

Spatial periodicity of transformation of irregular waves in the coastal zone

Sergey Kuznetsov(1) and Yana Saprykina(1)
(1) 
P.P. Shirshov Institute of Oceanology, RAS, 117997, Moscow, Russia

Tel: +7-499-124 62 22   Fax: + 7-499-124 59 83

E-mail: kuznetsov@ocean.ru

E-mail: saprykina@ocean.ru

Abstract

Regularities of spatial periodicity of wave energy transfer between first and second multiple harmonics of waves in the coastal zone are considered on examples of data of laboratory and field experiments. The phase shift between the first and second harmonics strongly depend on the main direction of energy transfer, which is controlled by running length of waves above the slopping bottom. The effects of spreading of wave spectra, the spatial fluctuations of amplitude-phase-frequency contents of individual waves and spatial evolution of wave group’s structure will be considered in the presentation. 

Introduction

Many specific problems in coastal zones require a precise description of wave field and knowledge of wave parameters. Recent investigations have shown that sediment suspension and transport processes as well as extreme wave loads on coastal structures are determined by individual waves or wave groups and can never be estimated correctly on the basis of time averaged parameters. For example, high order wave moments and their time-space variability determine the wave breaking, sand transport, infragravity waves and current generation. During nonlinear transformation of waves in the coastal zone an intensive energy transfer between the first and the second harmonics exists, it is periodical in space and could cause formation of underwater bars. So, variability of parameters of individual waves in time and space is extremely important for the dynamical processes description in the coastal zone. The purpose of the present study is on the base of laboratory and field experiments to describe the process of irregular wave transformation on two scales: 1) how the amplitude-frequency structure of individual irregular waves varies in space and time and 2) how the group structure of waves varies in coastal zone. 

Evolution of wave group structure in coastal zone


Wave group structure can be allocated using envelope of waves. For investigation of evolution of wave group structure in detail the envelopes of waves of various frequency bands were calculated by the help of Hilbert transform. 

Height and period of wave groups were estimated from envelope fluctuations using dimensionless parameters: the groupiness factor GF and average number of waves in groups NW [3].

To investigate spectral structure of individual waves and mutual distribution of wave groups of different frequency bands wavelet-analysis with wavelet function Morlet was applied [6].

To demonstrate main features of irregular waves and wave groups transformation in a nature the data of the field experiment “Shkorpilovtsy-88” (Black Sea, Bulgaria) were used. During the experiment 15 wire resistant type gauges were placed on depths from 10 to 0.5 m at the distances up to 350 m from the shore. Measured series was about 15 minutes with sampling frequency 3.33 Hz. The waves has the significant wave heights about 2 m and periods about 8 s.
NW changes in a range from 4 up to 6 for both series similarly. Simultaneous increasing of the mean frequency of wave spectrum and the mean frequency of envelope towards to the shore provide minor changes of NW. GF mainly decreases towards to the shore similarly for all of the measured series independently from the breaking point positions.

Notice that GF1, calculated from frequency band of the first harmonics, changes similarly to GF, calculated from all frequencies of waves, but exceeds it. It is obvious that decreasing of groupiness factor to a coast is caused by change of a spectrum in frequency band of the first harmonics due to non-linear processes. The excess GF1 above GF occurs due to effect of “filling” of intervals between the groups of large wave of frequency band the first harmonics by groups of high-frequency waves.

The effect of “filling” is well confirmed by wavelet transform of measured wave chronograms. It is visible that waves with large amplitude of first harmonics and small amplitude of highest harmonics alternate with waves with small first harmonics and large highest.

The statistical reliability of “filling” effect proves to be true by correlation between envelopes of first and highest harmonics. The time shift between maximums of envelopes of firsts and highest harmonics is increased to a shore.

Changes of amplitude-frequency content of irregular waves in coastal zone 
Methods of analysis


A description of amplitude-frequency contents of individual wind waves is not simple task because waves in coastal zone have a group structure and are irregular and nonlinear. Therefore we restrict our investigation by next main assumption: we will take into account only first and second nonlinear wave harmonics; harmonics of higher order are neglected. 

By analogy with the theory of Stokes waves we define a time chronogram of free surface elevation (
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[image: image2.wmf])

2

(

cos

)

(

)

(

cos

)

(

)

(

2

1

j

w

w

h

+

+

=

t

t

a

t

t

a

t







     (1)
In fact the instantaneous amplitudes 
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 are the envelopes of waves of corresponding frequency bands. Such representation permit us to describe the time and space variability of individual waves by considering the phase shift
[image: image5.wmf]j

 between the first and second harmonics of waves and the envelopes of them.
The frequency bands of the harmonics are defined visually by localization of wave spectrum minima and maxima. 

The variations of the amplitude-frequency structure of individual irregular waves during their propagation towards the shore were assessed by analysis of the evolution of wave spectra, spectra of the envelopes and function of coherence between envelopes of the first and the second harmonics. 

Waves in laboratory experiment

Variations of the envelopes of first and second harmonics (a1(t) and a2(t)) of initially bichromatic regular waves transformed over a horizontal bottom were investigated first. Experiment was carried out in a laboratory flume of Institute of Hydroengineering of the Polish Academy of Sciences in Gdansk in 2005. 

The length of a flume was 64 m. The duration of wave records was 4 min, with sampling frequency of 200 Hz. For registration of free surface elevation 7 resistance and 8 capacitance type wire gauges were used simultaneously. Gauges were placed at distances from 4 m up to 47 m from the wave maker through each 3 m. Let’s consider typical example, when consist from sum of two sinusoids with frequencies 0.5 Hz and 0.52 Hz and are propagated on a constant depth of water - 0.3 m without breaking. The evolution of spectra of initially bichromatic waves in flume had been shown the energy transfer between the first and the second harmonics. It is periodical in space and is manifested by periodic variations of harmonics amplitudes. For example in distance 4m from the wave maker, waves have well visible first (frequency band 0.5-0.52 Hz) and second (frequency band 0.1-1.04 Hz) harmonics. In distance 7 m amplitudes of first harmonics are increased and amplitudes of second harmonics are decreased due to backward nonlinear transfer of energy during sub- nonlinear triad interactions. Then in distance 10 m amplitudes of second harmonics are increased and amplitudes of first harmonics are decreased due to total nonlinear triad interactions and so on.

Additionally the spectrum in the frequency bands of the first and the second harmonics continuously widens due to near resonant triad interactions. If initially (distance 4 m) frequency bands for first and second harmonics are (0.5-0.52) Hz and (0.1-0.104) Hz, while on distance 47 m they are (0.4-0.65) Hz and (0.85-1.15) Hz respectively. 
The spectrum of the frequency band of the first harmonics widens due to the backward energy transfer from higher harmonics into first and generation of new overtones frequencies during sub- non-linear triad interactions. On the other hand, the spectrum of the frequency band of the second harmonics widens due to the total non-linear interactions with the overtones of the first harmonics, as well as because of the difference non-linear interactions with higher by frequency harmonics.

Such widening leads to change of shape of envelopes of the first and the second harmonics and to appearance of new frequencies and variations of their spectra also. Therefore, envelopes and spectra of the first and the second harmonics do not fluctuate synchronously in time. However, at the initial stage of wave transformation, when widening of frequency bands is still small, envelopes of first and second harmonics are changed synchronously. Asynchronous fluctuations of the envelopes are defined by relative shift between maxima of envelopes and by periodic changes of spectra of envelopes the first or the second harmonics due to «widening» of wave spectra accordingly. Asynchronous fluctuations of the envelopes testify about infringement of proportionality between amplitudes of harmonics in individual waves. 

Synchronism of changes of envelopes of first and second harmonics can be estimated using coherence function between them. Typically the coherence between the envelopes in general decreases (from 0.9 up to 0.4) during wave transformation and “widening” of wave spectrum.

Dependencies of amplitude of envelope of second harmonics from amplitude of first harmonics on different distances demonstrate that at the initial stages of the waves transformation amplitudes of envelope of second harmonics are proportional to amplitudes of first harmonics and the dependence is squared like in the Stokes wave theory. During the further waves transformation and widening of their spectrum the values of the coherence decreases and the dependence can be not approximate by squared and any other polynomial function. It means that relation between amplitudes of second end first harmonics in each individual wave changes chaotic and its amplitude-frequency structure is much different from another wave. So only at the initial stage of the waves transformation at distances, where the values of the coherence between the envelopes of the first and the second harmonics are high and spectra of the envelopes are similar, a simple description of the variability of the individual waves is possible, for instance based on the Stokes wave theory. 

Irregular waves in coastal zone

For analysis the wave data of international field experiment “Shkorpilovtsy-2007” (Bulgaria, Black sea) were used. Registration of the free surface elevation at 15 points of coastal zone was performed with 7 capacitance and 8 resistant type wire gauges at the depths range from 4  m to 0.5 m. The measurements by all of the gauges were taken simultaneously at sampling frequency 5 Hz during one hour.

The data of irregular waves was processed in the same manner as laboratory data and the performed analysis confirmed the results obtained in the case of regular waves. On spectra, it is well visible, that in process of approach of waves to a coast, multiple nonlinear harmonics are generated and there is a periodic exchange of energy between them reflected in periodic change of their amplitudes.

After the determination of the envelopes of the first and the second harmonics by the technique described in previous section the function of coherence between them was calculated. The values of the coherence function between the envelopes of the first and the second harmonics at the initial stage of the wave transformation, at depth 4 m, are relatively high (about 0.7). This means that the envelopes of the first and the second harmonics are changed synchronously and their amplitudes a1 (t) and a2 (t) are proportional.

However, the value of coherence function between the envelopes of the first and the second harmonics varies periodically and in general decreases towards the shore. Abrupt decreasing of the coherence function values at depth 3 m is about 0.2. At this depth the maximum of amplitudes of first harmonics decrease and the maximum of amplitudes of second harmonics increases. Then backward transfer of energy starts: from the depth 3 m to 2 m the maximum of amplitudes of second harmonics decrease and the maximum of amplitudes of first harmonics increases. So, the same that in regular waves backward energy transfer decreases the coherence function between envelopes of first and second harmonics and desynchronize its fluctuation in time. 

To investigate relation higher order between first and second harmonics a bispectral analysis was applied [1,2,4]. A squared bicoherence functions, which estimates a share of quadratic coupling harmonics in energy of waves and their distribution on frequencies, for different stage of wave transformation shows that the relation of second order between the fist and second harmonics exist in all stages of wave transformation that can be visible as peaks at bicoherence at frequencies of spectral maximum. Values of squared bicoherence function are high (about 0.6) including stage of backward transfer of energy. Relatively high values of bicoherence function testify the fact that the waves of first and second harmonics are still the bound waves, produced by sub and total triad nonlinear interactions. The reduction of bicoherence during the stage of backward transfer of energy can be explained by generating a multitude of new harmonics with different phases, spaced in frequency closer than frequency resolution of bispectral analysis. High values of bicoherence permit to estimate the relative phase shift between the first and second harmonics, i.e. to determine ( in (1). The evolution of the biphase or phase shift between first and second harmonics with distance and the evolution of amplitudes of first and second harmonics shows that during initial stage of wave transformation and energy transfer from first to second harmonics due to total non-linear triad interactions second harmonics (and its envelopes) are shifted a little forward concerning the first. After that, when backward energy transfer from second to first harmonics begins the biphase values shifts approximately to (/4. This means that second harmonics are shifted gradually backward concerning the first and envelopes of second harmonics lag behind because on this stage of wave transformation dispersion processes prevail of non-linear [5]. At the next stage of wave transformation, when the total interaction begins to dominate again the biphase tends to -(/2. 

Conclusions
In coastal zone, evolution of parameters of wave group structure in space is quasi-periodical due to non-linear processes and wave breaking does not influence directly on this evolution. The phase shift between the first and second harmonics strongly depend on the main direction of energy transfer. Because the ratio between the amplitudes of the first and second harmonics of waves also varies in time, waves with small first harmonics can have large higher harmonics and there is the effect of “filling” of intervals between wave groups with large amplitudes of first harmonics by wave groups with large amplitudes of highest wave harmonics. The effect of “filling” decreases groupiness factor. The statistical reliability of “filling effect” is proved by significant values of correlation function between envelopes of first and highest harmonics.
It was shown that construction of the simple qualitative model describing variability of individual waves in a coastal zone based, for example, on generalization of the theory of Stokes waves is possible only at an initial stage of deformation of waves then the amplitude of the second nonlinear harmonic is proportional to a square the main. At approach of waves to a coast, the amplitude-frequency structure of individual waves varies chaotically and is not possible to describe waves on the base of any simple qualitative model. The main reason of this is the additional irregularity of waves due to backward nonlinear exchange of energy between first and highest harmonics of waves.
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