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LONG-TERM GOAL

The long-term goal of this research project is to improve the Navy’s capability to provide high-
resolution forecasts of phase-resolved ocean wave and current fields from remotely-sensed data and
our understanding of subsurface oceanic motions from their surface manifestations.

OBJECTIVES

e Develop a time-domain model for simulating highly nonlinear wave interaction with flows with an
arbitrary distribution of vorticity

e Extend the model to include the effect of wave breaking and wind-wave energy transfer and
validate with laboratory/field data

e Extend the model to include the effect of density stratification and nonlinear surface wave
interaction with density fronts

APPROACH

This research builds on VORTWAVE, a fully-nonlinear wave model developed by Nwogu (2009) for
describing the time-dependent evolution of the ocean wave and velocity fields due to:

* nonlinear wave-wave interactions

* nonlinear wave interaction with flows with an arbitrary distribution of vorticity
» wave breaking

* wind-wave growth

VORTWAVE solves the exact kinematic and dynamic free surface boundary conditions expressed as a
set of evolution equations for the free surface elevation and tangential velocities at the free surface. A
velocity-based boundary integral method is used to close the system of equations and relate the normal
velocity of the free surface to the tangential velocities. The computational efficiency of the
wave/current model is significantly improved by expanding the kernel of the boundary integral
operator in terms of a wave steepness parameter and using the Fast Fourier Transform (FFT) technique
to evaluate the resulting convolution integrals.
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Given that VORTWAVE solves the inviscid equations of fluid motion, viscous processes such as wave
breaking and wind-wave energy transfer that occur at scales much smaller than a wavelength need to
be parameterized in terms of the large-scale wave motions.

WORK COMPLETED

The effect of wave breaking has been incorporated into into VORTWAVE by idealizing the air-
entraining turbulent layer on the front face of spilling breaking waves as an infinitely thin vortical layer
that exerts a vortex force on the underlying irrotational wave field. The zero-shear-stress free surface
boundary condition is then used to relate the breaking-induced vorticity to the kinematics of the
underlying wave field, resulting in a dissipative pressure that is proportional to the square of the
normal velocity of the free surface. A local wave-slope criterion is applied for the onset and cessation
of breaking.

The performance of the parameterized wave breaking model was initially evaluated using data from
laboratory experiments conducted at the Institute for Ocean Technology (IOT) of the National
Research Council of Canada. Transient breaking waves were generated using the chirp pulse technique
(Griffin et al., 1996). The water surface profiles in the basin were measured with an array of twenty
wave probes installed on a 25 m long boom at a spacing of 1.2m. Figure 1 shows a comparison of the
measured and simulated pre- and post-breaking surface elevation times. Reasonably good agreement is
obtained between the measured and predicted time records.
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Figure 1. Measured and predicted time histories of transient breaking wave (red = measured, blue = num.
model): pre-breaking (#9), breaking (#13) and post-breaking (#15)



We next conducted numerical simulations of irregular breaking multidirectional waves with
VORTWAVE to gain a better understanding of nonlinear energy cascades and the transition between
different power laws in the high-frequency range of the energy spectrum. We present sample results
for a sea state with initial conditions described by a JONSWAP spectrum with significant wave height
Hs=7.5m, spectral peak period T,=8s and peak enhancement factor y=3.3. The wave spectrum was
truncated at lower and upper cutoff frequencies: fyin = 0.8f, and fmax = 1.2 fy, leading to a truncated
wave height Hs(=6.5m. A wrapped normal distribution with standard deviation ¢=20° was used for
the directional spreading of wave energy. The simulations were performed over a 256 by 256 grid with
spatial resolution Ax= Ay= 5m and time step size At=0.2s.

Figure 2. 3-D view of instanstaneous wavefieldatt =0 Figure 3. 3-D view of instanstaneous wavefield at t = 2
hrs for multidirectional breaking waves (Hso=6.5m, hrs for multidirectional breaking waves (Hso=6.5m,
Tp=8s, 65=20°) Tp=8s, 6,=20°)

The initial and final sea surface elevation after two hours of simulation are shown in Figures 2 and 3
respectively. The t=2hrs wavefield is a lot “choppier” as energy is transferred via nonlinear
interactions to shorter wave components beyond the initial maxmium cutoff frequency of 1.2 f,. The
nonlinear energy transfer process can be better seen in plots of time-dependent evolution of the
significant wave height and 1-D wavenumber spectrum shown in Figures 4 and 5 respectively. Given
that the initial steepness & = KyHso/2 = 0.22 is much steeper than the suggested global steepness
criterion (¢ = 0.05-0.06) for irregular breaking waves (Banner et al., 2000), the waves start breaking at

t=0 with the wavenumber spectrum evolving rapidly to the k®equilibrium profile for breaking waves.
There is also a downshift in the peak spectral period from T,=8s at t=0 to T,=9.3s at t=2hrs.
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Figure 4. Time-dependent evolution of the significant ~ Figure 5. Time-dependent evolution of the 1-D
wave height for multidirectional breaking waves wavenumber spectrum for multidirectional breaking
(Hs,0=6.5m, T,=8s, 6,=20°) waves (H; 0=6.5m, T,=8s, 5,=20°)



We next incorporated the effect of energy input due to wind with a modified form of the air-flow
separation theory proposed by Jeffreys (1925). Jeffreys (1925) expressed the wind-induced pressure as
proportional to the product of the square of the wind speed relative to the phase speed of the waves and

the sea surface slope, i.e. poc (U —C)?7,. However, it is difficult to evaluate the instantaneous phase
velocities with expressions such as C=-7, /7, that become singular near wave crests/troughs
(n, =0), hence we opted to use the formulation proposed by Munk (1955) with pocU (Un, +7,). The
wind-induced pressure is also only applied on the the windward side of the wave crests. Preliminary
simulations of the wind-wave generation model were conducted for a wind with speed U = 15m/s
blowing over a 4km computational domain with 1024 grid points. The random sea surface was
initialized with a truncated JONSWAP spectrum with Hs=0.1m, T,=5s, y=3.3, fmin = 0.8f, and fnax =
1.2 f,. The simulations were performed using time step size At= 0.2s for a duration of 30 hours. Figure
6 shows the significant wave height growth with time. The wavenumber spectrum at different instants
of time are plotted in Figure 7. It can be seen that the wave height initially grows exponentially before
adjusting to a balance between wind input, nonlinear cross-spectral energy transfer and breaking-
induced dissipation governed by the k*?asymptotic law for growing wind waves.
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Figure 6. Time-dependent growth of the significant Figure 7. Time-dependent evolution of the 1-D
wave height for wind-generated waves. wavenumber spectrum for wind-generated waves.

IMPACT/APPLICATIONS

It is anticipated that this research project will lead to an improved operational tool for the real-time
forecasts of ocean wave/current conditions for naval operations, techniques to identify the surface
signature of submerged vortical flow structures and better parameterization of unresolved processes in
phase-averaged ocean wave models.

RELATED PROJECTS

This project is closely related to the “High-Resolution Ocean Modeling” project (N00014-12-C-0566)
being undertaken by David Walker at SRI. The present project is focused on developing and
incorporating advanced features into the model while the SRI project is focused more on assimilating
remotely sensed and other in-situ data into the model and evaluating the model performance with field
data.
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