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LONG-TERM GOAL

The long-term goal is to study the generation mechanisms and evolution dynamics of rogue waves
using large-scale three-dimensional nonlinear phase-resolved wavefield simulations and to establish
the foundation for future development of effective tools for prediction of rogue wave occurrences in
realistic ocean wave environments.

OBJECTIVES:
The specific scientific and technical objectives are to:

e Obtain a significant number of representative large-scale rogue wave datasets using direct
simulations

e Verify the validity and limitations of existing theories and models for the statistics of large-
amplitude wavefields and the occurrence of rogue waves

e Understand the fundamental mechanisms for rogue wave development. Of particular
importance is to validate (or invalidate) the hypotheses and assumptions underlying the existing
theories, statistics and models/tools for rogue wave prediction

¢ Elucidate the evolution kinematics and dynamics of rogue wave events

APPROACH

The objectives stated above are achieved in a coordinated effort involving three major activities: (I)
Development of a significant number of large-scale computations and datasets for nonlinear evolution
of wavefields for different initial wavefield (spectral) parameters and environmental/boundary
conditions; (IT) Use of direct computations to quantitatively verify and validate existing theories and
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models for wavefield statistics and the hypotheses on rogue wave formation; and (III) Use of these
computations to systematically investigate the stochastic and deterministic mechanisms underlying the
occurrence of rogue wave events and to characterize the statistical and physical properties of such
events.

For the large-scale computations, we apply the direct phase-resolved simulations of nonlinear ocean
wavefields (SNOW). SNOW is developed based on a high-order spectral method (Dommermuth &
Yue 1987; Tsai & Yue 1996), which resolves the phase of a large number of wave modes and accounts
for their nonlinear interactions up to an arbitrary high order M including broadband non-resonant and
resonant interactions up to any specified order. SNOW achieves an exponential convergence and a
(near) linear computational effort with respect to the number of wave modes N and the interaction
order M, and has high scalability on high-performance parallel computing platforms. Unlike phase-
averaged and model-equation-based approaches, the present phase-resolved simulation accounts for
physical phase-sensitive effects in a direct way. These include the initial distribution of wave phases in
the wavefield specified by wave spectrum (which is known to affect the nonlinear evolution); energy
dissipation due to wave breaking; and input due to wind forcing.

From the direct simulation, we obtain datasets of wave elevation and kinematics of the complete
wavefield during its evolution. By analyzing these datasets, we can determine the statistics of the
wavefield, identify rogue wave events, compute the statistics of rogue waves, study the development of
rogue waves and groups, and understand details of the rogue wave dynamics.

WORK COMPLETED

e Investigated the validity of the existing classical theories and model equations for the
prediction of linear and nonlinear wave statistics under general wave conditions

e Performed a number of computations for large-scale phase-resolved nonlinear wavefield
evolution from which we obtained a collection of rogue wave data set for wavefields with
different spectral parameters

e Analyzed the characteristics of rogue wave statistics, the mechanisms of rogue wave event
development, and the kinematics and dynamics of rogue wave events

e Developed an effective adaptive approach for the account of fully nonlinear effects of local
steep waves in the phase-resolved computations of large-scale wavefield evolution

RESULTS

Three main results are presented below: (I) direct comparisons of kurtosis evolution of long- and short-
crested wavefields between direct simulations, wave basin experiments, and NLS predictions; (II)
comparisons of exceeding probability of wave height of nonlinear ocean wavefields between direct
simulations and field measurements; and (III) sample rogue wave events identified in the evolution of
nonlinear short-crested ocean wavefields with various wave spectrum parameters.

(1) Evolution of wave elevation kurtosis of nonlinear long- and short-crested ocean wavefields.
Figure 1 shows the comparisons between direct SNOW simulations and wave basin measurements and



NLS model equation predictions for wave elevation kurtosis evolution of both long- and short-crested
wavefields. The initial wavefields are generated from JONSWAP spectra. For long-crest waves, two
types of wavefields are considered, which have the same peak wavelength A=3.5m and Phillips
parameter 0=0.0135, but different enhancement factor y=6 and y=1. In SNOW simulations, nonlinear
order M=4 and number of wave modes N=4096 are used. In the narrowband case (y=6), as shown in
figure 1a, both SNOW simulation and NLS prediction (Onorator ef al. 2005) agree with the
experimental measurements (Onorator et al. 2005) well up to x=70m (=20A). But for x>70m, the
SNOW simulation compares to the experiment much better than the NLS prediction. In the broadband
case (y=1), figure 1b, the SNOW simulation agrees well with the experiments while the NLS prediction
deviates significantly from the experiment since the start of the evolution. This is not surprising since
unlike NLS, SNOW simulations account for broadband wave interactions and high-order nonlinearity.
For short-crested waves, there is no available experimental measurement. We make comparisons of the
SNOW simulations with the NLS predictions (Socquet-Juglard et al 2005) for three different
wavefields: (A) y=5, a=0.01326, and angular spreading width ®=16°; (B) y=5, a=0.01326, and
®=40°; and (C) y=3.3, a=0.01620, and ®=80°. In SNOW simulations, M=3 and N=4096x4096 are
used. As shown in figure lc, for the narrowband and narrow spreading case (wavefield A), the SNOW
simulation and the NLS prediction agree with each other up to ~ 20Tp (Tp: peak wave period) and then
deviate largely afterwards. As the frequency band and/or angular spreading become broader
(wavefields B and C), the SNOW simulation results differ significantly from the NLS prediction since
the very beginning of the evolution of wavefields. These comparisons indicate that the direct SNOW
simulations can reliably predict the kurtosis in nonlinear evolution of both long- and short-crested
wavefields.

(11) Exceeding probability of wave height in nonlinear ocean wavefields. According to the classical
theory, the exceeding probability of wave height, crest height, and trough depth are all given by
Rayleigh distributions for infinitely narrow spectrum. How the wave nonlinearity and spectrum
bandwidth affect the exceeding probability of wave height is of scientific interest and practical
importance. To answer this question, we perform the direct SNOW simulations of long-created
wavefield evolution including broadband wavenumber and high-order nonlinearity effects. In the
simulation, the initial wavefield is generated from JONSWAP spectra with peak wavelength A=3.5m,
Phillips parameter a=0.0135, and enhancement factor y=6. This corresponds to a significant wave
height of Hs=0.165m and effective wave steepness of 0.15. The statistical results are obtained based on
a Monte-Carlo simulation of 100 SNOW computations with the initial wavefields generated from the
same spectrum but with different random wave-component phases. The probability distributions of
wave height at two moments, t=0 and 120Tp, are plotted in figure 2a, where the Rayleigh distribution
is also plotted for comparison. It shows that for the linear wavefield at t=0, Rayleigh distribution
overpredicts the wave height probability due to the ignorance of the finite bandwidth effect. For the
nonlinear wavefield at t=120Tp, Rayleigh distribution underpredicts the occurring probability of large
waves with H/Hs > 2.1. This result, obtained from the direct SNOW simulations, agrees qualitatively
well with the field measurements (Mori et al. 2002), shown in figures 2b and 2c. The two field
observations also show that Rayleigh distribution underpredicts the occurring probability of large
waves with crest height bigger than Hs (Hs=4nrms).

(111) Typical rogue waves identified in the evolution of short-crested nonlinear ocean wavefields. In
order to understand the mechanisms of rogue wave development and study the kinematics/dynamics of
rogue waves, we performed a large number of large-scale SNOW simulations of nonlinear short-
created wavefield evolution. From these simulations, we identified a large collection of rogue wave



events. Four sample rogue waves are shown in figure 3. The plotted area is only a small part of the
whole computational domain that is around the rogue wave event. In general, the local wave height of
rogue waves is higher for narrower wave spectra while the crest width of rogue waves is larger for
narrower spreading.

IMPACT/APPLICATIONS

Proper understanding and prediction of rogue wave events in realistic ocean environments is of critical
importance to the design of surface ships and safety of naval operations and ocean explorations. The
outcome of this research will establish the necessary foundation for the development of effective rogue
wave prediction tools.
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Figure 1: Comparisons among direct SNOW computations, wave basin experiments, and NLS
model equation predictions of wave elevation kurtosis in the evolution of nonlinear long-crested
wavefields, (a) and (b), and short-crested wave-fields, (c). The initial wavefields are generated from
JONSWAP spectra. For long-crest waves, peak wavelength 2=3.5m, Phillips parameter a=0.0135,
and enhancement factor y=6 for (a) and y=I for (b). The plots in (a) and (b) are the variation of
kurtosis as a function of distance from the wave maker obtained from SNOW simulations (—),
experiments (A, Onorato et al 2005), and NLS model equation (- - - -, Onorato et al. 2005). The
plots in (c) are the variation of kurtosis as a function of evolution time obtained from SNOW
simulations (—A—) and NLS model equation (- - - -, Socquet-Juglard et al. 2005) for three
different wavefields: (A) y=5, a=0.01326, and angular spreading width @=16°(Blue); (B) y=5,
0=0.01326, and @=40°(Green); and (C) y=3.3, a=0.01620, and @=80° (Red).



- Rayleigh
107 E
s |
b ]
S1°F
s F
s F
8 |
S0k R
@ =
8 -
e F
= F — —
1077 =
10750 OI5 1 — 1.5 I z 2.5
H/H
(a)
100 1
101 i 101 F E
—_ 10-2 3 Q 102 F 3
[aef N
" R caw
¥ 10 ) . . Crest 4 E
grcst 1 A E A Trough a .
a roug ‘. T R - Rayleigh dist.
104 F | --------- Rayleigh dist. " 1 ERydis%. l -
ER dist. o,
— 3 10_5 P IS S T SR [ SR R | I
105 e — 1
0 1 2 3 4 5 2 ¢ :
R/ﬂnms R/nrms
(b) (¢)

Figure 2: Comparison of exceeding probability of wave height of long-crested nonlinear ocean
wavefields between the direct SNOW simulations (a) and the field measurements of Mori et al.
(2002), (b) and (c). For the direct SNOW simulations, the initial wavefields are generated from
JONSWAP spectra with peak wavelength A=3.5m, Phillips parameter a=0.0135, and enhancement
Sfactor y=6. The statistical results are obtained based on a Monte-Carlo simulation of 100 runs with
initial wavefields generated from the same spectrum but with different random wave-component
phases. The plotted in (a) are the Rayleigh distribution (—), the direct SNOW simulation result at
=0 (— - —) and at t=120Tp (- - - -). For the field observations (Mori et al. 2002), characteristic
wave period is T1/3=10.25s and characteristic wave steepness is (ka)1/3=0.106 for (b) and
T1/3=10.49s and (ka)1/3=0.129 for (c). The plotted in (b) and (c) are: measured crest distribution ( @
), trough distribution ( A ), Rayleigh distribution ( - - - - ), and Edgeworth-Rayleigh distribution
(—. In the figures, nrms=Hs/4.



Figure 3: Typical rogue wave events identified from the direct SNOW simulations of short-crested
nonlinear ocean wavefield evolution with various spectral parameters. The initial wavefields in the
SNOW simulations are all generated from JONSWAP spectra with peak wave period Tp=12sec.
Other spectrum parameters are: (a) enhancement factor y=5, Phillips parameter a=0.01326, and
angular spreading width @=16°; (b) y=5, a=0.01326, and @=40°<; (c¢) y=3.3, a=0.01620, and @=80°¢;
and (d) y=3.3, a=0.01620, and @=180° The plotted wavefield is only a small part (0.9kmx0.9km) of
the whole computational domain (30kmx*30km). The wave height ratios H/Hs (with Hs =10m) in
these rogue wave events are respectively: (a) 3.5; (b) 3.0; (c) 2.4; and (d) 2.5. In SNOW simulations,
nonlinear order M=3, and number of wave modes N=4096x4096.



