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I. I NTRODUCTION
Previous studies concerned with directional energy transfer due to nonlinear wave-wave interactions have predominantly focused on the overall surface elevation statistics of gradually evolving (over a duration of ∼100 wave periods
or more) ‘weakly nonlinear’ random seas, featuring waves of moderate steepness with a uniform distribution of phase.
Nonlinear wave-wave interactions have, however, also been investigated for extreme wave events with a coherent
phase distribution designed to focus components in time and space. Gibbs & Taylor [1] simulated extreme waves with
directional-spreading, using the ‘BST’ code of Bateman, Swan & Taylor [2] with a 5th -order Dirichlet-Neumann
operator, and observed ‘rapid’ (occurring in less than ∼10 wave periods) energy transfer to higher-wavenumber
components. The present study considers the spectral evolution of a narrow-banded extreme wave group using the ‘fully’
nonlinear potential flow code OceanWave3D [3], and draws a qualitative comparison with the resonance interactions
of a degenerate quartet based on the amplitude spectrum. The rate of growth of resonant components has also been
calculated in terms of wave action density and found to agree well with the faster ‘dynamical’ time-scale associated
with nearly-resonant interactions and the Zakharov equation [4] rather than the slower ‘kinetic’ time-scale associated
with exactly-resonant interactions and the kinetic wave equation [5]. Energy transfer to obliquely-propagating wave
components with a bias towards higher-wavenumbers has been observed, with engineering implications for wave loads
on floating bodies and offshore structures.
II. N UMERICAL S IMULATIONS
OceanWave3D numerically solves the governing equations of potential flow for surface gravity waves in Cartesian
coordinates (x, y, z) without simplification of the free-surface boundary conditions. A numerical wave-tank 7680 m
in length (L), 2560 m in width (W ) and 200 m in depth (d ) has been employed. The simulated extreme wave event
follows the dimensions and time-scales of Gibbs & Taylor [1] with a characteristic wavelength (λp ) of 225 m and
characteristic wave period (Tp ) of 12 s — both corresponding to the initial peak of the wavenumber spectrum (kp ). The
water is approximated as ‘deep’ with kp d = 5.6 and a symmetry plane has been implemented along the centreline of the
wave group to reduce the size of the numerical domain. Initial conditions for the simulations have been calculated at 20
wave periods before the linear focus time, using the linear dispersion relationship, with exact second-order correction
of the initial conditions based on Dalzell [6]. Time-marching of the initial conditions with OceanWave3D has been
performed for a total of 40 wave periods, terminating the simulation at 20 wave periods after the linear focus time.
The directional frequency spectrum, F (ω, θ), has been implemented as the product of a unidirectional spectrum, S(ω),
and a spreading function, D(θ), where ω is the radian frequency and θ the direction of wave propagation. A Gaussian
unidirectional spectrum has been employed, in terms of wavenumber, with a spectral peak of kp = 0.02796m−1 and
spectral bandwidth of kw = 0.004606m−1 , which closely approximates a JONSWAP spectrum (peak enhancement of
γ = 3.3) in the neighbourhood of the spectral peak. A wrapped-normal Gaussian distribution has been used for the
spreading function, D(θ), with a constant rms spreading parameter, σ, of 15◦ . The directional frequency spectrum,
F (ω, θ), has thus been defined as the product of two Gaussian functions so the surface elevation of the focused linear
event, at time t = 0Tp , assumes an approximate form based on spatial bandwidths Sx and Sy :
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η(x, y) = Ae− 2 Sx x e− 2 Sy y cos(kp x),

(1)

which represents a close approximation to the form of a linearly-focused NewWave group with the amplitude A scaled
to achieve a linear steepness of Akp = 0.3. Grid-halving has been used to assess grid-independence with two gridlevels, ‘intermediate’ and ‘fine’. Finite-differencing of 8th -order accuracy has been implemented and the time-step (∆t)
has been selected to ensure a Courant-Friedrichs-Lewy (CFL) number of 0.5 based on the phase-speed associated with
the initial peak of the wavenumber spectrum. Simulation parameters are listed in Table I for both grids including the
number of grid points in each direction (Nx , Ny , Nz ) as well as the horizontal grid resolution (∆x, ∆y) and the height
of the first grid at the free-surface (∆z ∗ ).
TABLE I
D ISCRETIZATION PARAMETERS .
Grid
Intermediate
Fine

Nx
513
1025

Ny
129
257

Nz
9
17

∆x
15m
7.5m

∆y
20m
10m

∆z∗
1m
0.25m

∆t
0.4s
0.2s

