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Abstract. In the past decade it became customary to re-waves with an initially narrow-banded unidirectional Gaus-
late the probability of appearance of extremely steep (the sosian spectrum were studied in Shemer and Sergeeva (2009).
called freak, or rogue waves) to the value of the Benjamin-Three series of experiments were carried out for different
Feir Index (BFI) that represents the ratio of wave nonlinear-values of nonlinearity determined by the characteristic wave
ity to the spectral width. This ratio appears naturally in the amplitude. It was found that the frequency spectrum of the
cubic Schédinger equation that describes evolution of uni- wave field undergoes significant variation in the course of
directional narrow-banded wave field. The notion of this in- the wave field evolution along the tank. The initially narrow
dex stems from the Benjamin-Feir linear stability analysis of spectrum becomes wider at the early stages of the evolution,
Stokes wave. The application of BFI to evaluate the evolu-up to the distance from the wavemaker ranging from about
tion of wave fields, with non-vanishing amplitudes of side- 70 m for the highest characteristic amplitude employed, to
band disturbances, is investigated using the Zakharov equaeoughly twice that length for the weakest nonlinearity. After
tion as the theoretical model. The present analysis considerattaining maximum, the spectrum gets narrower, its width,
a 3-wave system for which the exact analytical solution of however, remains larger than the initial one. The values of all
the model equations is available. the statistical wave parameters appear to be strongly related
to the local spectral width. The deviations of various statisti-
cal parameters from the Gaussian statistics increase with the
1 Introduction width of the spectrum so that the probability of extremely
large waves is the highest when the local spectral width at-
Extreme (rogue, or freak) waves appear locally and spontatains maximum. The probability of extremely steep waves
neously in the sea. Usually waves with heights exceedingalso increases with the degree of nonlinearity.
twice the significant wave height are considered to belong The effect of the spectral width for a constant nonlinearity
to this category. Parameters of those waves, and in particus, defined as a product of the dominant wavenunibéy the
lar the frequency qf their.appearance, constitu'te an'importanlt'm'sl value of the surface elevation= p 2
design parameter in marine and off-shore engineering. There

are numerous indications that under certain circumstance® 2> studied, e.g., in Onorato et al. (2006) and in Shemer et

these waves may appear more frequently than expected foe}:' (5838) for all unldgecyo?al wave f;elti,fand n Onorat(i et
a random Gaussian sea. In recent years, numerous expeﬁ-' ( ) in a large basin for a constant frequency spectrum

mental studies aimed at experimental investigation of prob- ut with varying directional spreading. These studies demon-

ability of appearance of extremely high waves were carriedStrated.that as either the fre_q_uency range or the directional
out under controlled conditions in large experimental facili- spreading wu(jjen, the probability of appearance of extremely
ties (Onorato et al., 2006, 2009; Shemer and Sergeeva, 200§FeTep \(;vavegb ecLeases.I . f q i

Waseda et al., 2009; Shemer et al., 2010 and additional refe- Ido e;c;n”e the el\t/)o ution © re(xjn om non meiar wave
rences therein). Both unidirectional random wave fields and€lds and following Alber (1978) and Onorato et al. (2001),

those with directional spreading were considered. Randon’?"’m":'sel”2 (2003) introduced the Benjamin-Feir index,
BFI=2Y2¢/(Aw/wp), as a ratio of nonlinearity to the

relative spectral widttAw/wg, wo being the carrier wave
Correspondence td:. Shemer frequency andAw the width of the frequency spectrum;
BY (shemer@eng.tau.ac.il) Aw/wo can be seen as a measure of wave dispersion.
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Janssen stressed that BFI can be expected to fully charathe dominant wave, is finite. It is, thus, instructive to con-
terise the evolution of a unidirectional wave field only within sider nonlinear evolution of a 3-wave system consisting of
the framework of the cubic Scbdinger equation (CSE) valid a carrier wave with a given steepness, and two side distur-
for a very narrow spectrum, whereas for wider spectra thisbances with initially much smaller but still finite amplitudes.
is not the case. Nevertheless, quantitative estimates pertaifi-he three-wave system defined by (1) can be seen as a ba-
ing to the character of random wave fields’ evolution that sic “molecule” in the evolution pattern representing one of
are based on BFI are quite common. For example, Onoratéhe numerous possible nonlinear interactions in a wave field
et al. (2006) use BFI to analyse the experiments carried outvith a given spectrum. The advantage of such a system is
for a relatively wide JONSWAP spectrum, while Onorato et that it allows an exact analytic solution of the wave evolution
al. (2009) even invoke BFI in their experimental study of 2-D problem based on the Zakharov (1968) equation (Shemer and
random waves. Stiassnie, 1985; Stiassnie and Shemer, 2005). The availabil-

While there is a general consensus that BFI can be usefuly of the analytic solution enables the parametric study of
as a rough indicator characterising the random field evolutiorthe 3-wave system that can shed light on behaviour of much
pattern, application of this index as a quantitative predictivemore complicated random wave fields.
tool raises some questions. One commonly acknowledged
problem with the BFI is a non-unique way in which both the
nonlinearitye and the spectral widthw/wg are defined. For 2 Theoretical background
example, the value afy is often defined as corresponding
to the spectral peak. A more robust definition of the domi- The nonlinear evolution of each of the waves due to quartet
nant wave frequency (and, thus, via the dispersion relation, ofnteractions at the 3rd order in the nonlinearity parameter
the dominant wavenumbég) in a random wave field would is described by the Zakharov equation
invoke spectral momentum based of the free waves spectra

(see, e.g., Shemer et al., 2010). Similarly, the dimension- IB; L
less spectral widthhw/wg is sometimes defined according i7=ff/ Vi i.mnB] BBy
to the energy level that corresponds to half of the spectral —%
peak value, whereas again, thg definition bgsed on.spectrz(\k/ Tk —k,, _kn)ez’A,-,z,m,ntdkldkmdkn @)
momenta seems more appropriate. Alternative possible def* -
initions of those parameters can result in quantitatively dif-\yhere the interacting quartets are defined bystfenction
ferent values of BF for identical wave spectra, especially for gnq the frequency detuning
wider and asymmetrically shaped spectra like JONSWAP.

An additional problem related to BFl is addressed here. Bij,l,m.n =) 4w —wpy — oy ©)
its very nature, this index is closely related to the Benjamin-
Feir instability of the Stokes waves, and the coefficient pre-The interaction coefficient¥’; ; ., = V(k;, ki, kp k) are
ceding the ratio of nonlinearity to dispersion in the definition given in Krasitskii (1994). The free-surface elevation is re-
of BFI reflects either the most unstable sideband disturbancgated to the generalized amplitudgk, r) by
according to CSE, or the limit of the sideband linear stability
in a slightly different definition of BFI. Moreover, it is quite 1 k| 1/2 '
common to refer to nonlinear evolution of the wave field asn = — (—) {Bel(" X x—wr) +c.c} dk, 4)
stemming from the Benjamin-Feir modulational instability. ”_oo 20

The Benjamin-Feir (BF) instability is a result of linear
analysis of a system that consists of a carrier wave with amwhere the frequency is related to wave vectak by the
plitude ag and wave vectoko, and two infinitesimal side- deep-water linear dispersion relation
band disturbances with wave vectdrs andk; that satisfy
the condition w?=g|k| (5)

2ko=k1+ko>. (1) Following Stiassnie and Shemer (1984) and Shemer and
Stiassnie (1985), consider an interaction wave quartet con-
The linearized (with respect to the sideband disturbancesisting of a carrier wave with the normalized wave vector
amplitudes) governing equations are used to carry out the stdg = (1, 0) that is taken twice, and a pair of sideband distur-
bility analysis that delineates the boundaries of Stokes wavdancesk; > = (14 p,4q), so that (1) is satisfied. The de-
instability domain and allows determining the most unstableviation from unity of the wavenumber is denoted jag for
modes. Random wave fields have spectral “tails” extendinghe most unstable pair of disturbances andfor the limit
well beyond the wavenumber domain around the dominanbf the linear instability. The linear instability analysis based
wave determined by the spectral width. The amplitude ofon the CSE yieldy, = 2V/2py, = 2%/%¢, where the nonlin-
those spectral components, while small relative to that ofearity ¢ = kgag represents the carrier wave steepness. The
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Janssen’s (2003) comment regarding the limits of applicabil- —p, (CSE)

ity of BFI is based, in part, on the fact that the linear rela-  osj_p, (zakharov equation) e
tion betweenp, (or pm) ande breaks down when the sta- |---p, (CSE) /
bility analysis is performed using either the linearized Za- ---P,, (Zakharov equation)

kharov equation (Crawford et al., 1981; Stiassnie and She-_ * /

mer, 1984), or full nonlinear equations (McLean etal., 1981). o3
The dependence @i, andp, on the carrier wave steepness 02
is plotted in Fig. 1 according to calculations based on the cu- e
bic Schibdinger and Zakharov equations. As demonstrated .l /
by Stiassnie and Shemer (1984), the linear stability results % 005 01 015 02 05 03
based on the Zakharov equation do not differ notably from £
those obtained by.McLlean ?t al. Itis obvious from F!g. ,1that Fig. 1. The dependence of values pfcorresponding to the limit
the two models yield identical results only for vanishingly of |inear instability ;) and to the linearly most unstable distur-
small values ot; for steeper carrier waves, the CSE-derived pance ppm) on the carrier wave steepness according to the NLS and
values ofp, andpn, are significantly higher than those based zakharov equations.
on the more accurate Zakharov model.

The main goal of this study is to analyse nonlinear interac-
tions of a carrier wave with sidebands of initially finite am- Where the initial complex amplitudes = B;(0), j =0,1,2.
plitude. For a 3-wave system considered here, the integroFrom (6) and (10) one can show that

differential equation (2) degenerates into a system of three; ) ' dz

first-order nonlinear ordinary differential equations: ERG{ (Bg) Blee'Awt} =—Q— (12)
dB :

id_to = (Q0—wo) Bo+2Vo,0,1,2¢'**' B§ B1B2 (6a)  Where
J Q=2Q0— Q21— Q. (13)

.dB1 —iA 2

i— - =E-0)B1+2V1200e ‘' B3Bg (6b)  In view of (8) and (11)Q is a linear function ofZ that can
B be presented as

.d B2 —i

17 = (Q2—w2)B2+2V21,00¢ lAthikBg (6¢) Q=Q,+QZ. (14)

where the frequency detuning Integrating (12) from =0 gives

Aw=NAg,0,1,2=2w0—w1—w (7)

VA
%\ 2 iAwt %\ 2
Rei (By) B1B2e =Rej(Bgy) B1P2 —/QdZ (15)
and the so-called “Stokes-corrected” frequencies are: e{( 0) } {( 0) } 2

Qo=wo+ V0000 Bol*+2Vo 1011 B11°+2Vo2021B21° (82)  Using (10) and (15) yields

Qu=w14+2V1010|B11*+Vi111|B11?+2Vi212|B2|* (8b) dzZ\? 4 5 P
r =|Bol"|B1]°|B2|
Qo=w2+2V2020| Bol?+2Va121 | B11?+ V2222 B21? (8¢)

2
2 Q1
Following Stiassnie and Shemer (2005), after some manipu= [Re{ (85) ﬂlﬁZ] —Q0Z— 722] = PA(Z) (16)

lations one obtains from (6)
The coefficients of the 4th order polynomi{(Z) are fully

determined by the initial conditions. It follows from (16) that

d po__d o d 0o

—|Bol*=——|B1*=——|B

dt| ol dt| 1l dt| 2 7

=4vo,o,1,z|m{(Bg;)zBlee"A‘”’] ©) t:/dZ/VP4(Z) (17)

0
The complex amplitudes of all three waves at all times, thus
depend on a single auxiliary real functi@ir) defined by

dz

It is possible to express the integral (17) in terms elliptic
functions (Byrd and Friedman, 1971). For wave parame-
_ )2 i Awt _ ters considered in this study, the coefficient of the leading
dar Im { (Bo)” BuBze } 2(0)=0 10 termz4in the polynomial is positive in most cases, all roots
It follows from (9) and (10) that of P4(Z) are real and can be_ arr_anged so tHat> Z3 > _

0> Z» > Z1. The following derivation is carried out for this
|Bol? — |Bol2 = —|B1|?+ |B1|> = — | B2|>+ B2’ = 4V01.2Z (11) case, nevertheless, using appropriate expressions in Byrd and
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Friedman it can easily be modified to cases when the roots of o022
the polynomialP4(Z) are arranged differently. For the case o

considered, the value &f can vary betweex, andZs, so 018
that the solution (17) is periodic with the period given by 016 i
Z3 % 014 |
_ dZ So19 —Domi B
r=2[42/ /) CI SIS
7> o1 —LF Sideband | |

0.08[ 4
Shemer and Stiassnie (1985) and Stiassnie and She

mer (2005) presented the following explicit expression for

0.06 b

(17) -0 100 200 300 AOOTime 500 600 700 800 900
_ Z2a(Z3—22) sifu—Z3(Za—Z2) (19)  Fig. 2. Nonlinear evolution of a 3-wave system:=0.2; ¢ =0;
(Z3— Z2)SrPu— (Z4—Z2) 0=0.77;£=0.2;c1=cp=0.3.
wheresnis the Jacobi elliptic function of argument
u=sn@,6)—a?/y (20)  spectrum in any conceivable definition of this parameter. In

deep water the most unstable infinitesimal disturbances prop-
and modulus agate in the direction of the carrier wave (McLean et al.,
\/ 1981; Stiassnie and Shemer, 1984), so that the veg&tors

(Z3—22)(Za—21) (21)  andk; are parallel to the carrier wave vectg andg = 0.
22)(Z3—71) Unidirectional wave systems are, thus, considered first.

The results of the previous section indicate that a three-
wave system undergoes periodic Fermi-Pasta Ulam recur-
rence for an arbitrary value of the sideband wavenumber de-
viation p. A typical example of the temporal evolution of a
unidirectional 3-wave system is presented in Fig. 2 for the

(Za—

In (20),

y = 2 ’ 5= 23(Z4—273) (22)
N (Zs—2Z2) (Z3—Z1) Z4(Z3—Z2)

The modulation period (18) can be rewritten as

2y

I'=—5 1/2

K (x), (23)

where K is the complete elliptic integral of the first kind.

Note, that wave complex amplitudgs depend onZ and

are, therefore, periodic; it also follows from (9) and (11) that
the solution does not depend on the individual initial phase
of the participating harmonics, but rather on a single initia

phase given by

6 = 2argBy — argpy —argpe. (24)

Thus, the solution, in terms of the Jacobi elliptic functions
allows computing the variation of the amplitude of each of
the three wave components as a function of their initial am-

plitudes and of a single phase combination

3 Results

carrier wave steepnegs= 0.2 and identical initial relative
amplitudes of sidebandsg = ¢, =0.2. The sidebands se-
lected in this example belong to the BF instability domain,
see Fig. 1. The dimensionless modulation pefidtiat char-
acterises the exchange of energy between the carrier wave
and both sidebands can be computed using (23). For the con-
ditions of Fig. 2, the dimensionlegs= 3938, or about 62
eriods of the carrier wave. This is in agreement with the

| SO called “dynamic” temporal evolution scale of the order of

¢~2 appropriate for 4-wave nonlinear interactions.
As follows from (11), the amplitude of periodic modula-
tion of each one of the 3 components is determined by a sin-
gle real variableZ; the range of variation i, AZ, for given

' initial conditions defines the extent of modulation and can,

thus, be seen as a measure of the intensity of nonlinear inter-
actions at a slow time scale. The domain of variation is
determined solely by the values of the roots of the polyno-
mial P4(Z).

The effect of the initial amplitude of sidebands is inves-
tigated in Fig. 3 for a unidirectional wave system with the

In all cases considered, the initial sideband amplitudes arearrier wave amplitude = 0.2, as a function of the side-

defined relative to that of the carrier wave, so thab =

band wavenumber determined by the valugoin Fig. 3a,

¢y pa0. The coefficientsc; » mostly do not exceed 0.4, so both sidebands are assumed to have identical initial ampli-
that the power of sidebands remains well below 20%. Theretude, whereas in Fig. 3b and c, the initial amplitudes of either
fore, these sidebands are beyond the energy-containing paitte low frequency sideband wity = (1— p,0), or the high

of the spectrum and can be seen as belonging to spectral taifsequency sideband witky, = (1+ p,0), respectively, are set
that practically do not contribute to the effective width of the as zero. In those cases, the initial amplitude of the initially
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non-zero sideband is increased by a factor’éf 2ompared

to the corresponding values in Fig. 3b, to keep the total power
of all 3components identical in Fig. 3. The range of variation
of p extends in Fig. 3 well beyond the linear stability limits
computed using either the NLS or the Zakharov equations,
as plotted in Fig. 1.

For the case of identical sideband amplitudes considered in
Fig. 3a, the intensity of nonlinear interactions characterised
by AZ increases monotonically with the amplitude of side-
bands. In the whole range of values pfconsidered, the
values of AZ vary continuously withp and do not vanish,
although they decrease significantly for wider-spaced S|de-(a)
bands. For higher initial sideband amplitudes, significant
nonlinear interactions exist even well beyond the BF stability
domain. The linear stability limit (corresponding o= 0.44
for the BF stability analysis based on the Zakharov equation)
does not play any particular role. Moreover, the modulation
depth does not attain maximum for the most unstable distur- 3
bance. The exact value pfwhere the intensity of nonlinear
interactions attains maximum depends on the initial ampli-
tude of the sidebands.

The evolution of an asymmetric wave system in which
only one sideband exists initially does not differ qualitatively
from that observed for the case of initially symmetric side- (b)
band disturbances. However, notable quantitative differences
exist. For sideband wavenumbers adjacent to that of the car-
rier wave, the modulation intensity in Fig. 3b and c is smaller
by a factor close to 2 as compared to that in Fig. 3a. The val-
ues of AZ then decay faster with increasepnalthough de-
crease in the amplitude of modulations is less steep in Fig. 3c &
where the low-frequency sideband initially has non-zero am-
plitude, as compared to Fig. 3b. In Fig. 3b and ¢ the most
intensive nonlinear interactions are obtained for sidebands
that are not too far from the carrier wave, rather than for the
values ofp corresponding to the most unstable disturbances

in the linear BF analysis. ©
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The results of Fig. 3 can be supported by findings of She-ig. 3. Effect of the relative initial sideband amplitude on the mod-
mer and Chamesse (2000) who studied experimentally thalation depth fore = 0.2 and® = 0.77: (a) ¢1 = c2; (b) initial
BF instability of gravity-capillary waves on the basis of the low frequency sideband amplitudg = 0; (c) initial high frequency

Zakharov equation.
generated by a plane wavemaker, while one of the sidebands
(with a frequency either higher or lower than that of the car-
rier) was excited with a small but finite amplitude by an in-

In the experiments a carrier wave wasideband amplitude, =0.

dependent auxiliary conical wavemaker; its frequency waseractions is studied in Fig. 4 for the carrier wave amplitude
varied in a range exceeding the instability domain. The ap-c =0.2 and a set of identical initial sideband amplitudes. In
pearance in the measured spectrum of the sideband that h&$y. 4a, the sidebands that are relatively close to the carrier
not been excited directly was interpreted as a manifestationvave, p = 0.2, are considered, while in Fig. 4b= 0.45,
of the BF instability. In the measured spectra, however, thisbeyond the limits of the BF linear instability. In Fig. 4a,
sideband was often visible even when the auxiliary wave-the phase dependence®¥ increases strongly with the ini-
maker was operated at frequencies outside of the instabilityial sideband amplitude. For phase combination angles suf-
domain. The results of Fig. 3 are in general agreement witkficiently close to zero, the modulation intensity may become
those observations. even stronger for initially smaller sideband amplitudes. For
The examples presented in Figs. 2 and 3 were computedidely-spaced sidebands in Fig. 4b, the phase dependence of
for an arbitrarily selected initial phase angle combination AZ weakens notably; the values & increase with the ini-
0 =0.77. The effect ofé on the intensity of nonlinear in- tial amplitude of sidebands for all initial phasgsNote that

www.nat-hazards-earth-syst-sci.net/10/2421/2010/ Nat. Hazards Earth Syst. Sci., 1@42422610
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-1 —O‘.S —0.‘6 —0‘.4 —O.‘Z 6 O‘.Z O.‘4 0‘.6 O.‘B 1 0 0.05 O‘.l 0.15 0.2 O.‘25 0.3
(b) ol (b) g

Fig. 4. Modulation intensity for the carrier wave steepnes®.2 as Fig. 5. Modulation intensity for the carrier wave steepness0.2
a function of the initial phase angfefor: (a) p=0.2; (b) p =0.45. and the initial phase anglé = 0.7r as a function ofg for:
(@) p=0.2;(b) p=0.45.

for ¢c1 = c2 = 0.4, the modulation amplitude in the vicinity of
6 =0 is higher forp = 0.45 in Fig. 4b as compared to that
for p=0.2in Fig. 4a.

Finally, the effect of directional spreading is examined in
Fig. 5 for6 = 0.7, other conditions being as in Fig. 4. Note
that according to the exact linear stability analysis of finite-
amplitude waves by McLean et al. (1981), the instability
limits are 0< ¢ < 0.125 for p =0.2, and 0< ¢ < 0.25 for
p=0.45. As evident from Fig. 4a, for sidebands with finite

initial amplitude the nonlinear interactions are quite strong Th i tric stud ts that luSi
well beyond those limits. Even more unexpected may be th% € present parametric study suggests that conciusions
ased on the linear stability analysis in general, and in partic-

results of Fig. 4b that indicate that the most significant non- | hen the CSE i d | v irrel tf 3

linear interactions occur for wave vectors that correspond to’ artw en t?' hi _E_S :JS% ,bare darge ?{tlr:je evantior a” t;wtaf\./e

linearly stable disturbances. These interactions resultin sige3yStem in which initial sideband amplitudes are smafl but fi-
ite. The Benjamin-Feir analysis that considers the stability

band amplitudes that, for certain phases of the Fermi-Pastd?

Ulam recurrence process, can exceed that of the carrier, eveglf ? f'g Ite am;?[lrlltud? Stokes W?\()e to |nf|n|teS|maI.S|dfe:0and
for initially relatively small values of1 . Isturbances, therefore, cannot be seen as meaningful repre-

sentation of the evolution of a nonlinear wave field. The most
significant nonlinear interactions are not necessarily related
4 Conclusions to the linearly most unstable disturbances. The domains of
the BF instability determined either by approximate models,
The notion of BFI was coined considering a 3-wave systemsuch as narrow-banded CSE and the Zakharov equation, or
consisting of a carrier and initially vanishingly small side- by an application of fully nonlinear water-wave equations,
band disturbances. The 3-wave approach intrinsic to the BFtannot serve as indicators of the intensity of nonlinear inter-
concept is expanded here to include sidebands that, whilactions of a carrier wave with finite amplitude sidebands.
sufficiently small not to affect notably the spectral width,
have nevertheless finite initial amplitudes. The Zakharov

equation is used as the theoretical model. Contrary to enve-
lope equations (the CSE and its modifications), it does not
pose any restrictions on the spectral width. Advantage is
taken of the availability of an exact solution of the result-
ing system of equations in terms of Jacoby elliptic functions.
The analytical solution demonstrates that the 3-wave system
undergoes periodic Fermi-Pasta-Ulam recurrence. The inten-
sity of nonlinear interactions can be characterised by a single
real parameteAZ.
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The present results indicate that for a unidirectional waveJanssen, P. A. E. M.: Nonlinear four-wave interactions and freak

field and initial disturbances with non-vanishing amplitudes,

waves, J. Phys. Ocean., 33, 863—883, 2003.

the values of sidebands’ wavenumber deviation from that ofKrasitskii, V. P.: On the reduced equations in the Hamiltonian the-

the carrierp and the carrier wave steepnesio not uniquely
define the nonlinear evolution pattern of the whole wave sys-
tem. This pattern appears to be crucially dependent also o

the initial sideband amplitudes and often on their phases as

well.

ory of weakly nonlinear surface waves, J. Fluid Mech., 272, 1—
20, 1994.

NIcLean, J. W.,, Ma, Y. C., Matrtin, D. U., Saffman, P. G., and Yuen,

H. C.: Three-dimensional instability of finite-amplitude water
waves, Phys. Rev. Letl., 46, 817-820, 1981.

Onorato, M., Cavalieri, L., Fouques, S., Gramstad, O., Jansses, P.

When sideband disturbances are allowed to propagate in o g M., Monbaliu, J., Osborne, A. R., Pakozdi, C., Serio, M.,

directions different from that of the carrier wave, as is the

case in laboratory studies in wave basins, or in field exper-
iments, the spectral width, calculated in most experimental
investigations from the measured frequency spectrum, be-

Stansberg, C. T., Toffoli, A., and Trulsen, K.: Statistical prop-
erties of mechanically generated surface gravity waves: a labo-
ratory experiment in a three-dimensional wave basin, J. Fluid
Mech., 627, 235-257, 2009.

comes even less dominant in governing the nonlinear evoOnorato, M., Osbomne, A. R., Serio, M., and Bertone, S.: Freak
lution process, which becomes crucially dependent not just Wave in random oceanic sea states, Phys. Rev. Lett., 86, 5831

on the sidebands’ initial amplitude but on their directions as
well.
The results of the present exercise with a simple determi

nistic nonlinear wave system can be useful in analysing much

5834, 2001.

Onorato, M., Osborne, A. R., Serio, M., Cavalieri, L., Brandini,
C., and Stansberg, C. T.: Extreme waves, modulational instabil-
ity and second order theory:wave flume experiments on irregular
waves, Eur. J. Mech. B-Fluid., 25, 586—-601, 2006.

more complicated random wave fields. It should be kept inghemer, L. and Chamesse, M.: Experiments on nonlinear gravity-

mind, however, that statistics of random water waves in labo-

capillary waves, J. Fluid Mech., 380, 205-232, 1999.

ratory and in sea is determined by a large number of interactShemer, L. and Sergeeva, A.: An experimental study of spatial
ing triads and quartets, each having random combinations of evolution of statistical parameters in a unidirectional narrow-
phases. Thus, extreme care should be exercised in the appli- banded random wavefield, J. Geophys. Res., 114, C01015,
cation of the present findings to a wider context of statistics doi:10.1029/2008JC005077, 2009.

of random nonlinear wave fields.
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