fig. 8. Fully nonlinear calculations of this type are both practically relevant and were not
previously possible without recourse to some form of local Fourier approximation, the best example of
which is provided by Barker and Sobey [29]. Although this latter model is undoubtedly useful, particularly
when describing the kinematics beneath a measured wave profile, there is some uncertainty concerning its
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Fig. 8. The horizontal velocity profile beneath a focussed crest and trough.

ability to describe certain features of the flow field, particularly the maximum water particle acceleration
and the set-down beneath a large wave group [30].

The data presented on Fig. 8 has two purposes. First, it describes the depth-variation in the maximum
horizontal velocities arising directly beneath the largest or focused wave crest. Whilst it is obviously im-
portant to reiterate that there are no field data with which to validate the numerical predictions, the general
form of the velocity distributions is consistent with expectations (including its departure from linear the-
ory). Given the agreement with laboratory data achieved in 5 there would appear to be no reason to doubt
the accuracy of these results.

Secondly, Fig. 8 also provides comparisons with the horizontal velocities arising beneath a focused wave
trough generated in an identical wavefield. This latter case is produced in exactly the same manner as the
focused crest case, the only difference being that the initial conditions specified at ¢ = ¢, are inverted so that
n'(x, v, t0) = —n°(x,»,4), where the superscripts t” and ‘¢’ denote the trough and crest focused cases, re-
spectively. To illustrate the difference in these velocity distributions, Fig. 8 contrasts the positive velocities
arising beneath the focused crest case with the magnitude of the negative velocities arising beneath the
focused trough case. These results clearly indicate that for elevations that are permanently submerged
(beneath the level of the deepest wave trough) the negative velocities beneath a wave trough are significantly
larger than the positive velocities beneath a wave crest.

A physical explanation for this lies in the set-down beneath the wave group. At second-order, O(a’k?),
this corresponds to the well-established wavenumber-difference terms [31]. These produce a negative or
‘return’ flow that decays gradually with depth due to the small wavenumbers involved. Such effects are
dependent upon the envelope of the wave group and are therefore largely independent of whether the group
involves focused crests or focused troughs [5,23]. In the two cases presented on Fig. 8, the ‘return’ flow will
act to reduce the positive velocities beneath the wave crest, but will add to the magnitude of the negative
velocities arising beneath the wave trough. Although this change is not unexpected, the magnitude of the
effect noted in Fig. 8 is perhaps surprising. Indeed, from a practical perspective it suggests that in the design
of a fully submerged structure or structural member, lying beneath the level of the deepest wave trough, the
drag forces arising beneath a focused trough should be considered in preference to a focused crest. From a
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statistical perspective, the crest and trough focused cases are equally likely to occur. As a result, the neglect
of the increased fluid velocities arising in the latter case potentially represents an important failure in some
design calculations.

6.2. Vertical accelerations

Longuet-Higgins [32] first postulated the existence of sub-surface vertical accelerations that are larger in
magnitude than the values arising at the water surface. This section provides verification of this using
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results from two deep water wave cases: one unidirectional and other directional. The chosen wave cases
both correspond to the focusing of wave crests and have a spread of energy in the frequency domain
characterised by a JONSWAP spectrum with a peak period of 7, =11.4 s and a peak enhancement factor of
y = 3. The wave height is defined by H = 18.4 m and the directionally spread case has a Mitsuyasu [28]
spreading parameter of s = 7 or (g5 = 30°).

To investigate the depth-variation in the total vertical water particle acceleration (both steady and
convective) values of this parameter must first be defined on the water surface. With the total vertical
acceleration defined by

dw = 0w + ud,w + vO,w + wo,w, (25)
it follows from the earlier definition of the G-operator [13] that

[dw]., = G(n)[0:P] + [0:4]., G()[0:P] — [0:9]., (Oex® — BN G (1) [0, P)). (26)

Within this equation values of 0,0 are calculated from the dynamic boundary condition (3b),
[0.¢]._, = G(n)®, O, is defined from the Fourier differentiation of @, and [0,¢]._, = 0,® — 3. G(n)P.
Further information concerning the calculation of these terms is given in [33].

Having defined the surface values, they are transformed to the still water level, n = 0, using the H,-
operator (4) and then the H-operator (3a) and (3b) is applied to define the global constants. The results of
this process are presented on Fig. 9, with the data describing the depth-variation in the total vertical ac-
celeration (25) arising directly beneath a focused wave crest. The figure concerns both unidirectional (Fig.
9(a)) and multi-directional (Fig. 9(b)) wave cases and contrasts the fully nonlinear calculations with the
results of linear wave theory. These comparisons are important in two respects. First, they confirm the
earlier work of Longuet-Higgins [32] in that the maximum magnitude of the vertical accelerations clearly
arise at some distance beneath the water surface. Secondly, they are of practical significance since it is
common practice in both coastal and ocean engineering to determine the properties of a surface wavefield
based upon data from accelerometers located on surface-riding wave buoys. If a linear wave theory is used
to calculate the wave properties, as is commonly the case, it is clear from the comparisons provided on Fig.
9 that significant errors may result.

7. Concluding remarks

This paper has considered the description of the water particle kinematics beneath both unidirectional
and multi-directional surface water waves. The proposed methodology only requires information on the
surface of the wave, 5(x,y) and ¢(x,y,n), and is capable of predicting the kinematics associated with the
steepest, near-breaking, waves. In combination, the H- and H,-operators are not merely accurate and
computationally efficient, but allow the solution of problems that could not otherwise be tackled using
previously available methods. For example, Cauchy integral theory cannot be implemented in three-di-
mensions, while lower—upper factorisation requires excessive levels of memory and computing power when
tackling realistic three-dimensional domains. This is particularly relevant to the description of the water
particle kinematics generated by large ocean waves, involving a significant spread of energy in both fre-
quency and direction.

The most significant limitation of the proposed model arises because both the water surface elevation,
n(x,y), and the prescribed kinematics on that surface, (x,y,1n), are represented as Fourier series. It
therefore follows that both n and & are single-valued functions that are periodic in each of the horizontal co-
ordinate directions (x,y). This single-valued criteria restricts the applicability of the model to nonover-
turning waves. Furthermore, the assumed periodicity is necessary to ensure that the spatial derivatives can



W.J.D. Bateman et al. | Journal of Computational Physics 186 (2003) 70-92 91

be evaluated rapidly using fast Fourier transforms. This latter requirement is not necessarily physically
realistic but is, nonetheless, essential since it allows a large range of length-scales, commonly associated
with realistic ocean waves, to be included in each co-ordinate direction.

The proposed method has been validated against existing analytical theories and, perhaps more im-
portantly, against recent laboratory data describing extreme, near-breaking, waves in a directionally spread
sea. In both cases the level of agreement is good. Although the present scheme can be combined with any
wave model capable of describing #(x,y) and &(x, y,7), subject to the limitations noted above, the potential
benefits are best realised when it is used in conjunction with the three-dimensional G-operator described
previously by Bateman et al. [13]. If these two methods are taken together, they provide a complete and
fully nonlinear solution capable of describing the characteristics of extreme ocean waves with relatively
modest computational effort. The results of such calculations are relevant to the design of both offshore and
coastal structures and are particularly important given the growing evidence of their susceptibility to very
large waves.
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