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Abstract. Formation of freak waves resulting from the wave 2006), or current (Onorato et al., 2011; Toffoli et al., 2011,
packets propagating in finite water depth on the backgroun®013) on the dynamics of modulation instability was also in-
of a current is studied experimentally and numerically. In thevestigated.

experiment, the freak waves appear as a result of dispersion Dispersive focusing, which corresponds to the spatio-
focusing of wave train excited by wave maker with modu- temporal focusing of frequency modulated wave trains, is
lated frequency. The space evolution of the frequency mod-also known to play a significant role in the formation of rogue
ulated train is studied in numerical simulations. We showedwaves (Baldock et al., 1996; Kharif et al., 2001; Porubov et
that in the water of finite depth, a distance of focusing in- al., 2005). The compression of a wave train with modulated
creases and amplitude in the focal point decreases in confrequency is due to wave dispersion. Since long waves prop-
parison with infinite water depth. Experimental results are inagate faster than short ones, when long waves are situated at
good agreement with numerical simulations if wave breakingthe tail of a wave train, they will overtake short waves ini-
of surface waves does not occur. tially located ahead the wave group. Touboul et al. (2006)
showed experimentally and numerically that wind might sig-
nificantly increase the height and lifetime of rogue waves due
to dispersive focusing. Chambarel et al. (2010a, b) confirmed
the result for focusing wave groups in shallow water in the

, presence of wind.
The waves of large amplitudes, called freak waves, suddenly Recently, Touboul et al. (2007) studied theoretically the

appearing in the ocean and have a complex origin that is a bi fluence of a current on the focusing of wave groups prop-

challenge to maritime safety. Their appearance is observe gating in deep water. They concluded that the current had

during storms of certain intensity, usually in the open ocean, defocusing effect, leading to a decrease of the freak wave

n dgep water ('Lavvton, 200.1)' These waves are duetoa Iargﬁeights, which was compensated in opposing current by non-
variety of physical mechanisms, explaining the large numbermear effects

of Ipcations where rogue waves were obseryed (Kharif an However, it is clear that, in coastal zone the deep water
,P ellnovgky, 2003). Among other;, one may cite wave Cu_rremapproximation is not valid anymore. It is necessary to take
interaction. Indeed, several acmdents were reported in th‘?nto account the bathymetry effects, which play an important
A_guhlas Current Of, South Africa (Mallory, 1974). These 4 role in the dispersive nature of the wave train. Paradoxically,
cidents were explalnec_j through the wave current Interactiony, ¢, focusing of wave train in these conditions has never been
often leading to a spatial focusing of water waves (LavrenoV.gy gieq. In this work, we focus our attention on study of fi-

199:?; Whif 'qu Folrr!bergt,)%g%)l. K .. nite depth effects. We investigated experimentally and nu-
The modulational instability, also known as Benjamin— ,qicaly the propagation of a wave train with the modulated
Feir instability (Benjamin and Feir, 1967), is often cited in frequency with and without current. Linear and non-linear

the framework of frgak wave formation (Yuen and Lgkg, effects of a current on focusing wave characteristics are dis-
1980). It has been widely used to study rogue wave statistics

. o ; cussed in details.
and its deviation from linear theory (Onorato et al., 2001).
More recently, the influence of wind (Touboul and Kharif,

1 Introduction

Published by Copernicus Publications on behalf of the European Geosciences Union.
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Fig. 1. Experimental set-up.

2 Experimental set-up m . . . . . .
The experimental study is conducted in the wave flume of the 350 .
Laboratory of Continental and Coastal Morphodynamics, in 1 R

Caen. This flume (Fig. 1) has a length of 18 m, a width of ~ **] /’ 7
0.5 m, while water depth varies from 0 to 0.4 m. Waves of dif- 5 . 4
ferent frequencies and amplitudes are generated in the flum _ oA e
under conditions of deep water and shallow water. To gener f 200 - ~ .7—""—’. 1
ate surface waves in the flume, a computer controlled wave § _ | p"—:f‘“‘_,_l' i
maker is used. Owing to numerically synthesized signals, it ] .\ .‘°‘ MK . o

is possible to excite wave train with modulated frequency. 100 L% 0 . V=+(f'1;5 -
Experimental facilities allow us to investigate propagation of 1 » i ' A v=+0.175 m/s
surface wave on the background of a steady current. Thiscur ¥ E -E ' v v=-0.125m/s
rent is generated by means of power pump, as indicated o} e e | ¢ VOIS mA
Fig. 1. To decrease disturbances created by the pump ar 0 100 200 300 400 500 600
for the purpose of reducing wave reflection, a special hon- <E1>[J]

eycomb is installed at the end wall of the tank, opposite to

the wave-maker. Working regimes of the pump allows us toFi9- 2. Dependence of low frequencyfiax= 0.75) wave packet
change flow rate values and the direction of current in the€nergyEy (energy measured at= 15m) onEy (energy measured
channel. Therefore two cases have been investigated: in e =1 m).

first case surface waves and current are co-directed, while in

”“? second case, they are counter directed. To study the EVQiave maker with wave packet energy at a large distance. The
lution of free surface displacement along the channel resis:

\%/ave packet energy (energy on a unit length in the direction

tive probes are used. In the_ meantime, the charac_tensucs Qtansversal in the direction of wave propagation) is estimated
the steady current are obtained thanks to ultrasonic Dopple

velocimetry (USDV); USDV provides us the instantaneous as follows:
velocity profiles. 08 2
To understand the influence of finite depth effects, pack-E - 7Cgr/(77— <n>)7dr, (1)
ets with different frequencies are excited: a low frequency
packet, with a spectral peak @fax=0.75Hz corresponds WhereCyr = %—‘,‘j is the group velocity of harmonic compo-
to carbonate hardness (kh).9 in the absence of current; nent corresponding to the peak frequerfix, ¢ for accel-
a intermediate frequency packet fifax=1.2Hz kh=1.8; eration of gravity,0 water density,T duration of impulse,
and high frequency packet gfax= 1.7 Hz, kh=2.95. The 1 and< n > are free surface displacement and mean water
last case corresponds to deep water conditions. level, respectively.
Typical dependences df, (energy atx =15m) on E1
(energy atx = 1 m) are shown in Fig. 2 for different veloc-

3 Experimental results ity of current. For small energy linear dependez€FE) =
BE1 (B =0.75) is observed. Such linear dependence (de-
3.1 Evolution of wave packet energy creasing of energy by 25 %) is not due to wave breaking.

These losses are caused by viscous dissipation and contact-
In the experiments, the focusing of wave packets occurs orine damping. It should be noted that in our experiments
the background of wave energy dissipation. For this reasonlosses of energy are larger than in previously published pa-
and before investigating the focusing effects due to frequencyers (see for example Tian et al., 2010). This difference can
modulation, we study the energy of wave packet propagatbe explained by the fact that in present experiments the in-
ing in the flume. We compare wave packet energy near thdluence of viscose boundary layers at sidewalls and bottom

Nat. Hazards Earth Syst. Sci., 13, 29412949 2013 www.nat-hazards-earth-syst-sci.net/13/2941/2013/
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is larger than in Tian et al. (2010) because measurements ai . _ . , .
performed at smaller flume width and water depth. Theoret- I R ——
ical estimations show that if take into consideration molecu- 34 & —e—vertical velocity profile
lar viscosity of water and boundary layers at walls and bot- ] \-\

tom, energy decay at 15m is 18 %. Note that in the experi- 25 .
ment there exist additional effects leading to the energy loses 1
non-controlled roughness of walls, dissipation in boundary 20
layer at free surface, in the bulk of the water and contact-line §
damping.

For large amplitude of the wave packet, spilling breaker
waves appears and dependence became more important
high energy dissipation). Wave breaking occurBif> E1 o
in the absence of current, fd#1 > E1 1, if the direction of ] Y "
flow coincides with the wave packet direction of propagation, : .‘,\"/.”. . , .
ande, > Ep _, if directions of flow and packet propagation 0 5 10 15
are opposite. We investigate evolution of wave packets for the Ulemis]

case of linear energy dissipation, influence of dissipation of_.

. . Fig. 3. Profiles of current velocity: mean profile and mean root ve-
the energy dueto wavg_breakmg may be is very small unde[oCity fluctuations at 3 m from the wave maker.
our experimental conditions.

\o/'\o—o—o/'~o—o——ﬁ—o—o—o

20

3.2 Evolution of wave packet background of co-directed current focuses at a greater dis-

_ _ tance from the wave maker than wave train propagating on
Three series of measurements for frequencies of wave packeie background of counter directed current. This effect is

Jmax= 0.75Hz, fmax= 1.2 Hz andfmax= 1.7 Hz have been  most pronounced in the case of low frequency wave train
carried out. In the first and third cases water depth waskh = 0.9) than for others wave trains. The increasing of wave
h =0.25m (kh=0.9 and kh=2.95) for the absence of cur- height in our experiments in some cases can lead to large lo-
rent and in the second orte=0.32m (kh=1.8). For these  ca| steepness that is a bit less than critical value above which
cases the influence of current has been studied in details. Firgfave breaking at the focusing point appears. In this sense,
of all profiles of current velocity were investigated. They the results presented in Figs. 6 and 7 are in agreement with
are presented in Fig. 3. Characteristic profile of mean ve+the experiments of Wu and Yao (2004) aimed to investigate
locity and root mean square fluctuations of velocity at a dis-the position of wave breaking point in the presence of a cur-
tance 3m from the wave maker are shown in Fig. 3. Velocityrent. They founded that co-directed current slows down the
has boundary layer near the bottom, thickness was approxiyave breaking and counter-directed current accelerates the
mately 3cm. In the a boundary layer, near the bottom, velocwave breaking. In our experiments wave breaking is not ob-
|ty fluctuations are SUfﬁCientIy |arger than near the free Sur-served but a shift of the point Corresponding to maximal am-
face. Such mean velocity and fluctuations were observed fopjitude is the same as the shift of the wave braking point in
positive and negative values of water currents far from wavewy and Yao (2004). Dependences of maximum elevation of
maker. Meanwhile near the wave maker, velocity profiles forthe free surface at the focusing point versus the current veloc

negative and positive current flow were different (Fig. 4a andity for three cases of excitation frequencfinax= 0.75Hz,
b). For positive currents a classic velocity profile with bound- £ — 1.2 Hz andfnax= 1.7 Hz ) are presented in Fig. 6 in
ary layer of several centimetres was observed. Profiles ohon-dimensional form. In Fig. 64max/Aomax s the ratio of
negative velocities have maximum velocity near the bottom.the maximum wave height at the focusing point and the max-
Itis due to our experimental installation. When negative flow jimum wave height of the wave train near the wave maker,
is created, water is sucked in by pump near the wave maket;/ cy is the ratio of the flow velocity and the group veloc-
When positive flow is created water is injected at the oppo-ity of harmonic corresponding the spectral maximum (peak
site end of our flume, 17 m from the channel bottom near thefrequency). It was found that in the absence of current, the
wave-maker. amplification factor is up to 40 % for both waves in water of
Wave train generated by wave maker propagates alongnite depth, where as in deep water this factor may be close
the flume and its shape changes during the propagation (seg 70 %. For waves propagating in water of finite depth, the
Fig. 5, dotted line). This process can be described by twogmplification factors practically coincide for small velocity
main parameters: by maximal wave height appearing as a resf current|U/Cq| < 0.05. For larger current velocities, the
sult of dispersion focusing and by the distance at which thisamplification factors differ sufficiently and depend on corre-
maximal amplitude is reached. The dependences of these pgation between wave length and water depth.
rameters on flow velocity in the channel is shown in Figs. 6
and 7. It was found that wave train that propagates on the

www.nat-hazards-earth-syst-sci.net/13/2941/2013/ Nat. Hazards Earth Syst. Sci., 13, 292849 2013
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Fig. 4. (a) profiles of velocity for negative current in the vicinity of wave maKb). profiles of velocity for positive current in the vicinity of

wave maker.
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Fig. 6. Dependence of the amplitude in the focusing point on ve- rig 7. pependence of focusing point position on velocity of hydro-
locity of hydrodynamic flow for frequency modulated wave train: dynamic flow for frequency modulated wave trafiyiax = 0.75 Hz,
fmax= 0.75 Hz, fmax= 1.2Hz andfma)(: 1.7Hz. fmax=1.2Hz andfmaxz 1.7 Hz.

Dependencies of focusing point positions on current ve-(compare for example Fig. 8a Il and Fig. 8a IlI; Fig. 8b II
locity are shown in Fig. 7. It is possible to conclude that fo- and Fig. 8b II). It should be noted that the thickness of the
cusing distance decreases with increasing of parameter kihain spectral peak does increase with the distance from the
wave packet in deep water has more amplification factor tharvave maker. It is observed for spectra presented in Fig. 8.
in a water layer of finite depth, especially for the case of pos-Therefore, in our experiments modulation instability lead-
itive current, when direction of wave propagation and direc-ing to the broadening spectral peak does not occur. Such

tion of hydrodynamic current coincide. result seems natural for our experimental conditions. For
wave train with peak frequencymax= 0.75Hz (kh=0.9)
3.3 Spectral analysis conditions for modulation instability are not satisfied. It is

known (Whitham, 1974) that modulation instability occurs
In order to investigate the influence of finite water depth if kh > 1.3. For other wave trains conditions for modulation,
on interaction of frequency modulated wave train with hy- instabilities are satisfied but it is evidently that the distance of
drodynamic flow, the spectral analyses of free surface eleWave train propagation is not sufficient for the development
vations were performed for two frequencigfiax=1.2Hz  ©f this kind of instability.
and fmax= 0.75Hz. The initial spectra of free surface el-
evation (spectra measured in the vicinity of wave maker)
and spectra measuredat= 6 m are shown in Fig. 8a and
b in the absence of currebt = 0, and forU = 0.12ms™,

U=-012ms™ . _ For numerical simulations potential theory is used. By as-
One can see that the shape of wave train spectrum withming the fluid to be inviscid, incompressible, animated

peak frequency/fmax=1.2Hz differs from the shape of yth an irrotational motion, it is known that the fluid velocity

lower frequency wave train spectrum Wiffhax=0.75Hz.  {erives from a velocity potentigl(x, z, 1), which satisfies the

In the second spectra it is possible to f!nd. harmqnicg of the\_aplace equationhg = 0. Thus, this velocity potential might

peak frequencymax = 0.75 Hz. They are indicated in Fig. 80 pe related to the water elevatigux, ) by means of the non-

by arrows. Harmonics multiplied to th¢inax have smaller  jinear boundary conditions of the problem. Indeed, the prob-

amplitudes for the high frequency wave train. The generajgm js complete while the bottom and free surface boundary

tion of harmonics is due to non-linearity of surface waves. congitions are considered together with the Laplace equa-
Such generation is more effective in the case of small disjgp-

persion (low frequency waves train witfax= 0.75Hz).

The comparison of spectra presented in Fig. 8a and b shows
that different spectral components demonstrate different be-
haviour on the background of hydrodynamic flow. For wave
trains propagating upstream, high frequency components de-
cay more than in the wave train propagating downstream

4 Numerical simulation and comparison with
experiment

www.nat-hazards-earth-syst-sci.net/13/2941/2013/ Nat. Hazards Earth Syst. Sci., 13, 292849 2013
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If linearized, the kinematic and dynamic boundary con-
ditions admit harmonic waves for solution. In this case, the
linear dispersion relation

(w — kU)? = gktanh(kh) (6)

must be satisfied. Thus, components obtained by means of
Fourier transform of an appropriate initial boundary condi-
tion might be advected independently. An inverse Fourier
transform would then provide the time evolution of the water
elevation

www.nat-hazards-earth-syst-sci.net/13/2941/2013/
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n(x,t) = i/ (/ n(O,r)ei“’tdr> e Kx=oD g, (7
2

To solve the fully nonlinear problem fas, described by
Egs. (3)—(5) a mixed Euler-Lagrange description of the prob-
lem is adopted, meaning that a particular description of the
surface is used. More details can be found in Touboul et
al. (2006). This method has been checked by comparison
with numerical simulations by Zhu and Zhang (1997), and
a good agreement has been found. It should be emphasized
that these approaches do not take into account the interaction
of wave train with turbulence of hydrodynamic flows.

Figure 5 shows the comparison of experimental (dotted
curve) and numerical results (solid curve) for the case of zero
velocity U = 0. Experimentally, measured time dependence
of free surface displacement. at=0 is used as a boundary
condition in numerical simulations. The comparison of ex-
perimental data and numerical results are shown at different
distances along the channel; thus, it displays good correla-
tion between free surface displacement in experiments and in
numerical simulations. Some calculations were performed to
compare maximal wave height amplification and location of
the focusing point measured in the channel. Figure 9 presents
comparison of focusing point position. We have found good
agreement between experimental and numerical results. Fig-
ure 10 shows the comparison of maximum amplification am-
plitude reached by the waves as a function of current velocity
for water of finite depth and deep water. Good agreement is
observed for positive velocity of the current. For negative ve-
locity differences between numerical and experimental data
may reach 50 % (see Fig. 9b). The main reason for this dif-
ference is the profile of shear flow near the wave maker
(Fig. 4b). Profile of the velocity has maximum its near the
bottom. Shear stresses are not taken into consideration in the
numerical model.

5 Conclusions

We found that the focusing distance depends on the direction
of hydrodynamic flow. This length increases for waves prop-
agating in the direction of flow and decreases for the opposite
direction. We also showed that this length decreases with de-
creasing of ratidi/A (wherea is the wavelength). Naturally
this result is due to the decreasing of surface waves disper-
sion. Dispersion is also responsible for the different maxi-
mum wave height at the focusing point. In the case of finite
depth of water, the elevation of the amplitude in the presence
of a current is smaller compared with the case of deep water.
The numerical simulations were performed for the equations
of inviscid fluid for wave propagating on the background of

Xf [m]

Xf [m]

Xf [m]

10

2
=(

10

-0,20
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homogeneous flow. It was found that the experimental re-Fig. 9. Comparison of experimental and theoretical results on fo-
sults are in good agreement with numerical simulations, ifSUSing point for wave train witifa) fmax=0.75Hz ,(b) fmax=

non-dimensional current velocity is not large and the break-1-2 HZ andc) fmax=

ing of surface waves does not occur during their “focusing”.

www.nat-hazards-earth-syst-sci.net/13/2941/2013/
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.7 Hz.
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For a more precise comparison of experimental and numer-
ical results, it is necessary to take into consideration non-
potentiality of the velocity field due to the vertical shear of
hydrodynamic current.
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