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ABSTRACTThis report describes a study of wave transformation over a shoal. Numericalmodeling has been backed by experimental measurements done in a 2-dimensionalwave basin. Two di�erent sets of experiments have been studied here, one whichconsiders monochromatic wave transformation over the shoal with no breaking, andthe other which considers irregular waves with directional spreading, breaking ontop of the shoal. Experimental data for breaking monochromatic waves have alsobeen gathered, but not studied here.Numerical modeling has been done for all the experimental test cases withthe help of two parabolic refraction-di�raction models that were developed here atthe University of Delaware. The accuracy of the models has been tested againstthe data obtained in the basin, and statistical parameters have also been used forcomparisons.A detailed explanation of how the experiments were conducted is given, andattempts have been made to quantify the physical processes taking place in thebasin, particularly in the case of the irregular spectrum tests. The comparisonswere good, and the models were found to be quite robust. The results were notso good in the regions where the wave �eld was highly nonlinear, due to the wave-wave interactions in the data which could not be predicted by the weakly nonlinearmodels. The results for the irregular breaking wave tests were generally better thanthose of the monochromatic wave tests.
xviii



An exhaustive appendix has been provided which gives the experimental andmodel results in the forms of tables and plots. The various programs used duringthis study have also been described in the appendix.
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Chapter 1INTRODUCTIONThe aim of this study is to do an experimental analysis of wave transformationover a three dimensional submerged shoal. Such shoals are found in plenty in theocean particularly close to the coast, and greatly change the form and direction ofwaves propagating over them.Wave transformation over irregular bathymetry involves three phenomena;shoaling, refraction and di�raction. All three of them change the wave as it pro-gresses, causing the wave to break in many cases. Wave shoaling leads to increasingwave heights in shallow water (as seen near the beach), and the shoaling coe�cientcan be obtained quite accurately from conservation of energy ux. Wave refrac-tion leads to changes in the direction of the wave crest, and thus causes changesin wave height distributions (wave heights increase wherever wave crests converge,and decrease wherever they diverge). Wave crests change direction as they moveover irregular bathymetry because of changes in the celerity of the wave. A similarphenomenon is observed in optics when light changes direction as it moves throughmaterials with varying density. Di�raction is the phenomenon by which energyspreads laterally, perpendicular to the dominant direction of wave transformation.A particular example of this phenomenon in the sea is seen when waves are travelingperpendicular to a long breakwater with a gap in between. Due to di�raction, waveenergy leaks from the gap onto the sheltered waters of the breakwater. Usually,refraction and di�raction occur together in nature, and ignoring either one of them1



would lead to inaccurate estimates. For example, using classical refraction methods,or ray tracing methods as they are better known (see Section 1.1), would indicatewave convergence with high amounts of wave energy, while in the real ocean energywould leak out to its neighboring regions.Although a combined refraction di�raction analysis would provide very goodestimates of the wave �eld in the entire domain, such an analysis is by no meanstrivial, and very little progress was made till the mild slope equation was developedby Berkho� (1972). The equation was obtained by using a mild slope approxima-tion and vertically integrating the Laplace equation. It is a relatively fast model(compared to the Laplace equation model) and estimates wave heights with rea-sonable amount of accuracy. Since then a lot of e�ort has been made to clearlyunderstand all the aspects of the combined refraction di�raction phenomenon, andquite a few models have been developed. A brief overview of these models is givenin the following section.1.1 Literature ReviewOver the years many di�erent models have been proposed to determine wavetransformation due to refraction and di�raction. Linear ray theory is one of theearliest known methods of tracing the refracting waves as they move over varyingdepths (Dean and Dalrymple, 1991). Ray theory assumes that wave energy prop-agates along a ray, and energy ux is conserved between two adjacent rays. Thedi�raction phenomenon is totally ignored in this method, and the theory breaksdown when wave ray crossings occur and along caustics. Although numerical tech-niques have been proposed to obtain averaged wave amplitudes over ray bundles(Bouws and Battjes, 1982), the models still give inaccurate results wherever di�rac-tion e�ects become signi�cant.
2



1.1.1 Mild slope equationsThe mild slope equation was �rst developed by Berkho� (1972). By perform-ing a weighted integration on the 3D equations of motion, Berkho� obtained a 2Ddi�erential equation which describes the phenomenon of combined refraction anddi�raction for simple harmonic waves. Commonly known as the mild slope equationit is given by rh � (CCgrh�) + k2CgC� = 0 (1:1)where �(x; y) is the surface potential and is related to the surface displacement � by� = �ig�! (1:2)rh is the horizontal di�erential operator C is the wave celerity given by C = !=kCg is the group velocity given byCg = C2  1 + 2khsinh 2kh! (1:3)k is the local wave number which is related to the local depth h, and the wavefrequency !, by the dispersion relationship!2 = gk tanh kh (1:4)The equation is valid for irrotational linear harmonic waves, thus loss ofenergy due to friction or breaking is not taken into account. In constant depththe equation reduces to the Helmholtz equation, and in the shallow water limit itbecomes the linearized shallow water equation. The primary assumption in thismodel is a slowly varying bathymetry, though good results have been obtained forrelatively large local bottom slopes (Booij, 1983). The mild slope equation wasfurther enhanced to include the e�ects of varying currents by Booij (1981) andKirby (1984).One of the primary disadvantages of the mild slope equation is that it isan elliptic type of di�erential equation and requires the boundary conditions to be3



prescribed at all the boundaries of the domain. This is not always possible and alsorequires a huge computational time and storage. However, in many water wave prob-lems wave energy propagates without any considerable amount of backscattering.Making use of this, parabolic models have been developed which essentially approx-imate the elliptic type mild slope equation to a parabolic type equation. Parabolicequations are numerically easier to solve, because only the initial and lateral bound-ary conditions are required. The solution is obtained by a marching method, unlikethe elliptic equation which needs a simultaneous solution all over the domain.1.1.2 Parabolic wave equationsParabolic approximations of elliptic equations were �rst used by Leontovichand Fock (1965), who applied the method to radio wave propagation in the at-mosphere. Radder (1979), was the �rst person to use parabolic approximations inwater waves. He used a splitting matrix technique on the mild slope equation todivide the wave �eld into a transmitted and reected �eld.� = �+ + ��On neglecting the reected �eld (��), he obtained a parabolic equation for thetransmitted �eld, �+ given by@�+@x = [ik � 12kCCg @kCCg@x + i2kCCg @@yCCg @@y ]�+ (1:5)This equation represents the standard parabolic equation for water waves.It was later enhanced to include waves at angles of up to 45� (Booij 1983). Theparabolic equations are approximate equations limited by the fact that they requirea preferred direction of motion, and cannot handle wave reections. Thus theycannot be used in cases where wave reection is expected to be signi�cant (e.g.waves on a breakwater).Berkho� et al. (1982) compared three numerical models with experimentaldata. Their setup consisted of an elliptical shoal on a sloping bottom. The waves4



were fairly linear (low Ursell number(Ur) on top of the shoal), and the numericalmodels compared were1. a refraction model involving averaging over bundles of adjacent rays (Bouwsand Battjes, 1982),2. a linear parabolic model (Radder, 1979), and3. an elliptic mild slope equation model (Berkho�, 1972).The di�erence between the three models is restricted to the consideration of di�rac-tion. While the mild slope model considers di�raction along both the directionof propagation and the transverse direction, the parabolic model considers di�rac-tion only along the transverse direction, and the refraction model does not considerdi�raction at all.Though a few discrepancies existed, the mild slope model was found to givethe best results, while the refraction model performed the worst. The disadvantageof the mild slope model, though, is the intense amount of computations involved,while the parabolic model, while computationaly less intensive, is not as accurate.Thus, there is a trade o� between numerical computation and accuracy when makingthe choice of what model to use. A lot of literature is available on both these typesof models, and in this study we concentrate on the faster parabolic models.In order to develop a more accurate parabolic model, Kirby and Dalrym-ple (1983) developed a weakly nonlinear parabolic model governing the amplitudeof a modulated Stokes wave, using a multiple scale perturbation expansion. Thegoverning equation is given by2ikCCgAx + 2k(k � ko)(CCg)A+ i(kCCg)xA+ (CCgAy)y (1.6)�k(CCg)K 0jAj2A = 0
5



where A is the Stokes wave amplitude, ko is a reference wavenumber given by theinitial condition of the wave �eld, and K 0 is a local constant given byK 0 = k3 CCg cosh 4kh + 8� 2 tanh kh28 sinh kh4 (1:7)The Stokes wave amplitude A is related to the potential �+ by�+ = � ig2!0A(x; y) exp [i(k0x� !0t)] (1:8)Simplifying for a constant depth case yields the nonlinear Schr�odinger equation fordi�raction given by Yue and Mei (1980). Experimental veri�cation of eqn. ( 1.7 )was done by Kirby and Dalrymple (1984) using the data from Berkho� et al. (1982).The comparisons were very good, and it was shown that the discrepancy betweenthe linear models and data was not due to inaccuracies in modeling techniques butdue to nonlinear e�ects which were taken into account in their model.1.1.3 Spectral modelsAlthough relatively accurate models have been developed to study the evo-lution of waves over an irregular bottom, all these models have been derived formonochromatic waves only and cannot handle an irregular spectrum directly. Thisis a point of major concern since the wave �eld in the ocean is very rarely monochro-matic. Coastal engineers all over the world have addressed this problem by approxi-mating an irregular wave �eld using a monochromatic wave. This has been shown tobe highly erroneous by Vincent and Briggs (1989). Their experiments quanti�ed thedi�erences in refraction di�raction patterns of monochromatic and irregular waveshaving similar statistics, and found vast dissimilarities in the wave �elds. Panchanget al. (1990) determined the evolution characteristics of an irregular sea spectrumindirectly with the help of a monochromatic wave model. They used a spectral cal-culation method which consisted of decomposing a spectrum into monochromaticcomponents, determining the wave transformation of each component, and then as-sembling the wave components by linear superposition. The numerical results were6



reasonably accurate compared to the data of Vincent and Briggs (1989). Thus,monochromatic wave models can still be used to study the evolution of irregularspectra. The advantage of this method lies in its simplicity, which allows for rea-sonable estimates of the spectrum to be made without having to develop anothercomplicated model. The main assumption in this kind of analysis is that linear de-composition and superposition of a spectrum is possible with reasonable accuracy.Thus the model will not be able to predict wave-wave interactions of the di�erentwave components, and will give erroneous results wherever these e�ects are highlysigni�cant.1.2 Present workIn the previous section a brief account of the development of di�erent refraction-di�raction models was given. A detailed review of various wave propagation modelscan be found in Liu (1990). The emphasis over the past few years has been to obtainaccurate parabolic and mild slope models (we limit ourselves to these two types ofmodels), and of late to use these models to obtain spectral estimates of irregularseas (Goda 1985, Vincent and Briggs 1989, Panchang et al. 1990). In this study,the evolution patterns of waves from two large-angle parabolic models (a monochro-matic wave model and a spectral wave model) will be studied and compared withexperimental data. The spectral wave model was developed by �Ozkan and Kirby(1993), and determines the spectral characteristics using a monochromatic wavemodel, similar to what was done by Panchang et al. (1990). The basic governingequation for both the models is an enhanced version of eqn. ( 1.7 ), and a briefoutline of these models is given in Chapter 2. The monochromatic wave model hasbeen extensively studied before (Kirby and Dalrymple 1984, Kirby 1986a, Kirby1986b), and has been analysed here for completeness. The emphasis here is more onthe spectral model, which has not been rigorously tested yet. The spectral modelof Panchang et al. (1990) was based on the linear parabolic model (Radder, 1979),7



while the present spectral model is based on the more accurate nonlinear, large-angle parabolic equation obtained by Kirby (1986b). The aim is to see how well aspectral calculation method estimates the wave �eld for a range of breaking waveconditions.The study has been divided into two parts. The �rst part consisting of theexperimentation is explained in detail in Chapter 3. The experiments include bothmonochromatic wave tests and irregular spectra with directional spreading. A vastdata set consisting of breaking wave tests has been amassed which can be used forstudy with shallow water wave models (e.g. Boussinesq models). For a qualitativeanalysis of the wave �eld, a video camera has been used to �lm the waves on top ofand behind the shoal. In the second part the experimental results have been used totest the limitations and accuracy of two numerical models, Ref/Dif 1 (Kirby andDalrymple, 1993), and Ref/Dif S (Kirby and �Ozkan, 1994) . The data analysishas been carried out in detail in Chapter 4, and the Appendices provide detailedinformation about the software used, the instrumentation, and the raw data �les.
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Chapter 2THEORETICAL MODELS2.1 IntroductionTwo models have been analysed in this study, a monochromatic model knownas Ref/Dif 1 (Kirby 1986a, Kirby and Dalrymple 1993), and a spectral modelknown as Ref/Dif S ( �Ozkan and Kirby 1993, Kirby and �Ozkan 1994). A briefaccount of the two models is given here, with emphasis on some of the changes thatwere made in the spectral model for this study.Both the models are based on a parabolic Stokes wave model (eqn. ( 1.7)), which was further enhanced by Kirby (1986a) to include strong currents using awide angle approximation. The governing equation is given by(Cgn + U)(An)x � 2�1V (An)y + i(�kn � a0kn)(Cgn + U)An+(�n2 �Cgn + U�n �x ��1�n � V�n�y)An + i�0n "�(CCg)n � V 2��An�n �y#y�i�18<:"UV �An�n �y#x + "UV �An�n �x#y9=;+ �An+�b1kn 8<:"�(CCg)n � V 2��An�n �y#yx + 2i �nV �An�n �y!x9=;+b1�n (2i!nU �An�n �x + 2i�nV �An�n �y � 2UV �An�n �xy+ "�(CCg)n � V 2��An�n �y#y9=;� ikn b1 f(!nV )y + 3(!nU)xg�An�n �x��2 (!nU �An�n �x + 12!nUx �An�n �)+ ik!nU(a0 � 1)�An�n � = 0 (2.1)9



where �n = (kn)xk2n + (kn ((CCg)n � U2))x2k2n ((CCg)n � U2)�1 = a1 � b1�2 = 1 + 2a1 � 2b1�0n = a1 � b1 �knkn (2.2)The coe�cients a0, a1 and b1 depend upon the speci�c minimax approximation(Kirby 1986b). The choices a0 = 1a1 = �0:75b1 = �0:25 (2.3)recover the Pad�e approximant of Booij (1981), whilea0 = 0:994733a1 = �0:890065b1 = �0:451641 (2.4)gives a minimax approximation with a maximum angular range of �70� (Kirby,1986b).In the coming sections some of the characteristics of the models have beenexplained with their limitations. One of the biggest limitations of these two modelsis that they are based on a Stokes wave expansion theory, and are thus valid onlyin the regime where this theory does not break down. The validity of the Stokessolution can determined with the help of the Ursell number (Ur) de�ned byUr = jAjh(kh)2Where Ur approaches or is greater than unity, the theory breaks down. This occursin shallow water, and care needs to be taken to avoid this. In any case both themodels issue a warning if the above condition is violated.10



2.2 Ref/Dif 1Ref/Dif 1 is an enhanced wave current interaction model developed by aStokes wave perturbation expansion, for monochromatic waves. Since no approxi-mations have been made on the size of the currents, the model can handle strongcurrents. The model also allows for dissipation due to boundary layers, porous bot-tom and wave breaking, and uses the Pad�e approximant coe�cients given in eqn.( 2.3 ). The solution is sought by using a �nite di�erence Crank-Nicolson scheme,which computes the complex amplitudes for all grid points at a grid level, beforemarching on to the next grid level. A damping algorithm is also provided which re-duces the high-wavenumber noise that can propagate into the computational domain(Kirby, 1986a).A few points about the Ref/Dif 1 model that should be kept in mind are� The model has been derived assuming a mildly varying bathymetry, thoughBooij (1983) has shown that the mild slope approximation works even forslopes as steep as 1:3.� The model is based on a Stokes perturbation expansion, and is valid only inthe regions where the Stokes waves are valid. For shallow water, a heuristicdispersion relation (Hedges, 1976), given by�2 = gk tanh(kh(1 + jAjh )) (2:5)is used with a model that patches it to a Stokes wave dispersion relation indeep water. Due to the di�erent dispersion relationships available, Ref/Dif 1has three options; (a) a linear model, (b) a Stokes-to-Hedges nonlinear model(Kirby and Dalrymple, 1986b) and (c) a Stokes model.� The wave direction is con�ned to a sector �45� to the assumed principle wavedirection. 11



� The model is primarily for studying the evolution characteristics of monochro-matic waves, but is not restricted to that only. A directional spectrum for aparticular frequency can also be speci�ed, though being at a single frequencyit is not strictly the modeling of a directional spectrum. That is done withthe help of Ref/Dif S.The lateral boundary conditions can be either open (transmitting) or closed(reecting), and for our cases a closed boundary condition (simulating the side wallsof the wave basin) has been used. For further details on the theoretical model thereader is referred to Kirby (1986a), while the working of the model is explained inKirby and Dalrymple (1993).2.3 Ref/Dif SRef/Dif S is a spectral model, and simulates the evolution of random wavesas they propagate forward. Based on the spectral distribution method, a two dimen-sional energy spectrum is discretized into bins, with the energy at each bin beingrepresented by an individual wave component, having the frequency and angle ofthat particular bin. Thus, a discretized spectrum in the form of monochromaticwave components forms the input for Ref/Dif S. The model has a preprocessorSpecgen which discretizes the energy spectrum into bins and prepares the inputdata �les. Binning can be done in two ways by Specgen; An equal energy method,which divides the spectrum into bins of equal energy, and an equal width bin, whichdivides the spectrum into bins of equal widths. Of the two methods, the equalenergy method is more preferred since it does not create a large number of wavecomponents in regions of the spectrum where the energy density is small. Sincethey represent only part of the energy of the spectrum, the amplitudes of individualwave components are small compared to the signi�cant wave height represented bythe spectrum. 12



Ref/Dif S computes the parabolic models for each wave component justlike the monochromatic model Ref/Dif 1 and stores the results at each step inspace. The governing equation for Ref/Dif S uses the same Pad�e approximant asRef/Dif 1 does. Though in actual computation of wave characteristics Ref/Dif Sworks quite similarly to Ref/Dif 1, a few di�erences are present:� Instead of using the complex amplitude in Hedges dispersion relation (eqn.( 2.5)), the signi�cant wave height is used for the composite model.� A statistical breaking model by Thornton and Guza (1983) is used for wavebreaking.� The output is in terms of the statistical quantities at each grid point insteadof complex amplitudes.Except for the few di�erences shown above, and some input characteristics,Ref/Dif S essentially works in the same fashion as Ref/Dif 1. Again, for furtherdetails about the input requirements and the working of the model, refer to Kirbyand �Ozkan (1994).2.3.1 Statistical AnalysisRef/Dif S, as stated earlier, determines wave characteristics for each wavecomponent. These are then statistically superposed to obtain the spectral charac-teristics at the grid points. The model was developed by �Ozkan and Kirby (1993)to predict signi�cant wave height (H1=3) in the domain. During this study, themodel was further modi�ed to obtain other statistical quantities like the frequencyspectrum (S(f)), the directional spectrum (S(f; �)) and the average angle (��).Assuming a Raleigh distribution of the wave heights, the signi�cant waveheight is given by H1=3 = 4pm0 (2:6)13



where m0 is an estimate of the energy summed over all the wave components givenby m0 = nXi=1 jAij22 ;and Ai is the complex wave amplitude of a single wave component.The frequency spectrum is obtained by summing up the energy of all thewave components with the same frequencies having di�erent directions. Energy isthen obtained as a function of frequency, and the spectrum is obtained by scalingthe energy with the corresponding bin widths for the frequencies (obtained duringthe binning of the input spectrum by Specgen). The frequency spectrum is thusgiven by S(f) = Pn�i=1 jA(f; �i)j22�f (2:7)where �f is the bin width for frequency f , and can be di�erent for di�erent frequen-cies, specially if an equal area method is used for binning the input spectrum, andn� is the number of directional components at frequency f . It is usually the samefor all the frequencies.Instead of determining the energy for each frequency and angle, estimates ofthe directional spectrum is done in a slightly di�erent manner. The angular axisfrom � = �92:5� to � = 92:5�, is divided into 37 bins with a bin width of 5�. Foreach frequency the wave components are sorted into the di�erent bins based ontheir directions. The energy is then summed for each bin, and again scaled by thefrequency bin width and the angle bin width to obtain the energy density. Therepresentative angle of each angular bin is taken as the mean angle of that bin (e.g.angle for the bin � = 42:5� to � = 47:5� is given by � = 45�). The directionalspectrum is given by S(f; �) = Pnbi=1 jA(f; �i)j22�f�� (2:8)where nb is the number of wave components in each angular bin.14



It should be kept in mind that the directional spectrum is estimated with a�� = 5�, and this de�nes the limit of accuracy of the predictions.An average angle estimate at each grid point is also made to determine themean angle of the spectrum, with the help of the radiation stress terms. Radiationstress for a monochromatic wave is de�ned here as the depth-integrated wave aver-aged stress due to the wave. The value of the radiation stress terms for each wavecomponent moving at an angle � to the x�axis can be determined easily for lineartheory (Mei, 1992). The total radiation stress at any point in the �eld then is thesum total radiation stresses of all the wave components at that point, and is givenby Sxx = 12 nXi=1 jAij2 �ni �1� cos2 �i�� 12�Syy = 12 nXi=1 jAij2 �ni �1� sin2 �i�� 12�Sxy = 14 nXi=1 jAij2ni sin(2�i) (2.9)where Sxx is the radiation stress acting on the x�plane along the x�direction,Syy is the radiation stress acting on the y�plane along the y�direction, Sxy is theradiation stress acting on the y�plane along the x�direction (due to the symmetryof the stress tensor Syx = Sxy), and ni is the ratio of the group velocity Cg to thephase velocity C. It is given in terms of wave number (ki) and the water depth (h),by ni = 12  1 + 2kihsinh(2kih)!It is important to note that the radiation stress terms de�ned in eqn. ( 2.9 ) andused in the model are scaled by a constant factor of �g, where � is the density ofwater and g the acceleration due to gravity.The average angle at any particular point in the �eld is de�ned as the anglethat represents the total radiation stress at that point (eqn. ( 2.9 )), for the peak15



frequency and signi�cant wave height at the same point. Thus the angle is given by�� = 12 arcsin0@ 32Sxy(npH21=3)1A (2:10)where Sxy is the radiation stress given by eqn. ( 2.9 ), H1=3 is the signi�cant waveheight, �� is the average angle, and np is the ratio of the group velocity to the phasevelocity for the peak frequency.2.3.2 RemarksApart from the modi�cations made to obtain extra statistical informationfrom Ref/Dif S, a couple of other changes have also been made in the model. Themodel has been adapted to spatially average statistical quantities over subgrids inthe y�direction. The angle at each grid point is given by�i = arctan AikyAikx + �k! (2:11)The earlier version of the model computed angle values using a forward di�erencescheme in the y�direction in eqn. ( 2.11 ). For a completely symmetrical wave �eldwith a symmetrical bathymetry the average angles computed from the model shouldbe symmetrical, but that was not the case. The bias was removed when a centraldi�erence scheme was used along the y�direction in eqn. ( 2.11 ).It has been emphasized before that though the study has been done to testboth the monochromatic and the spectral models, the interest is more on how thespectral model will behave. Ref/Dif S is a relatively new model and has not yetbeen put through an extensive set of tests unlike its counterpart Ref/Dif 1, whichis being used all over the world in coastal engineering applications.
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Chapter 3EXPERIMENTAL SETUP3.1 IntroductionThis chapter describes the conduct of the experiments and the problemsencountered. A description of the wave basin and shoal characteristics is givenand mention is made of the di�erent sources of noise existing in the wave �eld. Amathematical model similar to the one obtained by Dalrymple (1989) is derivedhere to obtain a relation between paddle stroke time series of the wavemaker andthe desired wave �eld in the basin. An explanation of the coordinate system usedand a brief step by step procedure followed during data collection is also given here.The experiments were divided into four sets. The �rst two sets consisted ofmonochromatic wave patterns transforming over the shoal. In the �rst set care wastaken that none of the waves were breaking on top of the shoal, so that comparisonscould be made with both linear and nonlinear wave models, while in the secondset, data for breaking monochromatic waves over the shoal were obtained so as tobe able to compare shallow water breaking wave models with experimental data.The third and fourth sets of experiments concentrated on the study of irregularmultidirectional waves having a TMA spectral distribution (Bouws et al. , 1985) infrequency and a wrapped normal spectral distribution (Borgman, 1984) in direction(see Appendix A.1). Both narrow and broad directional distributions were studied,and the tests varied from none of the waves breaking on top of the shoal, to almostall waves breaking on top of the shoal. The second set of irregular spectral tests17



were conducted after an error was noticed in the �nal stages of the �rst spectraltests (see Appendix A.1).Apart from measuring data at di�erent points of the basin, a visual recordingof all the tests, except for the fourth set of experiments (second set of irregular tests),was done. A video camera was placed behind the wavemaker on a raised platform,pointing down at the shoal. The crests were lit up with the help of a strong, singlelight source at the water level in front of the shoal, and the wave transformation ontop of the shoal were recorded on a super VHS cassette.3.2 Wave basinThe wave basin is approximately 18m long and 18:2m wide. It has a three-dimensional wavemaker at one end, which creates the desired wave �eld, and at thefar end there is a stone beach to damp out the waves and minimize reections. Thebottom is at except for the experimental shoal in the center. A schematic viewof the experimental layout, together with gage transect locations (denoted by thicksolid lines, see Section 3.4.1), is given in Figure 3.1.3.2.1 WavemakerThe three-dimensional wavemaker consists of 34 ap-type paddles, which areindividually controlled with the help of servo control motors. A complex arrange-ment of pulleys and cables convert the rotary servo controller motion to a lineardisplacement. The paddles are 0:51m wide and 1:0m high, and are hinged near thebottom (roughly 11:6cm above the bottom). A slight clearance of approximately2:5cm exists between the paddles to avoid any wear and tear due to friction betweenadjoining paddles. This geometrical shape of the paddles (except for the gap be-tween the paddles) has been accounted for in the mathematical model for the stroketime series of the paddles (Section 3.2.2).
18
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A gap of approximately 30cm exists between the back of the paddles andthe wave basin wall. During paddle motion, standing waves are formed in thisgap, which can have large amplitudes when resonance frequencies are reached. Dueto the small clearances provided between the paddles, some of this energy leaksout, and corrupts the wave �eld being generated by the paddles. To avoid this, aswimming pool lane line was placed behind the paddles, which helped in dampingout the standing waves. This problem was more prominent in monochromatic tests,as compared to the irregular tests, where, due to constantly changing stroke andfrequency, strong standing wave patterns did not form behind the paddles.Apart from the noise created by the standing waves behind the paddles, crosswaves were also formed at the paddles. These cross wave patterns increased withstroke, and in some cases also broke at the paddles, creating noise in the wave �eld.Another source of concern was a 15cm gap that existed between the last paddle andthe wall, adding to the noise in the wave �eld.The mathematical model used here is based on the paddles being continuouswithout any gaps between them, which was not the case in reality. Thus, there wasloss of energy through these gaps which the theory did not take into account. Thoughquite a few sources of error exist in the wave basin, the wave �elds obtained duringexperiments were found to be quite accurate in form. Due to the loss of energy,the wave heights obtained were less than desired, but this problem was overcomeby keeping a normalizing gage, which measured the wave �eld being created by thepaddles. The measured wave �eld at that gage can be used as the input initialcondition in numerical models for comparison purposes.3.2.2 Designer wavemaker theoryOne of the problems of studying oblique waves in a closed basin is that theregion which is uncorrupted by reected waves decreases with distance down thebasin. Dalrymple (1989) used a splitting technique on the mild slope equation20



(Berkho�, 1972) for determining the stroke of the wave paddles. He makes use ofthe reections from the side wall such that an uncorrupted uniform wave �eld existsacross the width of the basin at a speci�ed distance from the wavemaker. Thisincreases the domain over which the desired wave �eld is obtained. A modi�edversion of that technique has been used in these experiments, and the derivationhas been given below for the case of a at bottom basin such as the one in whichthe current experiments were conducted.The assumed water wave motion is taken to be represented by a velocitypotential which satis�es the mild slope equation (Berkho�, 1972). The velocitypotential can be given by�(x; y; z; t) = �(x; y)f(z) exp (�i!t) (3:1)where f(z) = cosh k(h + z)cosh kh (3:2)is the depth attenuation factor.The actual domain extends from y = 0 to y = B, which correspond to the sidewalls of the wave basin. With the help of a mirror image formulation, the domainis extended from y = �B to y = B. The no ux condition at y = 0, is satis�edautomatically by the method of images, while the no ux condition at y = B gives@�@y = 0; y = �B (3:3)To satisfy the lateral boundary conditions, we seek�(x; y) =Xn �̂n(x)an cos�ny (3:4)where �n = n�B (3:5)The reduced wave potential �̂n consists of waves propagating in the positivedirection (�+n ) and waves propagating in the negative direction (��n ). Thus splitting21



�̂n in eqn. ( 3.4 ), substituting in the mild slope equation given in Chapter 1 (eqn.( 1.1 )), and solving for � by neglecting the waves in the negative direction, we get�(x; y) =Xn �an exp�i(qk2 � �2n)x� cos(�ny) (3:6)or, �(x; y; t) =Xn �an exp�i(qk2 � �2n)x� cos(�ny)f(z) exp (�i!t) (3:7)Seeking � =Xn An exp�i(qk2 � �2n)x� cos(�ny) exp (�i!t) (3:8)we obtain from the free surface boundary condition,�(x; y; t) =Xn �igAn! exp�i(qk2 � �2n)x� cos �nyf(z) exp (�i!t) (3:9)If the desired wave �eld at a distance x = xm, from the wavemaker, is a uniformplane wave across the width of the basin, at an angle �, with an amplitude a, then� = a exp (i�jyj) exp�iq(k2 � �2)(x� xm)� !t� �� (3:10)where � = k sin � (3:11)Since we are looking for a uniform wave �eld at x = xm, matching eqns. ( 3.8 ) and( 3.10 ), at that point and using orthoganality condition givesAn = aB[1 + �(n)]  Z B�B exp(i�jyj) cos(�ny)dy! exp��i[� + (qk2 � �2n)xm]�(3:12)where �(n) is a delta function given by�(n) = 8><>: 1 if n = 00 if n 6= 0For the initial boundary condition, the wavemaker stroke motion is assumedto be a snake like motion along the y�direction, and the stroke is represented by22



X =XSng(z) cos(n�y) exp (�i!t) (3:13)where g(z) is the vertical dependence of the paddle motion over the water depth,and for a ap-type wavemaker is given byg(z) = 8><>: 1 + zh�db �(h� db) < z < 00 �h < z < �(h� db)db is the distance from the oor to the bottom of the paddle. Matching the hori-zontal velocities obtained from eqns. ( 3.13 ) and ( 3.9 ) at x = 0, and using theorthogonality condition, we obtainSn = ig!2 R 0�h f 2(z)dzR 0�h g(z)f(z)dzAnqk2 � �2n (3:14)Combining eqns. ( 3.12), ( 3.13) and ( 3.14), we getX =X igaqk2 � �2nB[1 + �(n)]!2  R 0�h f 2(z)dzR 0�h g(z)f(z)dz! Z B�B exp(i�jyj) cos(�ny)dy! (3.15)exp��i[� + (qk2 � �2n)xm]�g(z) cos(n�y) exp (�i!t)which gives a relationship between the stroke of the wave paddle, and the waveamplitude of the design plane wave, such that a uniform wave �eld exists at x = xm.Note that for a normally incident design wave, xm = 0, since the wave �eld is uniformover the entire basin, while for an oblique wave changing xm a�ects only the phaseof the stroke X in eqn. ( 3.16 ), and not its absolute value.The model that has been derived here, strictly speaking, is valid only for planemonochromatic waves. But as we have said in the beginning of this chapter, one ofthe purposes of the experiments is to study spectral sea states in the wave basin,and for this reason it is important to be able to simulate a random directional seastate. This is done indirectly by breaking up the desired sea spectrum into energybins, which are represented by monochromatic plane waves. The model is then used23



to obtain the stroke for each individual wave, and the �nal paddle stroke time seriesfor the spectral sea is obtained by a linear superposition. The reader is referred toAppendix A.1, for an explanation of the program used to obtain the paddle timeseries.3.3 Coordinate systemThe coordinate system used here is a right handed coordinate system, withthe origin as shown in Figure 3.1. This coincides with the coordinate system used inthe models referred to in Chapter 2, and the coordinate axes are de�ned as follows� The x�coordinate axis is perpendicular to the wavemaker, increasing as wemove away from the paddles towards the beach, with x = 0 de�ning the paddlelocations.� The y�coordinate axis lies along the paddles, with y = 0 and y = 18:2,de�ning the two boundary walls of the basin.� The z�coordinate axis is perpendicular to the still water surface, with z = 0at the still water surface, and increasing upwards.3.3.1 ShoalA circular shoal made out of sand and concrete has been used for the ex-periments. It has a wooden skeletal framework which helped hold the shape whileconcrete was poured in. The center of the shoal is placed at x = 5m and y = 8:98m(Figure 3.1). A schematic view of the shoal is given in Figure 3.2.Geometrically the shoal is the top cut o� portion of a sphere of radius 9:1m.The equation for the perimeter is given by(x� 5)2 + (y � 8:98)2 = 2:572 (3:16)
24
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The bathymetry is given byz = �h +q82:81� (x� 5)2 � (y � 8:98)2 � 8:73 (3:17)where h is the water depth away from the shoal. The coordinate system used inthese equations is the global coordinate system explained in Section 3.3.3.3.2 Shoal and basin surveyTo check the validity of the mathematical equation used to determine thebathymetry of the shoal, a survey of the shoal was done. In all 25 measuring pointswere taken along four transects (Figure 3.2). Figure 3.3 shows a comparison betweenthe measured depth and the computed depth. All distances have been measuredwith respect to the center of the shoal along the respective transects, with thepositive direction along each transect being marked by an arrow in Figure 3.2. Thecomparisons are quite good except at a few points. To be certain that these slightvariations did not a�ect the numerical results, the models were also run using abathymetry obtained by �tting a surface over the measured depths. The resultswere found to be consistent with the two di�erent bathymetries, and it is safe to saythat eqn. ( 3.17 ) describes the bathymetry quite accurately. A survey of the basinoor was also done and variations of up to 2cm were found. There were variationsof up to 5mm in the region used to monitor the depth of the water. This is quitecrucial since now the depth on top of the shoal is uncertain to 5mm.3.4 GagesCapacitance gages were used during the entire experiments. These gages out-put a voltage which increases as water level at the gage wire increases. Calibrationcurves from voltage to cms were found to be linear with the slope not changing muchover the day. A detailed account of how calibration was done is given in Appendix Atogether with the procedure for collecting data.26
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Electrical noise is another problem with data collection. For most of thegages this was quite low compared to the data signal, except gage 10. A considerableamount of noise was found at this gage and test cases with very small amplitudeshad to be discarded all together.3.4.1 Gage locationsA total of ten gages were used for data collection. Of these, nine gages wereplaced on an array which was then placed at di�erent locations to encompass thewave �eld in the entire basin. The tenth was used as a normalizing gage and waskept at a �xed location (see Section 3.2.1). This was also useful in performingrepeatability tests for the monochromatic waves. A schematic view of the gagelocations and the experimental setup is given in Figure 3.1, with the gage arraybeing denoted by a thick line. In all 14 di�erent array positions were used (these areidenti�ed by their position numbers) leading to a total of 126 di�erent measuringpoints for each set of experiments.The exact location of the gages in the basin are dependent upon two factors.The location of the gages on the array, and the location of the array position inthe basin. Of these two the former is �xed since the same gage array is used forall the experiments. Gage 1 has been used as the reference gage for �xing the gagecoordinates, and the spacings of the other gages with respect to it on the array aregiven in Table C.1. The coordinates of all the gages for the di�erent experimentalsets are given in subsequent tables in Appendix C. The orientation of the di�erentgage arrays are as given below� Array positions 1 and 2 are oriented perpendicular to the y�axis, with gage1 being closest to the axis.� Array positions 3 to 14 are oriented perpendicular to the x�axis, with gage 1being the farthest from the axis. 28



Depending upon their orientation, one or more array positions form a transectalong which comparisons are made during data analysis. These are also shown inFigure 3.1. There is one cross shore (or longitudinal) transect (A-A) going rightover the shoal, three along shore (or transversal) transects (B-B,C-C,D-D) behindthe shoal, and three along shore transects (E-E,F-F,G-G) on top of the shoal. Inall these seven transects map the entire wave basin where the wave �eld is changingdue to the presence of the shoal.3.5 ProblemsThe capacitance gages were quite sturdy, and most of the time trouble free.The problematic gages were gage 1, and gage 10, on the array. The sensor wire ongage 1 had to be changed a couple of times during the experiments. During themonochromatic breaking wave tests gage 1 tended to become loose, and shift fromits measured position, thus some caution must be used during data analysis of thisexperimental set. The data from gage 10 was quite noisy, and in certain cases wherethe noise could not be �ltered without a�ecting the wave data, the results had tobe discarded. Gage 5 was thrown out of calibration during one of the irregular wavetests (Test 8, position 13), and had to be corrected.The expected linearity of the calibration curves (Appendix A.4) made it easyto identify the problematic gages. Also during data collection if any of the gages werethrown out of calibration, or were sitting at too high a voltage level, they wouldtransmit a steady voltage to the output, thus the time series were all regularlychecked to con�rm that the gages were in good working condition.3.6 Test proceduresThe test procedure for each of the experimental sets was as follows:� The gages were moved to the particular position, corresponding to the positionnumber in the experiment layout, and the coordinate positions of gage 1 were29



noted down.� The gages were then calibrated to ensure that none of the gages were damagedduring the transportation.� The di�erent test conditions were then run, and data was collected at therequired frequency. A little waiting time was provided between tests to allowthe water level to become still.� The time series from the gages were then converted from volts to cm viathe calibration curves, and plotted out to check if the gages were functioningproperly during the tests.� The gages were then moved to the next position, and the whole cycle repeatedagain.In this Chapter a brief account of how the experiments were conducted hasbeen given. Data analysis has been carried out on the monochromatic waves withno breaking and the second set of irregular experiments, and is described in detail inChapter 4. Before proceeding on the reader should go through Appendix A, wheresome of the programs used in the experiments have been explained in greater detail,and which will help obtain a clearer picture of the experiments.
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Chapter 4DATA ANALYSIS AND COMPARISONS4.1 IntroductionAll the data analysis presented in this study has been carried out for two setsof experiments. Thus, this chapter has been divided into two broad sections. The�rst section is an analysis of the monochromatic tests with no breaking waves, whilethe second section concentrates on the second set of irregular wave experiments.The main objective of the analysis is to compare wave height distributionsover the entire domain with numerical model results. However, the analysis is notjust limited to comparisons between data and model, and in certain cases, liketesting the repeatability of the wave �eld, or looking at the evolution of directionalspectra in the domain, attention has been paid only to one or the other.Model comparisons have been carried out with the help ofRef/Dif 1, for themonochromatic waves, and Ref/Dif S for the irregular waves. A brief discussion ofthese models is given in Chapter 2. Results from the data have been tabulated inAppendix C, and the remaining sets of plots that are not shown in this chapter areavailable in Appendices D and E. The reader is referred to them for extra details.4.2 Monochromatic wave testsMonochromatic wave tests were carried out in 45cm water depth. Four testswere conducted with two di�erent wave heights and wave periods. Being corruptedby noise (see Section 3.5), data from Test 3 was not used. The test particulars forthe remaining three tests are given in Table 4.1. The Ursell parameter has been31



Table 4.1: Test particulars for monochromatic waves.Test no. H (m) Tp (sec) h (mts) d (mts)1 0.0195 0.75 0.45 0.082 0.04 0.75 0.45 0.084 0.0233 1.0 0.45 0.08
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Figure 4.1: Ur values along transect A-A for monochromatic wave tests.determined from the data for the three tests and Figure 4.1 gives these values alongthe center line of the shoal (transect A-A). In the �gure the shoal extends fromx = 2:5m to x = 7:6m, with minimum depth at x = 5:0m. Maximum values of Urfor these tests still lie within the regime of Stokes wave theory (see Chapter 2).Since the model predicts the wave heights for the primary harmonics only,the data set was �rst �ltered through a Butterworth �fth-order band pass �lter, to�lter out all the noise and the higher harmonics. Wave heights before �ltering (H)and after �ltering (Hf) are given in Tables C.5, C.6 and C.7, together with the gagecoordinates. The actual data has a lot of higher harmonics as can be seen from the32
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Figure 4.2: Frequency spectra along position 1 for monochromatic wave test 2(gages 1 to 3).frequency spectra plots shown in Figures 4.2 � 4.4 along position 1 (longitudinaltransect) for Test 2, with gage 5 lying on top of the shoal, and the waves focusingsomewhere between gage 7 and 8. These higher harmonics are consistent with Stokeswave theory.Wave height measurements from the data were obtained using the zero-upcrossing method. To avoid reections from the beach corrupting the data, itis important to determine the wave heights before the reected waves can reachthe gages. In order to do this data collection was done from a cold start, and thewave envelope function was determined from the causal function of the time series.Since the input signal has a ten second ramp up to supress long wave transientsin the basin, the envelope function for each time series shows a monotonic increasebefore becoming constant. As these were monochromatic waves with a constantwave height, it was necessary to average them over a few wave periods only. Thus,as soon as the envelope function reached a constant value, the wave heights were33
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Figure 4.3: Frequency spectra along position 1 for monochromatic wave test 2(gages 4 to 6).
gage 7

gage 8

gage 9

1 2 3 4 5 6 7 8 9 10
10

−5

10
−4

10
−3

10
−2

10
−1

10
0

10
1

10
2

f(sec�1)
S(cms2 sec)

Figure 4.4: Frequency spectra along position 1 for monochromatic wave test 2(gages 7 to 9). 34



obtained by averaging over 500 sample points or 10 wave periods. A small sectionof the time series on top of the shoal is seen in Figure 4.5 for the monochromatictests, together with the envelope function for the �ltered time series. Since on topof the shoal most of the higher harmonics are generated, discrepancy between the�ltered and un�ltered time series would be maximum here. In all the cases, the�ltered and un�ltered time series are both periodic waves with the same period, butfor Test 2 and Test 4 the un�ltered time series have a slight setup due to the higherharmonics. The discrepancy between the two time series is quite limited, thus, the�ltered time series is used for all further analysis on monochromatic waves.4.2.1 RepeatabilityBefore any kinds of comparisons are made between the data and the model,it is important to look at the repeatability of the tests. The periodic nature of thewaves can be seen from Figure 4.5, but it remains to be seen how the wave heightsvary for di�erent runs. As has been stated in Section 3.6, the tests were run for14 di�erent positions, during which only gage 10 (the normalizing gage) remainedstationary. Thus, an idea about the repeatability of the tests can be obtained fromthe wave heights at gage 10 for the di�erent runs. A percentage variation of thewave height from its mean value, for Test 1 is given in Figure 4.6. There is a � 10% variation in the wave heights which is also seen in the other tests. The standarddeviation of the wave heights at gage 10 are given in Table 4.2.1, while the waveheight and period distributions at gage 10, for the 14 di�erent runs, are given inTables C.2, C.3 and C.4.The input wave heights for Tests 1 and 2 have been determined from themean wave height at gage 10. Since it is uncertain whether variations in the waveheights at gage 10 are due to instabilities within the tank, or due to instabilitiesbetween di�erent runs, in this analysis we assume that the wave form is stablewithin the tank and that the variations arise due to instabilities within runs. Thus,35
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Table 4.2: Standard deviation at gage 10 for monochromatic wave tests.Test �d1 0.00082 0.00144 0.0014
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in the model to data wave height comparisons, the wave heights at the gages fora particular run are normalized by the wave height at gage 10 for that particularrun, while the wave heights for the model results are normalized by the input waveheight.The same method could not be used for Test 4 because the input wave heightwas found to be too low. Thus for the case of Test 4, the input wave height wasobtained by averaging the wave heights along position 14. A linear shoaling coe�-cient is used to remove the inverse shoaling e�ects that are observed at the gages atposition 14. The input wave height is thus obtained byH0 = �H1(q �C1g=C0g) (4:1)where �H1 is the wave height at position 14, averaged over the 9 gages, �C1g is thegroup velocity at position 14, averaged over the 9 gages, C0g is the input groupvelocity, and H0 is the input wave height. In this case the wave height distributionsfor both the model and the data are normalized by the input wave height.4.2.2 Depth sensitivityBefore looking at data to model comparisons, it is important to look at thesensitivity of the models to variations in water depth on top of the shoal, since anerror of 5mm exist in the recording of depth on top of the shoal (Section 3.3.2). Asensitivity test was done for the three tests, by running the models for two di�erentdepths. The results for Test 4 are shown both in the transverse section (Figures 4.9and 4.10), and the longitudinal section (Figures 4.7 and 4.8). Compared to the datathese variations are not too bad, and thus the model predictions can be acceptedwith reasonable amount of con�dence. However it must be kept in mind that forthe transverse directions, there is a very slight shift in the peaks of the wave heightdistributions, which could give vast di�erences in the model and data comparisons38
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Figure 4.12: Contour plot of Stokes model for monochromatic wave test 4.
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x(m)Figure 4.16: Data to model comparisons for monochromatic waves along transectA-A (Test 1).behind the shoal, with a shadow region behind the focusing point where the waveheights are quite small, with alternating regions of large and small waveheights inthe alongshore direction. However, to obtain a clearer picture comparisons need tobe made between data at gage positions and model results along di�erent transects(Section 3.4.1).Before passing on to wave height comparisons along individual transects, it isworthwhile to look at the refraction patterns for the given bathymetry. Refractionpatterns can be obtained with the help of wave rays (Mei, 1992) which are computedhere using ddx " ky0p1 + y02# = q1 + y02@k@y (4:2)where y = y(x) represents the wave ray, k = k(x; y(x)) is the wavenumber, andy0 = tan � represents the slope of the curve. For larger angles (y0 ! 1) wave rays
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by Wilmott (1981). This index of agreement varies between di = 1 (perfect agree-ment) and di = 0 (complete disagreement), and is de�ned asdi = 1� Pni=1(y(i)� x(i))2Pni=1(jy(i)� �xj+ jx(i)� �xj)2 (4:4)where x(i) are the measured data, y(i) are the predicted values from the model,and �x is the data mean. The index of agreement values for the monochromaticwaves along the di�erent transects are given in Table 4.2.3. Apart from this thedata to model wave height comparisons are also shown (Figures 4.16 � 4.36). Alongtransect A-A we see from the index of agreement values that the Stokes modelperforms better than the linear model for all the three test cases. In all the threetests, the linear model gives a better prediction before the focusing, while the Stokesmodel performs better in predicting the wave height at the focus as well as behindthe focus region (Figures 4.16 � 4.18). The focusing in all cases occurs aroundx = 8m, and the wave height increases quite rapidly as compared to the Berkho�et al. data (1982). The focusing is predicted quite well by the model in that theregion of focus, and the wave height distribution there compare very well with thedata. The models perform better as we move from transect G-G to transect E-E,with the linear model faring better than the Stokes model (Figures 4.19 � 4.27).These transects lie in front of the region of focus, and the initial discrepancy betweendata and the nonlinear model results could be due to the failure of the approximateequations to focus rapidly enough (Kirby and Dalrymple, 1984). Along transect D-D we see that the data shows considerable amount of variations in the wave heightdistribution for Test 4 as compared to Tests 1 or 2, and the models are unable topredict these sharp variations (Figures 4.28 � 4.30). This discrepancy is due tothe severe focus seen in Figures 4.14 and 4.15. In Test 4 we see that right behindthe shoal near transect D-D we have rays moving almost perpendicular to the basinwalls. But the parabolic model has a maximum angular range of �45� only, andthus does not give good results along transect D-D. For Tests 1 and 2 we observe47



Table 4.3: Index of Agreement (di) for monochromatic waves.Test 1 Test 2 Test 4Transect linear Stokes linear Stokes linear StokesA-A 0.8748 0.9649 0.8677 0.9172 0.9838 0.9904G-G 0.4173 0.4173 0.5225 0.5153 0.6659 0.6659F-F 0.8371 0.8275 0.9371 0.898 0.9658 0.9671E-E 0.9017 0.9207 0.8835 0.9142 0.9193 0.9278D-D 0.9144 0.9346 0.8817 0.9037 0.5056 0.7687C-C 0.6478 0.8109 0.5705 0.7981 0.8003 0.8480B-B 0.5455 0.6509 0.5578 0.7750 0.8557 0.9435that the focusing is downward compared to Test 4, and not so severe. As a result thecomparisons are better along transect D-D. In general, from the index of agreementtable (Table 4.2.3), we see that the Stokes model performs much better than thelinear model.4.3 Irregular wavesIn this section model runs fromRef/Dif S are compared with the experimen-tal data of the second set of irregular experiments. The experiments were conductedin a water depth of 40cms, with a depth of 3cm on top of the shoal, and consistedof four di�erent test runs (Test 3, Test 4, Test 5 and Test 6). The energy varianceof Test 3 and Test 4 are lower than that of Test 5 and Test 6. In all four tests thewaves break on top of the shoal (roughly 1=3 of the waves breaking for Tests 3 and4, and about 2=3 of the waves breaking for Tests 5 and 6). The four cases also havetwo di�erent directional spreadings, with a mean angle normal to the wavemaker(�m = 0�). Tests 3 and 5 have a narrow directional spread (�11�), while, Tests 4and 6 have a broad directional spread (�45�).Ref/Dif S requires a spectrum to be given as input. While input frequencyspectrum was obtained from averaging the frequency spectrum along the gages at48
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y(m)Figure 4.36: Data to model comparisons for monochromatic waves along transectB-B (Test 4).position 14, the directional spread was obtained by the help of a wrapped normaldirectional spreading function (Borgman, 1984) given by,D (�) = 12� + 1� JXj=1 exp "�(j�m)22 # cosj (� � �m) (4:5)where �m = mean wave direction = 0�, J = number of terms in the series chosen as50 in the numerical calculations, and �m is a parameter which determines the widthof the directional spectrumIn accordance with the spectral method used in Ref/Dif S (see Chapter 2),the entire spectrum was divided into equal energy bins to obtain 900 monochromaticwaves (each bin representing one monochromatic wave) which were given as inputto the model. All this is done with the help of a preprocessor called Specgen (seeChapter 2). A similar directional spectrum was used to obtain the paddle time seriesfrom designer wavemaker theory (Appendix A.1). By using the same spreading for57



the model, the assumption has been made that while energy losses in the wave�eld reduce the desired wave heights, the direction of the waves remain unchanged.Ideally the input directional spectrum for the model would be determined fromthe wave �eld, but this is not possible since the wave �eld is inhomogeneous, andestimates of directional spectrum from a gage array require a homogeneous wave�eld. Data from gage 10 has not been used here to determine the initial waveconditions because the energy that was obtained at this gage was found to be incon-sistently low compared to the remainder of the measuring sites. This was probablydue to the fact that the gage was placed along the centerline of the shoal, close tothe wall for these experiments, where there was a lot of wave interference caused byenergy propagating away from the shoal. This can be seen more clearly from thewave ray diagram given in Figure 4.39, where a lot of energy is seen propagatingperpendicular to the wall. Reections from the wall would lead to standing wavepatterns and gage 10 might have been sitting at a node. The exact nature is notvery clear, but because of this inconsistency, gage 10 has not been used in the fol-lowing analysis. Input frequency spectra for the di�erent test cases was obtainedby averaging the data spectra along position 14. The wave heights obtained afterrebinning, using Specgen, were multiplied by an inverse shoaling coe�cient similarto the one used for monochromatic Test 4, except that now the peak frequency wasused to determine the group velocity (see Section 4.2). The particulars for the fourdi�erent test cases are given in Table 4.4, in the form of the the input wave height,the peak period (Tp), the mean angle (�m), and the directional spreading parameter(�m).4.3.1 Depth sensitivityAs before a depth sensitivity test has been carried out on the model. Sincethe water depth on top of the shoal is much less now, the model is expected to be58



Table 4.4: Test particulars for irregular waves.Test no. H0s(m) Tp(sec) �m �m3 0.0139 0.73 0 54 0.0156 0.73 0 205 0.0233 0.73 0 56 0.0249 0.71 0 20more sensitive to changes in water depth as compared to the monochromatic tests.The model was run for depths of d = 2:5cm, d = 3:0cm and d = 3:5cm, on top of theshoal. As in the case of the monochromatic tests, an index of agreement comparisonwas carried out to determine at which depth the model gives best agreement withdata (Tables C.12, C.13, C.14 and C.15). The data lies within the predictions ofthe model for the three di�erent depths (Figures 4.37 and 4.38), with the indexof agreement analysis showing that the results are not very good for the case ofd = 2:5cm. But since it cannot be said clearly whether the results are better ford = 3:0cm or d = 3:5cm, all analysis has been carried out assuming a depth of 3cmon top of the shoal.4.3.2 Wave height distributionsSimilar to what was done for the monochromatic cases, a model to datacomparison of signi�cant wave heights is shown here for the seven di�erent transects.The signi�cant wave heights at the gages have been determined with the help of azero-up crossing method on the entire time series (unlike the monochromatic tests,where it was applied on only part of the time series). Reections from the beachare a matter of concern, but have been ignored here. Also no �ltering is done onthe data since we are studying breaking wave patterns, and the e�ects of higherharmonics become important here. As the model works on a superposition principle(see Chapter 2), the wave heights of individual wave components are very small,59
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Figure 4.37: Depth sensitivity comparisons for irregular waves along transect C-C(Test 5).
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Figure 4.38: Depth sensitivity comparisons for irregular waves along transect A-A(Test 5). 60



and the results from the linear and Stokes model are the same. Thus results onlyfrom the linear model runs are shown here. All the signi�cant wave heights havebeen normalized with the input signi�cant wave height.Again modeling eqns. ( 4.2 ) and ( 4.3 ) for these test cases, we �nd that therefraction patterns focus more rapidly than for the monochromatic tests ( Figure 4.39). This is not unusual since the water depth on top of the shoal for the irregularwave tests is less compared to the monochromatic test cases. From Figure 4.39 wealso see that as we go from f = 1Hz to f = 1:45Hz (which more or less representsthe range of frequencies in the spectrum), the focusing becomes less severe, althoughthe region of focus does not move much, and lies between x = 5m and x = 6m.Data to model comparisons along transect A-A (Figures 4.40 � 4.43), showthat the results are quite good in all four test cases, except for the estimation at theregion of focus, where the model always overestimates the signi�cant wave height.This is probably because wave focusing is taking place in and around the surf zonewhere the model does not perform so well (see Section 4.3.3).In all the along shore (transverse) transects we see that the model predictslarge wave heights at the side walls, for all the test cases. This is because of theboundary conditions at the side wall, which due to its no ux nature makes allthe waves form an antinode at that point. These when superimposed to obtainthe signi�cant wave heights lead to large values at the side wall boundaries. Thecomparisons along transect G-G (Figures 4.44 � 4.47) are quite good for all thecases, and not surprisingly since the wave heights along this transect are used toobtain the input wave conditions for the model runs. On top of the shoal where thewaves are breaking (Figures 4.48 � 4.51), the predictions are not good, while alongtransect E-E (Figures 4.52 � 4.55) the shapes of the distribution are predicted quitewell with a slight overprediction of energy content. An explanation for this disparityis given in Section 4.3.3. An interesting thing to note is that the distribution is more61
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Figure 4.39: Wave ray diagram for bathymetry of irregular wave tests.
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Figure 4.40: Data to model comparisons for irregular waves along transect A-A(Test 3).
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Figure 4.41: Data to model comparisons for irregular waves along transect A-A(Test 4). 63
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Figure 4.42: Data to model comparisons for irregular waves along transect A-A(Test 5).
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Figure 4.43: Data to model comparisons for irregular waves along transect A-A(Test 6). 64
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Figure 4.44: Data to model comparisons for irregular waves along transect G-G(Test 3).
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Figure 4.45: Data to model comparisons for irregular waves along transect G-G(Test 4). 65
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Figure 4.46: Data to model comparisons for irregular waves along transect G-G(Test 5).
data 

model

0 2 4 6 8 10 12 14 16 18
0

0.5

1

1.5

2

2.5

3

y(m)
H s=� H os

Figure 4.47: Data to model comparisons for irregular waves along transect G-G(Test 6). 66
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Figure 4.48: Data to model comparisons for irregular waves along transect F-F(Test 3).
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Figure 4.49: Data to model comparisons for irregular waves along transect F-F(Test 4). 67
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Figure 4.50: Data to model comparisons for irregular waves along transect F-F(Test 5).
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Figure 4.51: Data to model comparisons for irregular waves along transect F-F(Test 6). 68
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Figure 4.52: Data to model comparisons for irregular waves along transect E-E(Test 3).
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Figure 4.53: Data to model comparisons for irregular waves along transect E-E(Test 4). 69
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Figure 4.54: Data to model comparisons for irregular waves along transect E-E(Test 5).
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Figure 4.55: Data to model comparisons for irregular waves along transect E-E(Test 6). 70
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Figure 4.56: Data to model comparisons for irregular waves along transect D-D(Test 3).smoothed out for the broad directional spectra (Figures 4.53 and 4.55), as comparedto the peaky distribution for the narrow spectra (Figures 4.52 and 4.54). Thus thewave height distribution is more dependent on the kind of directional spectrum.Comparisons behind the shoal are given in Figures 4.56 � 4.67, and the samesmoothing can be seen for the broad directional spectra cases. The comparisons inthis region show an excellent agreement between data and model, specially for thebroad spectral cases. There is some disagreement along transect D-D, in the shadowof the shoal (y = 7:5m to y = 11:6m), for the narrow directional distributions. Alsofrom the model runs we �nd that the wave height distributions tend to be moreuniformly spread for the broad directional spectra, than for the narrow ones.4.3.3 Frequency spectraOne of the drawbacks of the Ref/Dif S model is that it is unable to modelwave-wave interactions. In nature these interactions lead to the formation of higher71
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Figure 4.57: Data to model comparisons for irregular waves along transect D-D(Test 4).
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Figure 4.58: Data to model comparisons for irregular waves along transect D-D(Test 5). 72
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Figure 4.59: Data to model comparisons for irregular waves along transect D-D(Test 6).
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Figure 4.60: Data to model comparisons for irregular waves along transect C-C(Test 3). 73
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Figure 4.61: Data to model comparisons for irregular waves along transect C-C(Test 4).
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Figure 4.62: Data to model comparisons for irregular waves along transect C-C(Test 5). 74
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Figure 4.63: Data to model comparisons for irregular waves along transect C-C(Test 6).
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Figure 4.64: Data to model comparisons for irregular waves along transect B-B(Test 3). 75
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Figure 4.65: Data to model comparisons for irregular waves along transect B-B(Test 4).
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Figure 4.66: Data to model comparisons for irregular waves along transect B-B(Test 5). 76
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Figure 4.67: Data to model comparisons for irregular waves along transect B-B(Test 6).harmonics, which grow with increasing nonlinearity in the wave �eld. A comparisonof frequency spectra on top of the shoal (the wave �eld being highly nonlinear here),shows this disparity very clearly (Figure 4.68). The higher harmonics (second peak)in the data have almost as much energy as the primary wave �eld, and thus cannotbe ignored. The inability of the model to predict these interactions are an importantreason why comparisons around the top of the shoal and in the surf zone are not sogood. A fairly good picture of the growth and development of these higher harmonicscan be obtained from the frequency spectra plots of the data given in Appendix D.4.3.4 Angle distributionsAll mention that is made of directional spectral distribution in this section re-fer to the spectra obtained from the model, since as stated earlier no angle estimatescan be made from the data.For all the four spectral tests, the directional spectrum initially has a mean77
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Figure 4.68: Spectrum comparison on top of the shoal (position 13, gage 5) forTest 3.angle normal to the wavemaker (�m = 0�). Thus, the average angle (given by eqn.( 2.10 )) should be 0� everywhere if the shoal is not present. Due to refraction e�ectsfrom the shoal, the average angle deviates from 0�, and a plot of that, together withthe gage array locations, shows this e�ect ( Figure 4.69). A similar pattern was foundfor all four cases, showing that the average angle distribution does not depend oneither the energy in the spectrum or the directional spreading of the spectrum.The average angle refers to the mean angle of the directional spectrum, andthus, as the mean angle shifts so does the spectrum. When the average angles fromboth sides of the shoal cross each other, as is seen along transect E-E (behind thetop of the shoal), there is a superposition of two di�erent directional spectra leadingto a very complicated spectrum (Figure 4.71), as compared to the relatively cleanspectrum on top of the shoal (Figure 4.70).The directional spectra plots for the four cases are given in Appendix E.The mean angle reaches a maximum value of �30�, which means that for a broad78
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Figure 4.70: Directional spectra for Test 3 along transect F-F.
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Figure 4.71: Directional spectra for Test 3 along transect E-E.
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spectrum, there are waves moving at angles of�75�, which is much beyond the statedlimits of the model (see Chapter 2). The excellent data to model comparisons evenwith waves of such large angles shows that the model works very well even for largedirectional spreadings.
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Chapter 5CONCLUSIONS AND SUGGESTIONSThe aim of this report has been to study the e�ects of refraction and di�rac-tion on waves transforming over a submerged shoal. Numerical modeling has beenaccompanied by an extensive experimental study. The work has concentrated on twotypes of wave conditions, nonbreaking monochromatic waves propagating normal tothe wavemaker, and irregular waves with directional spreading. Numerical analysishas been carried out with the help of two weakly nonlinear large-angle parabolicmodels. Ref/Dif 1 is the monochromatic model, while Ref/Dif S is the spectralmodel.For the monochromatic tests, the model was run for two di�erent dispersionrelations, a linear dispersion and a nonlinear (Stokes) dispersion. Comparisonswith data have shown that the Stokes dispersion works much better in predictingthe wave heights at the point of focus and after that, while the linear dispersiongives better results in the regions before focus. The initial discrepancy between theStokes dispersion model and the data could be due to the failure of the approximateequations to focus rapidly enough (Kirby and Dalrymple, 1984). The comparisonsthough reasonably good were not as good as the results obtained by Kirby andDalrymple (1984), when they tested the model with the data of Berkho� et al.(1982). This is due to two reasons. The focusing in these experiments is very rapid,with a lot of variations in the wave height distributions. The numerical models arelimited to � = �45�, and are unable to predict waves moving at larger angles. Also83



depth sensitivity test shows that the peaks in the wave height distribution changewith slight changes in the water depth, and since the water depth was not monitoredvery accurately, some discrepancy exists between the data and model results. Itremains to be seen wether the discrepancies in the data are due to experimentalerrors, or if a model with no limitation on the range of angles will be able to makebetter predictions of the wave height distributions.Model comparisons with the irregular wave data gave excellent results. Thewave height distribution behind the shoal is much more smoothed out as comparedto the monochromatic wave �eld, with the smoothing increasing with increasingdirectional spreading. The wave height distribution behind the shoal is more afunction of the directional spread of the input wave condition, rather than a functionof the energy content. Around the top of the shoal the model to data comparisonsare not very good. The drawback of the model has been its inability to handlewave-wave interactions. In the cases of highly nonlinear wave �elds, such as theones tested in the experiments, these interactions become important, leading to theformation of higher harmonics with about as much energy as the peak frequency.Studies of the frequency spectrum has shown the presence of such harmonics in thedata, which the model has been unable to reproduce. This is a big factor responsiblefor any disparity between the data and the model. The advantage of using a spectraldistribution method, such as the one that has been used here in the spectral model,is that a sea spectrum can be simulated quite accurately with considerable ease.Such a method cannot be used to determine wave-wave interactions, and it willbe interesting to see how a model, capable of simulating such a phenomenon willcompare with the data.At �rst look it may seem a little surprising that the monochromatic waveresults are not as good as the irregular spectral wave results, even though the spectralwaves are breaking on top of the shoal. But it must be kept in mind that in the84



case of the spectral waves a lot of averaging is taking place, which smoothes thewave height distribution and hides a lot of errors, while for the monochromaticcases there is a lot of variation in the distribution. Infact considering the rapidfocusing on top of the shoal, the monochromatic model actually performs quitewell. Thus, we �nd that due to the tendency of the waves to smooth out the waveheight distributions in random directional seas, wave height predictions in thesecases tend to be quite accurate, even if the counterpart monochromatic models donot fare so well. This is quite important since in nature waves are irregular, andbeing able to simulate them accurately is very helpful. Another important point tonote is that the monochromatic wave �eld after focusing looks very di�erent froman irregular spectral wave �eld, and thus, approximating a spectral wave �eld by amonochromatic wave �eld would lead to incorrect results.
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Appendix APROGRAM DESCRIPTIONSDuring the entire experimentation four di�erent programs were used. Thesewere Deswave�keep to obtain the paddle stroke time series for the desired wave�eld, Waves to actually control the wavemaker and make the paddles move, Gcal1to calibrate the gages between gage runs, and Take�data to collect data duringgage runs. Of these four programs, Waves was written in C, while the other threewere written in FORTRAN. A Concurrent 7200 system has been used to controlthe wavemaker and obtain data from the gages. In this appendix a brief outline ofeach of these programs has been given.A.1 Paddle time seriesDeswave�keep is the designer wavemaker program which converts the spec-i�ed wave �eld into the time series of the paddles based on the theory given in Section3.2.2. The mathematical model given by eqn( 3.16), theoretically requires the modesto be summed to in�nity, but in reality summation need be done only tillk2 � �2n. Beyond that the modes become evanescent and exponentially decay away from thepaddles. Deswave�keep sums up to a maximum limit of 100 modes, which can bechanged.
89



The theory has been developed for monochromatic progressive waves, but apaddle stroke time series for a spectral sea can also be obtained. The desired spec-tra is broken down into separate bins, and each bin is represented by a monochro-matic wave. Based on the wave height and angle for each monochromatic wave,Deswave�keep then determines a paddle stroke frequency spectrum for each pad-dle , which is inverse transformed to obtain the paddle stroke time series. For theirregular tests a spectral sea state was obtained by using the directional spreadingfunction given by eqn ( 4.5) (Borgman, 1984) for direction, and a TMA spreadingfunction for frequency (Bouws et al., 1985), given byE(f; h) = �g2(2�)�4f�5 exp(�5=4(f=fp)�4)exp hln() exp(�(f � fp)2=2�2f 2p )i�(!) (A.1)where fp is the peak frequency, ! the angular frequency is! = 2�f;� is a linear constant which can be scaled to obtain the desired variance,  is afactor which determines how broad the spectrum is (for our experiments we havetaken  = 10), � depends on the frequency f� = 8><>: 0:07 f � fp0:09 f � fpand � is given by � = 8>>>>><>>>>>: 0:5!2 ! � 11:0 ! � 21� 0:5(2� !)2 otherwiseIt should be noted that for model simulations by Ref/Dif S, the input directionalspectrum was obtained by using the same directional spreading function (eqn. ( 4.590



)), while the frequency spread was determined from the data, and not from the TMAfunction used to describe the desired wave �eld in eqn ( A.1). The assumption here isthat due to energy losses in the basin (see Chapter 3), the actual wave �eld obtainedby the wavemaker may di�er in energy characteristics from the desired wave �eld, thedirectionality is reproduced exactly. This is an important assumption, and thoughseems quite reasonable, extensive tests need to be carried out with the wavemakerto check if this is really true.Input to Deswave�keep is speci�ed in an indat.dat �le in the form of thenumber of waves and the characteristics of each wave (the period, amplitude, angleand the phase). Apart from the input via indat.dat, the user speci�es the followinginput online to Deswave�keep� the name of the �le in which paddle time series is to be saved,� the water depth in cm,� distance from the paddles where a uniform wave �eld across the basin is de-sired, speci�ed by the variable Xm(this is important only for oblique waves),� the desired time step for the paddle series, and,� the corresponding length of the time series.The paddles have been calibrated to obtain the voltage to displacement re-sponse curve. The response curve was found to be linear, and the slope of eachpaddle response curve was noted in a �le called gain.dat . Deswave�keep usesthis gain information to determine the time series of the paddle displacement involtages, which can then be sent to the motor controls. The paddles have a physicallimit of �6:5 volts, and any signal that exceeds it is physically cut o� to this value,with a warning by Deswave�keep 91



An error was noted in the Deswave�keep program during data analysis.Due to a bug, whenever the number of modes over which the paddle displacementsare summed over exceeded the maximum limit before the evanescent modes, thepaddle stroke contribution at that frequency was set to zero. Thus, all the highfrequency contributions beyond a particular frequency were cut o�. This resulted inthe irregular wave trains having a very narrow frequency spectrum, and thus beingvery groupy. This bug was unfortunately not noticed earlier, because the testing ofthe program was done at a lower frequency, where the maximum limit of the numberof modes was not reached. The bug was later removed and Figure A.1 compares thepower spectra of the paddle time series, both before the bug was removed, and afterthe bug was removed, to the desired power spectra. Since the bug was removed afterthe spectra tests were completed, another set of irregular spectral wave experimentshad to be conducted. Thus, there are two sets of spectral experiments, one with apeaky frequency spectrum, and the other with a broader frequency spectrum.A.2 InstrumentationOnce the time series has been created, the signals have to be sent to thepaddles at the required frequency to obtain the desired paddle motion. As hasalready been mentioned in Section 3.2.1 the paddle motions are controlled by thehelp of servo controller motors. Each paddle has its own servo controller witha feedback mechanism, such that each paddle can be moved independent of theother. The feedback mechanism ensures that the servo controller motor moves to thedesired voltage before the next signal arrives. The motors run on analog signals, andit is thus necessary to convert the digital time series to an analog signal. This is donewith the help of 3 16-channel D/A boards (VMIVME 4100), that are mounted on theConcurrent 7200 computer system. As the name suggests these boards convert thedigital signals to the analog signals and then feed them to the Servo controller motorsat the desired frequency. The Concurrent 7200 computer system, which is a data92
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Figure A.1: Comparison between desired spectra (-), old spectra (-.) and newspectra (- -).
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acquisition device has 4 D/A channels of its own, but since the number of paddlesfar exceeds this, the VMIVME 4100 boards had to be installed. These boards do nothave an internal clock of their own, and use one of the D/A clocks of the computersystem. There are a total of 48 D/A channels, but only 34 paddles. Thus, thelast 14 channels are physically sent a zero signal. This facility is incorporated inDeswave�keep when it is creating the data �le for the paddle time series.A program called Waves provides a simple user interface with the D/Aboards. Waves reads the time series data from a data �le, sorts it and sends thetime series of each paddle to the respective channels on the D/A boards. The D/Aboards then convert these signals and sends them to the paddles at the frequencyspeci�ed by Waves. Waves also ramps up the signal, so that the paddles arenot subjected to large motions at cold start. This reduces the load acting on thepaddles quite considerably, and consequently, the mechanical wear and tear over thelong run. There is also an option by which, the user can either make Waves cyclethrough the data �le and thus send a periodic signal to the D/A boards, or canmake it stop at reaching the end of the data �le. The format for running Waves isas followsWaves �le�name mode frequency ampli�er�le�name Name of the data �le created by Deswave�keep, containing the timeseries for each individual paddle.mode This can either be one�shot ( the program goes through the data �le once andstops) or cycle ( the program continues to cycle through the data �le inde�nitely).frequency The required frequency at which the signals have to be sent to the ServoController motors. The system is designed to run at around 300 Hz, but can runas well at higher or lower frequencies. Below 50 Hz the waiting period between twosignals is too high, leading to discrete paddle motions, while close to 1000 Hz thesystem is unable to keep pace. The frequency speci�ed is equal to the inverse of the94



time step speci�ed in Deswave�keep for generating the paddle time series.ampli�er This is an optional multiplication factor that can be speci�ed. It mustalways be greater than 0 and has a default value of 1.The Waves program can be killed by pressing 'CTRL - C'. This terminatesthe signal being sent to the D/A boards, and consequently the motors come to astop. The motors can then be brought back to their zero volts position, by sendinga zero data �le, via Waves.A.3 Data CollectionData collection from the gages is done by the same Concurrent 7200 computersystem, that sends out a time series signal to the wavemaker motors. In this case,the intent is to convert the analog signals coming from the gages, to digital signalsand store them in data �les.The Concurrent system contains eighty A/D channels, numbered from 0 to79. Channel 0 to 15 are the AD12V26 A/D convertor channels, while channels 16to 79 are the SH12V26 Sample and Hold channels. The main di�erence between theA/D converter channels and the Sample and Hold channels is that, the Sample andHold channels can collect data from all the gages at the same instant in time. Thus,data collection is always at the same time step in all the gages. Due to this majoradvantage, the Sample and Hold channels have been used for all the data collectionin these experiments.A Fortran program called Take�data provides an interface for the user tointeract with the A/D channels. Via the program, the user tells the computer howmany data points to be sampled per gage, the sampling frequency, the number ofgages, and the channel number at which data collection is done for the �rst gage.(The program assumes that all the other gages will be connected in increasing orderto successive channels, so care must be taken to ensure that). In the beginning of thesource code for Take�data there are two parameter statements, `MAXIMUM'95



and `WAIT�TIME'. These specify the maximum number of points the programwill allow for sampling, and the total waiting time for the sampling, respectively.The two things that the user must ensure before running this program are� The total number of samples (i.e. number of samples per gage x number ofgages), must be less than what is speci�ed by MAXIMUM.� The total time taken (i.e. number of samples per gage x sampling rate), mustbe less than what is speci�ed byWAIT�TIME.If the parameter statements in the source code are changed then the sourcecode can be compiled again by the following statementf77 -o take�data take�data.f -lmrWhere -lmr connects the program with the mr library routines for data acquisition,that are present in the Concurrent system, and are used by Take�data. Theprogram uses the internal A/D clocks of the system.A.4 CalibrationThe raw data that is collected from the gages is in volts, which has to beconverted to cm to obtain the time series for the data. For this reason the wavegages have to be calibrated. Calibration can be done in two ways. Either the waterlevel can be changed and the wave gage kept �xed, or the wave gages can be movedup and down and the water level kept still. The latter obviously makes more sense,and for this reason stepper motors are attached to the gages. The stepper motorcontrols have a switch which allows the motors to be switched from a manual controlto a computer control. Calibration is done with the help of a program calledGcal1,which serves a two way purpose.� To move the motors during calibration, and,� To collect data at each calibration point, in the same way as Take�data does.96



To move the motors, Gcal1 uses three A/D clocks of the Concurrent com-puter systems. One of the clocks moves the motors through the speci�ed distancebetween calibration points, Another clock collects data at the calibration point,while a third clock changes the direction of the motors, when the total number ofcalibration points in a particular direction (as speci�ed by the user) have been com-pleted. Although the distance between calibration points is speci�ed by the userin the form of number of stepper motor steps; the program uses 1cm as the dis-tance between calibration points, and thus a value of 151 steps (which correspondsto 1cm) was speci�ed for calibration during the experiments. A 100 samples at a100 hz were collected at each calibration point, and the average value taken as thereading at that point. All the readings were taken with reference to the mean waterlevel reading, and a linear regression analysis was done. The results were plottedin three data �les, `calg.dat', `regr.dat' and `lin.dat'. These data �les were thenused by a matlab routine, calib.m, to obtain the linear calibration curves, of voltsto cm, for all the ten gages, with the respective slope and the intercept. A sampleof these curves is shown in Figure A.2The linear curves were found to �t very well with all the calibration points.Most of the time the slope was found to remain relatively unchanged, making exces-sive calibration unnecessary. Changes in water temperatures a�ected the calibrationcurves slightly, and for consistency calibration was required to be done atleast oncea day. For the experiments, the calibration was done everytime the gage array wasmoved to a new location, so as to ensure that the gages were functioning properly,and had not been damaged or disconnected during the transportation. Thus, for themonochromatic waves, calibration was done about three to four times a day, andfor the irregular wave tests, calibration was done about once a day. Calibration ontop of the shoal was not always possible, particularly for the shallow water cases,because of lack of enough water level to obtain a large number of calibration points.97
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Figure A.2: Sample plot of the gage calibration curves.

98



In such cases calibration curves of the previous position were used.
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Appendix BDATA FILESB.1 Raw DataThe gages output the data in the form of a voltage time series. This data hasbeen converted into surface elevations in centimetres with the help of the calibrationcurves and stored in data �les.In the data set for monchromatic wave tests, each time series consists of 4096samples, and the sampling rate is 50Hz. Data collection was started from a coldstart so the data can be used with time domain models also. The reference waterlevel can be determined from the initial part of the time series when no wave is seen.The mean therefore does not have to be zeroed out, and certain characterisitics likethe wave setup or setdown can be determined.The irregular wave test data sets consist of much longer time series (32768samples), which are also sampled at 50Hz. The long time series have been chosensuch that they correspond to one cycle of the paddle time series, to maintain theirregular nature of the waves. Unfortunately due to the larger size of these data�les, data collection could not be started from a cold start. Information about theinitial water level is stored in seperate data �les which were sampled in still water.This has only been done for the second set of irregular wave tests, and for the �rstset the mean will have to be subtracted out from the time series.B.2 Naming conventionThe naming convention used for the data �les is as follows100



[name]�[gage number].t�[test number]p�[position number], wherename is a three character word signifying what kind of experiment the data is from.`lin' is for monochromatic linear tests,`bre' is for monochromatic non linear tests,`irr' is for the �rst set of irregular spectra tests, and`nir' is for the second set of irregular spectra tests.gage number is a two digit number specifying which gage it is.test number is a two digit number specifying which test it is in the particularset of experiments. The particulars about the test numbers are given in thetables.position number is a two digit number specifying the position of the gage array(see Figure 3.1).
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Appendix CWAVE DATATable C.1: Gage distances on array, with respect to gage 1.Gage no. distance (mts)2 0.6263 1.2284 1.8845 2.16156 2.4647 3.078 3.6919 4.3Table C.2: Wave characteristics at gage 10 for Test 1 (monochromatic waves).Array pos. H Hf Tp1.0000000e+00 2.1989800e-02 1.9689200e-02 7.5006600e-012.0000000e+00 1.9315400e-02 1.7911300e-02 7.4949100e-013.0000000e+00 2.1446400e-02 1.9913400e-02 7.4946700e-014.0000000e+00 2.1617100e-02 1.9954100e-02 7.4895900e-015.0000000e+00 2.2237900e-02 1.9722200e-02 7.5029600e-016.0000000e+00 2.1988300e-02 2.0155400e-02 7.5026100e-017.0000000e+00 2.2980500e-02 2.0877300e-02 7.4908300e-018.0000000e+00 2.1535500e-02 1.9491900e-02 7.4972500e-019.0000000e+00 2.0480400e-02 1.8729500e-02 7.4910100e-011.0000000e+01 2.1828500e-02 1.9309000e-02 7.4975400e-011.1000000e+01 2.1642400e-02 1.9645700e-02 7.5080700e-011.2000000e+01 2.0756300e-02 1.8236900e-02 7.4938000e-011.3000000e+01 2.1755100e-02 1.9225100e-02 7.5024900e-011.4000000e+01 2.3013200e-02 1.9744200e-02 7.5031700e-01
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Table C.3: Wave characteristics at gage 10 for Test 2 (monochromatic waves).Array pos. H Hf Tp1.0000000e+00 4.0011000e-02 3.9153800e-02 7.5034900e-012.0000000e+00 3.9470800e-02 3.8084000e-02 7.5040100e-013.0000000e+00 4.1322100e-02 4.0404000e-02 7.4980500e-014.0000000e+00 4.3352100e-02 4.0800900e-02 7.5000600e-015.0000000e+00 4.2780600e-02 4.0668800e-02 7.4999000e-016.0000000e+00 4.0357600e-02 4.0442100e-02 7.4973000e-017.0000000e+00 4.5763900e-02 4.3307700e-02 7.4993200e-018.0000000e+00 4.3300000e-02 4.0823300e-02 7.5030000e-019.0000000e+00 4.0017700e-02 3.8572700e-02 7.5014400e-011.0000000e+01 3.8923500e-02 3.7623200e-02 7.5071600e-011.1000000e+01 4.0905500e-02 4.0500300e-02 7.5037300e-011.2000000e+01 4.1230900e-02 3.8866100e-02 7.5073900e-011.3000000e+01 4.1792000e-02 4.0011300e-02 7.4965200e-011.4000000e+01 4.2034200e-02 4.0494600e-02 7.4946000e-01
Table C.4: Wave characteristics at gage 10 for Test 4 (monochromatic waves).Array pos. H Hf Tp1.0000000e+00 2.3283300e-02 2.1083600e-02 9.9902600e-012.0000000e+00 2.5174000e-02 2.3145100e-02 9.9934700e-013.0000000e+00 2.0850100e-02 2.0717900e-02 1.0007000e+004.0000000e+00 2.4271100e-02 2.2117200e-02 1.0016800e+005.0000000e+00 2.3684600e-02 2.2344100e-02 1.0013700e+006.0000000e+00 2.1541700e-02 2.0473100e-02 1.0006800e+007.0000000e+00 2.5959100e-02 2.3230500e-02 1.0027500e+008.0000000e+00 2.3413400e-02 2.2139300e-02 1.0015400e+009.0000000e+00 2.1390100e-02 1.9844400e-02 1.0008300e+001.0000000e+01 2.2039100e-02 2.0809100e-02 1.0012400e+001.1000000e+01 1.8888200e-02 1.8020400e-02 1.0012100e+001.2000000e+01 2.2243100e-02 2.0804400e-02 1.0018800e+001.3000000e+01 2.3693100e-02 2.1582700e-02 1.0027400e+001.4000000e+01 2.0826000e-02 1.9532900e-02 1.0012300e+00
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Table C.5: Wave height characteristics for TEST 1 ( monochromatic waves).Array pos. Gage no. x (mts) y (mts) H (mts) Hf (mts)1 1 3.1200 8.9800 0.0182 0.01941 2 3.7360 8.9800 0.0144 0.01471 3 4.3480 8.9800 0.0175 0.01841 4 4.9640 8.9800 0.0197 0.02031 5 5.2815 8.9800 0.0213 0.02211 6 5.5840 8.9800 0.0271 0.02831 7 6.1900 8.9800 0.0328 0.03411 8 6.8110 8.9800 0.0393 0.04081 9 7.4200 8.9800 0.0384 0.04072 1 8.9150 8.9800 0.0328 0.03262 2 9.5310 8.9800 0.0301 0.02962 3 10.1430 8.9800 0.0263 0.02622 4 10.7590 8.9800 0.0222 0.02192 5 11.0765 8.9800 0.0209 0.02042 6 11.3790 8.9800 0.0195 0.01902 7 11.9850 8.9800 0.0174 0.01702 8 12.6060 8.9800 0.0168 0.01642 9 13.2150 8.9800 0.0168 0.01583 1 11.1200 6.8900 0.0256 0.02643 2 11.1200 6.2740 0.0019 0.00103 3 11.1200 5.6620 0.0269 0.02673 4 11.1200 5.0460 0.0185 0.01853 5 11.1200 4.7285 0.0143 0.01393 6 11.1200 4.4260 0.0228 0.02273 7 11.1200 3.8200 0.0256 0.02493 8 11.1200 3.1990 0.0247 0.02423 9 11.1200 2.5900 0.0152 0.01494 1 11.1200 11.1700 0.0112 0.01044 2 11.1200 10.5540 0.0272 0.02624 3 11.1200 9.9420 0.0151 0.01474 4 11.1200 9.3260 0.0144 0.01414 5 11.1200 9.0085 0.0192 0.01814 6 11.1200 8.7060 0.0203 0.01874 7 11.1200 8.1000 0.0099 0.01004 8 11.1200 7.4790 0.0295 0.02934 9 11.1200 6.8700 0.0230 0.02275 1 11.1200 16.1150 0.0166 0.01615 2 11.1200 15.4990 0.0179 0.01755 3 11.1200 14.8870 0.0208 0.01975 4 11.1200 14.2710 0.0207 0.0198104



5 5 11.1200 13.9535 0.0260 0.02545 6 11.1200 13.6510 0.0281 0.02775 7 11.1200 13.0450 0.0221 0.02165 8 11.1200 12.4240 0.0284 0.02805 9 11.1200 11.8150 0.0157 0.01426 1 9.6500 16.3800 0.0200 0.01986 2 9.6500 15.7640 0.0193 0.01926 3 9.6500 15.1520 0.0199 0.01956 4 9.6500 14.5360 0.0182 0.01746 5 9.6500 14.2185 0.0205 0.02026 6 9.6500 13.9160 0.0228 0.02266 7 9.6500 13.3100 0.0221 0.02146 8 9.6500 12.6890 0.0230 0.02306 9 9.6500 12.0800 0.0214 0.02127 1 9.6500 11.2000 0.0086 0.00857 2 9.6500 10.5840 0.0177 0.01867 3 9.6500 9.9720 0.0155 0.01597 4 9.6500 9.3560 0.0161 0.01557 5 9.6500 9.0385 0.0242 0.02567 6 9.6500 8.7360 0.0239 0.02527 7 9.6500 8.1300 0.0160 0.01627 8 9.6500 7.5090 0.0248 0.02557 9 9.6500 6.9000 0.0107 0.01078 1 9.6500 6.5750 0.0183 0.01828 2 9.6500 5.9590 0.0199 0.01908 3 9.6500 5.3470 0.0172 0.01698 4 9.6500 4.7310 0.0213 0.02078 5 9.6500 4.4135 0.0155 0.01578 6 9.6500 4.1110 0.0189 0.01898 7 9.6500 3.5050 0.0222 0.02228 8 9.6500 2.8840 0.0231 0.02288 9 9.6500 2.2750 0.0206 0.02029 1 7.9950 6.7700 0.0185 0.01809 2 7.9950 6.1540 0.0211 0.02069 3 7.9950 5.5420 0.0155 0.01529 4 7.9950 4.9260 0.0215 0.02079 5 7.9950 4.6085 0.0225 0.02309 6 7.9950 4.3060 0.0216 0.02109 7 7.9950 3.7000 0.0186 0.01879 8 7.9950 3.0790 0.0213 0.02109 9 7.9950 2.4700 0.0232 0.022610 1 7.9950 11.2300 0.0183 0.017010 2 7.9950 10.6140 0.0093 0.0090105



10 3 7.9950 10.0020 0.0229 0.023210 4 7.9950 9.3860 0.0199 0.020010 5 7.9950 9.0685 0.0388 0.038410 6 7.9950 8.7660 0.0334 0.033010 7 7.9950 8.1600 0.0206 0.019910 8 7.9950 7.5390 0.0137 0.012610 9 7.9950 6.9300 0.0191 0.018111 1 7.9950 16.3000 0.0173 0.016811 2 7.9950 15.6840 0.0221 0.021611 3 7.9950 15.0720 0.0196 0.019411 4 7.9950 14.4560 0.0203 0.019611 5 7.9950 14.1385 0.0198 0.019511 6 7.9950 13.8360 0.0206 0.020611 7 7.9950 13.2300 0.0234 0.022711 8 7.9950 12.6090 0.0233 0.022811 9 7.9950 12.0000 0.0239 0.024312 1 6.3500 11.1800 0.0188 0.019012 2 6.3500 10.5640 0.0148 0.014312 3 6.3500 9.9520 0.0163 0.016812 4 6.3500 9.3360 0.0209 0.021612 5 6.3500 9.0185 0.0391 0.038312 6 6.3500 8.7160 0.0258 0.026512 7 6.3500 8.1100 0.0157 0.016412 8 6.3500 7.4890 0.0153 0.014612 9 6.3500 6.8800 0.0188 0.019013 1 5.0750 11.1600 0.0182 0.019013 2 5.0750 10.5440 0.0134 0.013613 3 5.0750 9.9320 0.0158 0.016813 4 5.0750 9.3160 0.0228 0.024113 5 5.0750 8.9985 0.0207 0.021513 6 5.0750 8.6960 0.0176 0.018713 7 5.0750 8.0900 0.0131 0.013513 8 5.0750 7.4690 0.0151 0.015913 9 5.0750 6.8600 0.0164 0.016614 1 3.8850 11.1600 0.0178 0.018714 2 3.8850 10.5440 0.0186 0.018314 3 3.8850 9.9320 0.0172 0.017514 4 3.8850 9.3160 0.0211 0.021114 5 3.8850 8.9985 0.0180 0.017714 6 3.8850 8.6960 0.0167 0.017314 7 3.8850 8.0900 0.0150 0.015214 8 3.8850 7.4690 0.0187 0.018514 9 3.8850 6.8600 0.0190 0.0194106



Table C.6: Wave height characteristics for TEST 2 (monochromatic waves).Array pos. Gage no. x (mts) y (mts) H (mts) Hf (mts)1 1 3.1200 8.9800 0.0401 0.04091 2 3.7360 8.9800 0.0319 0.03341 3 4.3480 8.9800 0.0395 0.04031 4 4.9640 8.9800 0.0454 0.04411 5 5.2815 8.9800 0.0493 0.04871 6 5.5840 8.9800 0.0606 0.06041 7 6.1900 8.9800 0.0694 0.06981 8 6.8110 8.9800 0.0851 0.08631 9 7.4200 8.9800 0.0845 0.08622 1 8.9150 8.9800 0.0696 0.07082 2 9.5310 8.9800 0.0626 0.06422 3 10.1430 8.9800 0.0557 0.05722 4 10.7590 8.9800 0.0474 0.04882 5 11.0765 8.9800 0.0433 0.04472 6 11.3790 8.9800 0.0417 0.04232 7 11.9850 8.9800 0.0384 0.03822 8 12.6060 8.9800 0.0371 0.03762 9 13.2150 8.9800 0.0349 0.03583 1 11.1200 6.8900 0.0532 0.05453 2 11.1200 6.2740 0.0097 0.00903 3 11.1200 5.6620 0.0546 0.05623 4 11.1200 5.0460 0.0365 0.03833 5 11.1200 4.7285 0.0268 0.02763 6 11.1200 4.4260 0.0383 0.03943 7 11.1200 3.8200 0.0372 0.03873 8 11.1200 3.1990 0.0432 0.04463 9 11.1200 2.5900 0.0339 0.03484 1 11.1200 11.1700 0.0285 0.02984 2 11.1200 10.5540 0.0546 0.05634 3 11.1200 9.9420 0.0204 0.02134 4 11.1200 9.3260 0.0364 0.03804 5 11.1200 9.0085 0.0425 0.04404 6 11.1200 8.7060 0.0410 0.04244 7 11.1200 8.1000 0.0209 0.02064 8 11.1200 7.4790 0.0587 0.06004 9 11.1200 6.8700 0.0413 0.04285 1 11.1200 16.1150 0.0337 0.03525 2 11.1200 15.4990 0.0340 0.03525 3 11.1200 14.8870 0.0365 0.03845 4 11.1200 14.2710 0.0340 0.0352107



5 5 11.1200 13.9535 0.0407 0.04225 6 11.1200 13.6510 0.0492 0.05135 7 11.1200 13.0450 0.0356 0.03695 8 11.1200 12.4240 0.0557 0.05785 9 11.1200 11.8150 0.0268 0.02696 1 9.6500 16.3800 0.0360 0.03786 2 9.6500 15.7640 0.0379 0.03946 3 9.6500 15.1520 0.0379 0.03936 4 9.6500 14.5360 0.0361 0.03766 5 9.6500 14.2185 0.0397 0.04096 6 9.6500 13.9160 0.0413 0.04316 7 9.6500 13.3100 0.0426 0.04446 8 9.6500 12.6890 0.0435 0.04546 9 9.6500 12.0800 0.0412 0.04267 1 9.6500 11.2000 0.0196 0.02017 2 9.6500 10.5840 0.0394 0.04147 3 9.6500 9.9720 0.0371 0.03817 4 9.6500 9.3560 0.0317 0.03337 5 9.6500 9.0385 0.0552 0.05797 6 9.6500 8.7360 0.0565 0.05847 7 9.6500 8.1300 0.0259 0.02707 8 9.6500 7.5090 0.0540 0.05567 9 9.6500 6.9000 0.0213 0.02218 1 9.6500 6.5750 0.0259 0.02728 2 9.6500 5.9590 0.0380 0.03958 3 9.6500 5.3470 0.0343 0.03558 4 9.6500 4.7310 0.0420 0.04348 5 9.6500 4.4135 0.0313 0.03268 6 9.6500 4.1110 0.0331 0.03478 7 9.6500 3.5050 0.0414 0.04308 8 9.6500 2.8840 0.0402 0.04228 9 9.6500 2.2750 0.0336 0.03559 1 7.9950 6.7700 0.0371 0.03859 2 7.9950 6.1540 0.0396 0.04089 3 7.9950 5.5420 0.0354 0.03699 4 7.9950 4.9260 0.0412 0.04249 5 7.9950 4.6085 0.0408 0.04319 6 7.9950 4.3060 0.0371 0.03859 7 7.9950 3.7000 0.0352 0.03669 8 7.9950 3.0790 0.0381 0.03939 9 7.9950 2.4700 0.0398 0.041110 1 7.9950 11.2300 0.0337 0.034810 2 7.9950 10.6140 0.0182 0.0188108



10 3 7.9950 10.0020 0.0439 0.045910 4 7.9950 9.3860 0.0414 0.043410 5 7.9950 9.0685 0.0814 0.083210 6 7.9950 8.7660 0.0731 0.074610 7 7.9950 8.1600 0.0274 0.027810 8 7.9950 7.5390 0.0288 0.029910 9 7.9950 6.9300 0.0280 0.028811 1 7.9950 16.3000 0.0354 0.037211 2 7.9950 15.6840 0.0400 0.041511 3 7.9950 15.0720 0.0369 0.038411 4 7.9950 14.4560 0.0369 0.038611 5 7.9950 14.1385 0.0374 0.038811 6 7.9950 13.8360 0.0411 0.043011 7 7.9950 13.2300 0.0440 0.045411 8 7.9950 12.6090 0.0403 0.042011 9 7.9950 12.0000 0.0427 0.045012 1 6.3500 11.1800 0.0342 0.035612 2 6.3500 10.5640 0.0298 0.030512 3 6.3500 9.9520 0.0339 0.036012 4 6.3500 9.3360 0.0421 0.044312 5 6.3500 9.0185 0.0770 0.078412 6 6.3500 8.7160 0.0570 0.060012 7 6.3500 8.1100 0.0323 0.034412 8 6.3500 7.4890 0.0270 0.027312 9 6.3500 6.8800 0.0339 0.035713 1 5.0750 11.1600 0.0389 0.040013 2 5.0750 10.5440 0.0318 0.033013 3 5.0750 9.9320 0.0363 0.038013 4 5.0750 9.3160 0.0497 0.049913 5 5.0750 8.9985 0.0464 0.045413 6 5.0750 8.6960 0.0424 0.043013 7 5.0750 8.0900 0.0335 0.034213 8 5.0750 7.4690 0.0325 0.034313 9 5.0750 6.8600 0.0346 0.035514 1 3.8850 11.1600 0.0398 0.041414 2 3.8850 10.5440 0.0341 0.035914 3 3.8850 9.9320 0.0377 0.039314 4 3.8850 9.3160 0.0410 0.042314 5 3.8850 8.9985 0.0336 0.035114 6 3.8850 8.6960 0.0360 0.038414 7 3.8850 8.0900 0.0329 0.033914 8 3.8850 7.4690 0.0353 0.036414 9 3.8850 6.8600 0.0412 0.0429109



Table C.7: Wave height characteristics for TEST 4 (monochromatic waves).Array pos. Gage no. x (mts) y (mts) H (mts) Hf (mts)1 1 3.1200 8.9800 0.0220 0.02331 2 3.7360 8.9800 0.0219 0.02281 3 4.3480 8.9800 0.0235 0.02421 4 4.9640 8.9800 0.0297 0.02921 5 5.2815 8.9800 0.0375 0.03651 6 5.5840 8.9800 0.0455 0.04401 7 6.1900 8.9800 0.0571 0.05801 8 6.8110 8.9800 0.0593 0.06031 9 7.4200 8.9800 0.0471 0.04782 1 8.9150 8.9800 0.0237 0.02212 2 9.5310 8.9800 0.0183 0.01712 3 10.1430 8.9800 0.0156 0.01482 4 10.7590 8.9800 0.0117 0.01132 5 11.0765 8.9800 0.0109 0.00992 6 11.3790 8.9800 0.0099 0.00972 7 11.9850 8.9800 0.0074 0.00652 8 12.6060 8.9800 0.0082 0.00732 9 13.2150 8.9800 0.0104 0.01073 1 11.1200 6.8900 0.0331 0.03363 2 11.1200 6.2740 0.0259 0.02413 3 11.1200 5.6620 0.0060 0.00523 4 11.1200 5.0460 0.0321 0.03453 5 11.1200 4.7285 0.0388 0.04053 6 11.1200 4.4260 0.0378 0.03873 7 11.1200 3.8200 0.0194 0.02143 8 11.1200 3.1990 0.0248 0.02173 9 11.1200 2.5900 0.0322 0.03304 1 11.1200 11.1700 0.0314 0.03334 2 11.1200 10.5540 0.0258 0.02684 3 11.1200 9.9420 0.0111 0.01144 4 11.1200 9.3260 0.0064 0.00444 5 11.1200 9.0085 0.0094 0.00724 6 11.1200 8.7060 0.0084 0.00694 7 11.1200 8.1000 0.0085 0.00944 8 11.1200 7.4790 0.0270 0.02634 9 11.1200 6.8700 0.0335 0.03315 1 11.1200 16.1150 0.0155 0.01695 2 11.1200 15.4990 0.0257 0.02515 3 11.1200 14.8870 0.0271 0.02945 4 11.1200 14.2710 0.0170 0.0131110



5 5 11.1200 13.9535 0.0262 0.02405 6 11.1200 13.6510 0.0330 0.03405 7 11.1200 13.0450 0.0380 0.04065 8 11.1200 12.4240 0.0152 0.01255 9 11.1200 11.8150 0.0174 0.01536 1 9.6500 16.3800 0.0234 0.02406 2 9.6500 15.7640 0.0229 0.02646 3 9.6500 15.1520 0.0180 0.01786 4 9.6500 14.5360 0.0307 0.03196 5 9.6500 14.2185 0.0305 0.03226 6 9.6500 13.9160 0.0229 0.02376 7 9.6500 13.3100 0.0214 0.02126 8 9.6500 12.6890 0.0348 0.03756 9 9.6500 12.0800 0.0219 0.02397 1 9.6500 11.2000 0.0184 0.01897 2 9.6500 10.5840 0.0324 0.03317 3 9.6500 9.9720 0.0182 0.01937 4 9.6500 9.3560 0.0101 0.00847 5 9.6500 9.0385 0.0128 0.01227 6 9.6500 8.7360 0.0138 0.01347 7 9.6500 8.1300 0.0152 0.01407 8 9.6500 7.5090 0.0325 0.03327 9 9.6500 6.9000 0.0289 0.02968 1 9.6500 6.5750 0.0160 0.01708 2 9.6500 5.9590 0.0185 0.01838 3 9.6500 5.3470 0.0359 0.03828 4 9.6500 4.7310 0.0257 0.02758 5 9.6500 4.4135 0.0161 0.01618 6 9.6500 4.1110 0.0184 0.01948 7 9.6500 3.5050 0.0293 0.02998 8 9.6500 2.8840 0.0236 0.02528 9 9.6500 2.2750 0.0250 0.02639 1 7.9950 6.7700 0.0180 0.01819 2 7.9950 6.1540 0.0311 0.03199 3 7.9950 5.5420 0.0175 0.01639 4 7.9950 4.9260 0.0302 0.03079 5 7.9950 4.6085 0.0291 0.03029 6 7.9950 4.3060 0.0247 0.02499 7 7.9950 3.7000 0.0189 0.01819 8 7.9950 3.0790 0.0293 0.03119 9 7.9950 2.4700 0.0207 0.020310 1 7.9950 11.2300 0.0146 0.015010 2 7.9950 10.6140 0.0238 0.0246111



10 3 7.9950 10.0020 0.0313 0.032510 4 7.9950 9.3860 0.0241 0.023010 5 7.9950 9.0685 0.0357 0.036110 6 7.9950 8.7660 0.0327 0.032710 7 7.9950 8.1600 0.0278 0.027810 8 7.9950 7.5390 0.0316 0.032910 9 7.9950 6.9300 0.0053 0.004811 1 7.9950 16.3000 0.0243 0.025811 2 7.9950 15.6840 0.0221 0.020311 3 7.9950 15.0720 0.0259 0.027011 4 7.9950 14.4560 0.0227 0.023211 5 7.9950 14.1385 0.0206 0.020911 6 7.9950 13.8360 0.0247 0.024811 7 7.9950 13.2300 0.0300 0.031311 8 7.9950 12.6090 0.0188 0.018111 9 7.9950 12.0000 0.0271 0.028112 1 6.3500 11.1800 0.0159 0.016412 2 6.3500 10.5640 0.0206 0.020412 3 6.3500 9.9520 0.0248 0.025712 4 6.3500 9.3360 0.0287 0.029312 5 6.3500 9.0185 0.0620 0.063812 6 6.3500 8.7160 0.0408 0.041812 7 6.3500 8.1100 0.0235 0.024112 8 6.3500 7.4890 0.0167 0.016712 9 6.3500 6.8800 0.0156 0.015813 1 5.0750 11.1600 0.0215 0.022513 2 5.0750 10.5440 0.0209 0.021013 3 5.0750 9.9320 0.0256 0.026113 4 5.0750 9.3160 0.0321 0.031913 5 5.0750 8.9985 0.0319 0.031813 6 5.0750 8.6960 0.0323 0.032413 7 5.0750 8.0900 0.0196 0.020513 8 5.0750 7.4690 0.0181 0.018513 9 5.0750 6.8600 0.0215 0.021914 1 3.8850 11.1600 0.0218 0.022614 2 3.8850 10.5440 0.0241 0.024614 3 3.8850 9.9320 0.0227 0.023214 4 3.8850 9.3160 0.0238 0.023914 5 3.8850 8.9985 0.0235 0.024314 6 3.8850 8.6960 0.0233 0.024414 7 3.8850 8.0900 0.0201 0.020714 8 3.8850 7.4690 0.0198 0.020414 9 3.8850 6.8600 0.0211 0.0221112



Table C.8: Wave height characteristics for TEST 3 (irregular waves).Array pos. Gage no. x (mts) y (mts) Hs (mts) Ts (mts)1 1 2.9600 8.9800 0.013911 0.7304821 2 3.5760 8.9800 0.012023 0.7326781 3 4.1880 8.9800 0.014435 0.7423791 4 4.8040 8.9800 0.023313 0.7444451 5 5.1215 8.9800 0.018989 0.6947971 6 5.4240 8.9800 0.020879 0.7360121 7 6.0300 8.9800 0.027735 0.7402001 8 6.6510 8.9800 0.013976 0.6602531 9 7.2600 8.9800 0.011176 0.6809172 1 8.8300 8.9800 0.010125 0.7323732 2 9.4460 8.9800 0.010262 0.7309672 3 10.0580 8.9800 0.009252 0.7262492 4 10.6740 8.9800 0.009717 0.7283382 5 10.9915 8.9800 0.009113 0.7262682 6 11.2940 8.9800 0.009183 0.7315532 7 11.9000 8.9800 0.009386 0.7358582 8 12.5210 8.9800 0.009253 0.7289582 9 13.1300 8.9800 0.008991 0.7246473 1 12.2700 7.6000 0.009461 0.7374593 2 12.2700 6.9840 0.011125 0.7308243 3 12.2700 6.3720 0.011906 0.7316933 4 12.2700 5.7560 0.013668 0.7259153 5 12.2700 5.4385 0.014026 0.7264113 6 12.2700 5.1360 0.013752 0.7377673 7 12.2700 4.5300 0.013787 0.7264993 8 12.2700 3.9090 0.014349 0.7372883 9 12.2700 3.3000 0.014016 0.7307704 1 12.2700 11.7600 0.012433 0.7188914 2 12.2700 11.1440 0.011985 0.7316494 3 12.2700 10.5320 0.010360 0.7314814 4 12.2700 9.9160 0.010038 0.7292604 5 12.2700 9.5985 0.009790 0.7282984 6 12.2700 9.2960 0.009237 0.7234354 7 12.2700 8.6900 0.009007 0.7296484 8 12.2700 8.0690 0.009682 0.7374564 9 12.2700 7.4600 0.009300 0.7267695 1 12.2700 16.4300 0.013598 0.7341295 2 12.2700 15.8140 0.013802 0.7338565 3 12.2700 15.2020 0.013828 0.7400675 4 12.2700 14.5860 0.013819 0.730109113



5 5 12.2700 14.2685 0.014330 0.7349085 6 12.2700 13.9660 0.014904 0.7360705 7 12.2700 13.3600 0.014313 0.7268245 8 12.2700 12.7390 0.013856 0.7249465 9 12.2700 12.1300 0.013483 0.7293626 1 9.8300 16.1200 0.013854 0.7320526 2 9.8300 15.5040 0.013910 0.7360156 3 9.8300 14.8920 0.014821 0.7359096 4 9.8300 14.2760 0.014608 0.7387856 5 9.8300 13.9585 0.015201 0.7286986 6 9.8300 13.6560 0.015338 0.7375246 7 9.8300 13.0500 0.015423 0.7285876 8 9.8300 12.4290 0.014719 0.7174636 9 9.8300 11.8200 0.014278 0.7255487 1 9.8300 10.9950 0.011815 0.7187867 2 9.8300 10.3790 0.011145 0.7138357 3 9.8300 9.7670 0.010287 0.7235687 4 9.8300 9.1510 0.010849 0.7272447 5 9.8300 8.8335 0.009958 0.7258957 6 9.8300 8.5310 0.010480 0.7341627 7 9.8300 7.9250 0.009445 0.7317817 8 9.8300 7.3040 0.011429 0.7224307 9 9.8300 6.6950 0.011496 0.7191538 1 9.8300 6.5800 0.013114 0.7191728 2 9.8300 5.9640 0.015029 0.7282618 3 9.8300 5.3520 0.015304 0.7327148 4 9.8300 4.7360 0.014664 0.7338558 5 9.8300 4.4185 0.015128 0.7351688 6 9.8300 4.1160 0.015866 0.7345798 7 9.8300 3.5100 0.015440 0.7315748 8 9.8300 2.8890 0.014975 0.7377498 9 9.8300 2.2800 0.014370 0.7297409 1 7.8650 5.7900 0.014361 0.7324659 2 7.8650 5.1740 0.015578 0.7396569 3 7.8650 4.5620 0.015168 0.7408199 4 7.8650 3.9460 0.014764 0.7400649 5 7.8650 3.6285 0.014551 0.7378909 6 7.8650 3.3260 0.014455 0.7387829 7 7.8650 2.7200 0.013663 0.7336219 8 7.8650 2.0990 0.013010 0.7342269 9 7.8650 1.4900 0.012954 0.74151610 1 7.8650 11.3150 0.013440 0.72582510 2 7.8650 10.6990 0.012606 0.721510114



10 3 7.8650 10.0870 0.011886 0.70765810 4 7.8650 9.4710 0.010752 0.69758810 5 7.8650 9.1535 0.010878 0.72566810 6 7.8650 8.8510 0.010570 0.72282210 7 7.8650 8.2450 0.010376 0.71055610 8 7.8650 7.6240 0.013555 0.71487810 9 7.8650 7.0150 0.013863 0.72394611 1 7.8650 16.3850 0.013311 0.73588611 2 7.8650 15.7690 0.013184 0.73907211 3 7.8650 15.1570 0.013379 0.73962611 4 7.8650 14.5410 0.013669 0.73346611 5 7.8650 14.2235 0.013878 0.73787811 6 7.8650 13.9210 0.014498 0.73754811 7 7.8650 13.3150 0.014288 0.73026211 8 7.8650 12.6940 0.015750 0.73154311 9 7.8650 12.0850 0.015043 0.73690812 1 6.1750 11.1650 0.013025 0.72818912 2 6.1750 10.5490 0.012044 0.74136512 3 6.1750 9.9370 0.012478 0.75038312 4 6.1750 9.3210 0.016162 0.73265312 5 6.1750 9.0035 0.024814 0.73738712 6 6.1750 8.7010 0.017359 0.72420712 7 6.1750 8.0950 0.011489 0.73377612 8 6.1750 7.4740 0.012154 0.74064612 9 6.1750 6.8650 0.012056 0.73017013 1 5.0400 11.0850 0.012704 0.73002113 2 5.0400 10.4690 0.012054 0.72783013 3 5.0400 9.8570 0.014471 0.74879413 4 5.0400 9.2410 0.022313 0.74909013 5 5.0400 8.9235 0.019402 0.72709313 6 5.0400 8.6210 0.018377 0.74469813 7 5.0400 8.0150 0.012381 0.74575813 8 5.0400 7.3940 0.011625 0.73178713 9 5.0400 6.7850 0.012377 0.72938414 1 3.7750 11.0850 0.013533 0.73165514 2 3.7750 10.4690 0.012764 0.73558714 3 3.7750 9.8570 0.013647 0.73239014 4 3.7750 9.2410 0.013469 0.73553914 5 3.7750 8.9235 0.012718 0.73022614 6 3.7750 8.6210 0.011768 0.73398014 7 3.7750 8.0150 0.011665 0.73082814 8 3.7750 7.3940 0.013295 0.72950414 9 3.7750 6.7850 0.013456 0.732909115



Table C.9: Wave height characteristics for TEST 4 (irregular waves).Array pos. Gage no. x (mts) y (mts) Hs (mts) Ts (mts)1 1 2.9600 8.9800 0.014740 0.7357421 2 3.5760 8.9800 0.014320 0.7449721 3 4.1880 8.9800 0.016740 0.7457231 4 4.8040 8.9800 0.024388 0.7473061 5 5.1215 8.9800 0.020820 0.6961331 6 5.4240 8.9800 0.021281 0.7234301 7 6.0300 8.9800 0.021638 0.7391191 8 6.6510 8.9800 0.016404 0.7298741 9 7.2600 8.9800 0.012845 0.7214932 1 8.8300 8.9800 0.010727 0.7281622 2 9.4460 8.9800 0.011442 0.7260702 3 10.0580 8.9800 0.011107 0.7299882 4 10.6740 8.9800 0.011675 0.7289112 5 10.9915 8.9800 0.011187 0.7305032 6 11.2940 8.9800 0.011310 0.7273512 7 11.9000 8.9800 0.011860 0.7366632 8 12.5210 8.9800 0.011363 0.7343322 9 13.1300 8.9800 0.011680 0.7304863 1 12.2700 7.6000 0.012810 0.7312433 2 12.2700 6.9840 0.012687 0.7364183 3 12.2700 6.3720 0.013312 0.7359663 4 12.2700 5.7560 0.013693 0.7322753 5 12.2700 5.4385 0.013822 0.7349823 6 12.2700 5.1360 0.012898 0.7290063 7 12.2700 4.5300 0.013071 0.7273083 8 12.2700 3.9090 0.014123 0.7326313 9 12.2700 3.3000 0.012658 0.7318454 1 12.2700 11.7600 0.013560 0.7310844 2 12.2700 11.1440 0.012081 0.7303704 3 12.2700 10.5320 0.011983 0.7272864 4 12.2700 9.9160 0.011982 0.7252714 5 12.2700 9.5985 0.011375 0.7337184 6 12.2700 9.2960 0.011715 0.7349334 7 12.2700 8.6900 0.011917 0.7292044 8 12.2700 8.0690 0.012035 0.7307194 9 12.2700 7.4600 0.011605 0.7304785 1 12.2700 16.4300 0.014211 0.7356885 2 12.2700 15.8140 0.014280 0.7339355 3 12.2700 15.2020 0.014061 0.7354745 4 12.2700 14.5860 0.014160 0.736787116



5 5 12.2700 14.2685 0.014296 0.7350025 6 12.2700 13.9660 0.013945 0.7358775 7 12.2700 13.3600 0.014277 0.7342975 8 12.2700 12.7390 0.013697 0.7337925 9 12.2700 12.1300 0.013586 0.7401586 1 9.8300 16.1200 0.014937 0.7338416 2 9.8300 15.5040 0.014229 0.7414856 3 9.8300 14.8920 0.015604 0.7438646 4 9.8300 14.2760 0.015034 0.7394666 5 9.8300 13.9585 0.015006 0.7345056 6 9.8300 13.6560 0.015372 0.7377166 7 9.8300 13.0500 0.014933 0.7391926 8 9.8300 12.4290 0.014565 0.7303306 9 9.8300 11.8200 0.014072 0.7329337 1 9.8300 10.9950 0.012616 0.7261197 2 9.8300 10.3790 0.013327 0.7283307 3 9.8300 9.7670 0.012088 0.7331997 4 9.8300 9.1510 0.012190 0.7254367 5 9.8300 8.8335 0.011230 0.7245627 6 9.8300 8.5310 0.011981 0.7286207 7 9.8300 7.9250 0.012243 0.7295737 8 9.8300 7.3040 0.012975 0.7298667 9 9.8300 6.6950 0.013610 0.7278778 1 9.8300 6.5750 0.014286 0.7258118 2 9.8300 5.9590 0.015099 0.7335658 3 9.8300 5.3470 0.014625 0.7324988 4 9.8300 4.7310 0.014311 0.7351908 5 9.8300 4.4135 0.014791 0.7274458 6 9.8300 4.1110 0.014754 0.7343908 7 9.8300 3.5050 0.014536 0.7311088 8 9.8300 2.8840 0.015023 0.7376228 9 9.8300 2.2750 0.014895 0.7341569 1 7.8650 5.7950 0.015169 0.7355139 2 7.8650 5.1790 0.014960 0.7358919 3 7.8650 4.5670 0.015233 0.7330329 4 7.8650 3.9510 0.015067 0.7342279 5 7.8650 3.6335 0.014350 0.7387329 6 7.8650 3.3310 0.013948 0.7379569 7 7.8650 2.7250 0.013125 0.7343269 8 7.8650 2.1040 0.013246 0.7340049 9 7.8650 1.4950 0.013514 0.73850910 1 7.8650 11.3150 0.014120 0.73133410 2 7.8650 10.6990 0.013696 0.722987117



10 3 7.8650 10.0870 0.013894 0.71932510 4 7.8650 9.4710 0.012787 0.72431510 5 7.8650 9.1535 0.012172 0.72299010 6 7.8650 8.8510 0.012472 0.73443110 7 7.8650 8.2450 0.012739 0.72216810 8 7.8650 7.6240 0.013984 0.72825610 9 7.8650 7.0150 0.014027 0.72181611 1 7.8650 16.3850 0.014448 0.73377011 2 7.8650 15.7690 0.014130 0.73680311 3 7.8650 15.1570 0.014460 0.74236911 4 7.8650 14.5410 0.014015 0.73763411 5 7.8650 14.2235 0.014956 0.74345411 6 7.8650 13.9210 0.014514 0.74246811 7 7.8650 13.3150 0.014800 0.73803411 8 7.8650 12.6940 0.014940 0.74246911 9 7.8650 12.0850 0.014312 0.73159212 1 6.1750 11.1650 0.014410 0.73661512 2 6.1750 10.5490 0.013441 0.73134912 3 6.1750 9.9370 0.014781 0.73931412 4 6.1750 9.3210 0.018302 0.74015412 5 6.1750 9.0035 0.020499 0.74345812 6 6.1750 8.7010 0.020015 0.73861612 7 6.1750 8.0950 0.014800 0.73458112 8 6.1750 7.4740 0.014851 0.73390412 9 6.1750 6.8650 0.013663 0.72807113 1 5.0400 11.0850 0.014532 0.73337713 2 5.0400 10.4690 0.013943 0.74340613 3 5.0400 9.8570 0.017472 0.75072413 4 5.0400 9.2410 0.021574 0.72960913 5 5.0400 8.9235 0.021566 0.74055113 6 5.0400 8.6210 0.019791 0.74208213 7 5.0400 8.0150 0.016151 0.74599013 8 5.0400 7.3940 0.013439 0.73727413 9 5.0400 6.7850 0.014201 0.73297014 1 3.7750 11.0850 0.014701 0.74158114 2 3.7750 10.4690 0.014704 0.73665714 3 3.7750 9.8570 0.014585 0.73773714 4 3.7750 9.2410 0.013708 0.74078814 5 3.7750 8.9235 0.014443 0.73776414 6 3.7750 8.6210 0.013798 0.73419414 7 3.7750 8.0150 0.013796 0.73735414 8 3.7750 7.3940 0.014898 0.73531414 9 3.7750 6.7850 0.014998 0.732347118



Table C.10: Wave height characteristics for TEST 5 (irregular waves).Array pos. Gage no. x (mts) y (mts) Hs (mts) Ts (mts)1 1 2.9600 8.9800 0.023363 0.7323061 2 3.5760 8.9800 0.022305 0.7353041 3 4.1880 8.9800 0.026819 0.7429711 4 4.8040 8.9800 0.026871 0.7453501 5 5.1215 8.9800 0.021155 0.7135901 6 5.4240 8.9800 0.019525 0.6846451 7 6.0300 8.9800 0.033759 0.7519161 8 6.6510 8.9800 0.030327 0.7307551 9 7.2600 8.9800 0.019894 0.6991362 1 8.8300 8.9800 0.014049 0.7224922 2 9.4460 8.9800 0.013848 0.7191182 3 10.0580 8.9800 0.014927 0.7262272 4 10.6740 8.9800 0.014602 0.7303842 5 10.9915 8.9800 0.014424 0.7258842 6 11.2940 8.9800 0.014558 0.7373292 7 11.9000 8.9800 0.015052 0.7322402 8 12.5210 8.9800 0.015008 0.7312262 9 13.1300 8.9800 0.014535 0.7246813 1 12.2700 7.6000 0.015286 0.7286203 2 12.2700 6.9840 0.018050 0.7151573 3 12.2700 6.3720 0.018554 0.7278163 4 12.2700 5.7560 0.022815 0.7254783 5 12.2700 5.4385 0.023636 0.7257123 6 12.2700 5.1360 0.024672 0.7338833 7 12.2700 4.5300 0.023571 0.7239173 8 12.2700 3.9090 0.025045 0.7272913 9 12.2700 3.3000 0.023018 0.7326534 1 12.2700 11.7600 0.021586 0.7188284 2 12.2700 11.1440 0.020318 0.7183574 3 12.2700 10.5320 0.017334 0.7151554 4 12.2700 9.9160 0.015710 0.7328604 5 12.2700 9.5985 0.014894 0.7340804 6 12.2700 9.2960 0.014394 0.7361234 7 12.2700 8.6900 0.015207 0.7314754 8 12.2700 8.0690 0.015074 0.7350434 9 12.2700 7.4600 0.014787 0.7220305 1 12.2700 16.4300 0.022226 0.7281385 2 12.2700 15.8140 0.024410 0.7369435 3 12.2700 15.2020 0.023543 0.7328875 4 12.2700 14.5860 0.023757 0.736898119



5 5 12.2700 14.2685 0.023952 0.7366755 6 12.2700 13.9660 0.025247 0.7346825 7 12.2700 13.3600 0.023525 0.7314555 8 12.2700 12.7390 0.025083 0.7311125 9 12.2700 12.1300 0.022076 0.7244826 1 9.8300 16.1200 0.022830 0.7319746 2 9.8300 15.5040 0.023634 0.7419146 3 9.8300 14.8920 0.023387 0.7367426 4 9.8300 14.2760 0.023986 0.7365876 5 9.8300 13.9585 0.024845 0.7368416 6 9.8300 13.6560 0.025946 0.7403176 7 9.8300 13.0500 0.025752 0.7388026 8 9.8300 12.4290 0.024633 0.7273196 9 9.8300 11.8200 0.025495 0.7272977 1 9.8300 10.9950 0.020647 0.7159887 2 9.8300 10.3790 0.018344 0.7083837 3 9.8300 9.7670 0.017208 0.7260627 4 9.8300 9.1510 0.014605 0.7200987 5 9.8300 8.8335 0.015194 0.7292677 6 9.8300 8.5310 0.016682 0.7300997 7 9.8300 7.9250 0.016272 0.7220977 8 9.8300 7.3040 0.018516 0.7122997 9 9.8300 6.6950 0.020940 0.7184838 1 9.8300 6.5750 0.023459 0.7255788 2 9.8300 5.9590 0.025998 0.7350088 3 9.8300 5.3470 0.023934 0.7274558 4 9.8300 4.7310 0.025972 0.7352508 5 9.8300 4.4135 0.024714 0.7329068 6 9.8300 4.1110 0.024581 0.7364758 7 9.8300 3.5050 0.022740 0.7364528 8 9.8300 2.8840 0.021631 0.7331888 9 9.8300 2.2750 0.019639 0.7423559 1 7.8650 5.7950 0.023541 0.7395939 2 7.8650 5.1790 0.023808 0.7348959 3 7.8650 4.5670 0.022347 0.7343479 4 7.8650 3.9510 0.022472 0.7357899 5 7.8650 3.6335 0.022012 0.7401799 6 7.8650 3.3310 0.022845 0.7348849 7 7.8650 2.7250 0.021927 0.7348779 8 7.8650 2.1040 0.019381 0.7308229 9 7.8650 1.4950 0.019225 0.74059210 1 7.8650 11.3150 0.022176 0.73638010 2 7.8650 10.6990 0.021030 0.724500120



10 3 7.8650 10.0870 0.022090 0.71935310 4 7.8650 9.4710 0.021437 0.72009910 5 7.8650 9.1535 0.018111 0.69507410 6 7.8650 8.8510 0.018128 0.70763710 7 7.8650 8.2450 0.021545 0.72804610 8 7.8650 7.6240 0.020518 0.72846210 9 7.8650 7.0150 0.021301 0.72671011 1 7.8650 16.3850 0.021724 0.73402411 2 7.8650 15.7690 0.022535 0.73703811 3 7.8650 15.1570 0.023123 0.73643111 4 7.8650 14.5410 0.022972 0.73546911 5 7.8650 14.2235 0.023951 0.74169611 6 7.8650 13.9210 0.024068 0.73531411 7 7.8650 13.3150 0.024814 0.73696211 8 7.8650 12.6940 0.025188 0.73264311 9 7.8650 12.0850 0.024802 0.73923312 1 6.1750 11.1650 0.020268 0.72772212 2 6.1750 10.5490 0.018825 0.73322012 3 6.1750 9.9370 0.018311 0.72933712 4 6.1750 9.3210 0.027552 0.72499412 5 6.1750 9.0035 0.034833 0.75180812 6 6.1750 8.7010 0.026977 0.72976212 7 6.1750 8.0950 0.018353 0.72418112 8 6.1750 7.4740 0.018468 0.72940412 9 6.1750 6.8650 0.020218 0.73289213 1 5.0400 11.0850 0.021450 0.72928613 2 5.0400 10.4690 0.020480 0.72826413 3 5.0400 9.8570 0.024114 0.74738113 4 5.0400 9.2410 0.026417 0.75021513 5 5.0400 8.9235 0.022885 0.75038313 6 5.0400 8.6210 0.027714 0.75048413 7 5.0400 8.0150 0.021228 0.74000113 8 5.0400 7.3940 0.019310 0.72616713 9 5.0400 6.7850 0.020914 0.72910514 1 3.7750 11.0850 0.022582 0.73281514 2 3.7750 10.4690 0.021666 0.73295314 3 3.7750 9.8570 0.023181 0.73115114 4 3.7750 9.2410 0.023624 0.73379314 5 3.7750 8.9235 0.023165 0.73263414 6 3.7750 8.6210 0.020959 0.73206314 7 3.7750 8.0150 0.020492 0.73356714 8 3.7750 7.3940 0.022355 0.73412114 9 3.7750 6.7850 0.021786 0.727314121



Table C.11: Wave height characteristics for TEST 6 (irregular waves).Array pos. Gage no. x (mts) y (mts) Hs (mts) Ts (mts)1 1 2.9600 8.9800 0.023435 0.7346971 2 3.5760 8.9800 0.022952 0.7404671 3 4.1880 8.9800 0.026235 0.7515981 4 4.8040 8.9800 0.029261 0.7493651 5 5.1215 8.9800 0.023395 0.6818751 6 5.4240 8.9800 0.025864 0.6877781 7 6.0300 8.9800 0.029177 0.7379671 8 6.6510 8.9800 0.026808 0.7396601 9 7.2600 8.9800 0.022207 0.7229262 1 8.8300 8.9800 0.018325 0.7241412 2 9.4460 8.9800 0.018236 0.7153082 3 10.0580 8.9800 0.018129 0.7200712 4 10.6740 8.9800 0.017854 0.7203252 5 10.9915 8.9800 0.018697 0.7299662 6 11.2940 8.9800 0.018637 0.7264902 7 11.9000 8.9800 0.017498 0.7261792 8 12.5210 8.9800 0.018873 0.7283902 9 13.1300 8.9800 0.018925 0.7232643 1 12.2700 7.6000 0.020021 0.7340063 2 12.2700 6.9840 0.021213 0.7316633 3 12.2700 6.3720 0.021827 0.7296083 4 12.2700 5.7560 0.022029 0.7313173 5 12.2700 5.4385 0.023266 0.7310563 6 12.2700 5.1360 0.022988 0.7335453 7 12.2700 4.5300 0.021490 0.7315563 8 12.2700 3.9090 0.022409 0.7308513 9 12.2700 3.3000 0.023326 0.7308434 1 12.2700 11.7600 0.021865 0.7277494 2 12.2700 11.1440 0.022184 0.7312904 3 12.2700 10.5320 0.021457 0.7289534 4 12.2700 9.9160 0.020780 0.7341104 5 12.2700 9.5985 0.019889 0.7295714 6 12.2700 9.2960 0.020065 0.7291714 7 12.2700 8.6900 0.018491 0.7226784 8 12.2700 8.0690 0.018970 0.7242684 9 12.2700 7.4600 0.019954 0.7324185 1 12.2700 16.4300 0.023543 0.7308965 2 12.2700 15.8140 0.024288 0.7326955 3 12.2700 15.2020 0.023511 0.7326295 4 12.2700 14.5860 0.024041 0.734636122



5 5 12.2700 14.2685 0.023907 0.7321755 6 12.2700 13.9660 0.024113 0.7339765 7 12.2700 13.3600 0.022223 0.7353775 8 12.2700 12.7390 0.024215 0.7328945 9 12.2700 12.1300 0.022566 0.7336726 1 9.8300 16.1200 0.022867 0.7432526 2 9.8300 15.5040 0.023298 0.7326496 3 9.8300 14.8920 0.024340 0.7334166 4 9.8300 14.2760 0.026174 0.7398746 5 9.8300 13.9585 0.024154 0.7375166 6 9.8300 13.6560 0.024354 0.7341546 7 9.8300 13.0500 0.023877 0.7360486 8 9.8300 12.4290 0.023730 0.7351106 9 9.8300 11.8200 0.024307 0.7306417 1 9.8300 10.9950 0.020982 0.7260897 2 9.8300 10.3790 0.022351 0.7313387 3 9.8300 9.7670 0.020276 0.7291617 4 9.8300 9.1510 0.019175 0.7252967 5 9.8300 8.8335 0.018280 0.7213457 6 9.8300 8.5310 0.018764 0.7252827 7 9.8300 7.9250 0.019448 0.7308707 8 9.8300 7.3040 0.021680 0.7313907 9 9.8300 6.6950 0.021370 0.7283458 1 9.8300 6.5750 0.022259 0.7233058 2 9.8300 5.9590 0.024327 0.7355408 3 9.8300 5.3470 0.024115 0.7353008 4 9.8300 4.7310 0.025050 0.7375618 5 9.8300 4.4135 0.023356 0.7276998 6 9.8300 4.1110 0.023280 0.7327358 7 9.8300 3.5050 0.024168 0.7310058 8 9.8300 2.8840 0.024311 0.7342508 9 9.8300 2.2750 0.022864 0.7307119 1 7.8650 5.7950 0.023408 0.7341859 2 7.8650 5.1790 0.024635 0.7391399 3 7.8650 4.5670 0.023373 0.7347349 4 7.8650 3.9510 0.023826 0.7399889 5 7.8650 3.6335 0.023412 0.7319309 6 7.8650 3.3310 0.023670 0.7314339 7 7.8650 2.7250 0.022068 0.7355889 8 7.8650 2.1040 0.020598 0.7346149 9 7.8650 1.4950 0.020164 0.73128010 1 7.8650 11.3150 0.023871 0.72785810 2 7.8650 10.6990 0.022940 0.721768123



10 3 7.8650 10.0870 0.023396 0.72469910 4 7.8650 9.4710 0.020971 0.72637510 5 7.8650 9.1535 0.020614 0.72573910 6 7.8650 8.8510 0.021263 0.72793510 7 7.8650 8.2450 0.020911 0.72473010 8 7.8650 7.6240 0.022654 0.73440210 9 7.8650 7.0150 0.023589 0.72764311 1 7.8650 16.3850 0.023455 0.73901011 2 7.8650 15.7690 0.022779 0.73402711 3 7.8650 15.1570 0.023222 0.73100511 4 7.8650 14.5410 0.024064 0.73474311 5 7.8650 14.2235 0.024352 0.73547011 6 7.8650 13.9210 0.025593 0.73840511 7 7.8650 13.3150 0.025147 0.73688211 8 7.8650 12.6940 0.025387 0.73618611 9 7.8650 12.0850 0.023575 0.73272312 1 6.1750 11.1650 0.023086 0.73067312 2 6.1750 10.5490 0.021731 0.73065712 3 6.1750 9.9370 0.022896 0.73077612 4 6.1750 9.3210 0.028615 0.73845812 5 6.1750 9.0035 0.029161 0.74834212 6 6.1750 8.7010 0.029630 0.73772912 7 6.1750 8.0950 0.021715 0.72748512 8 6.1750 7.4740 0.021421 0.73325812 9 6.1750 6.8650 0.020819 0.73077413 1 5.0400 11.0850 0.023862 0.72788013 2 5.0400 10.4690 0.022649 0.73422213 3 5.0400 9.8570 0.025836 0.74554013 4 5.0400 9.2410 0.028488 0.74588813 5 5.0400 8.9235 0.024265 0.72308013 6 5.0400 8.6210 0.029376 0.74556013 7 5.0400 8.0150 0.024393 0.74332513 8 5.0400 7.3940 0.020967 0.72590913 9 5.0400 6.7850 0.023346 0.73194114 1 3.7750 11.0850 0.024952 0.73595114 2 3.7750 10.4690 0.024186 0.72711314 3 3.7750 9.8570 0.024056 0.73935314 4 3.7750 9.2410 0.023097 0.74032914 5 3.7750 8.9235 0.022527 0.73957514 6 3.7750 8.6210 0.023260 0.73870914 7 3.7750 8.0150 0.022558 0.73072314 8 3.7750 7.3940 0.023747 0.73462614 9 3.7750 6.7850 0.024250 0.731584124



Table C.12: Index of Agreement results for irregular waves (TEST 3).Transect di(d = 2:5cm) di(d = 3cm) di(d = 3:5cm)A-A 0.9588 0.9448 0.9436G-G 0.5434 0.5434 0.5389F-F 0.8522 0.8845 0.8818E-E 0.8541 0.9314 0.9390D-D 0.8848 0.9086 0.8237C-C 0.9266 0.9355 0.9728B-B 0.9490 0.9610 0.9520
Table C.13: Index of Agreement results for irregular waves (TEST 4).Transect di(d = 2:5cm) di(d = 3cm) di(d = 3:5cm)A-A 0.9367 0.9426 0.9301G-G 0.6543 0.6896 0.6663F-F 0.8206 0.8751 0.8847E-E 0.8970 0.8743 0.8602D-D 0.8374 0.8577 0.7160C-C 0.9151 0.9525 0.9605B-B 0.8978 0.9016 0.8639
Table C.14: Index of Agreement results for irregular waves (TEST 5).Transect di(d = 2:5cm) di(d = 3cm) di(d = 3:5cm)A-A 0.9221 0.8954 0.8660G-G 0.3865 0.3878 0.3878F-F 0.6130 0.7949 0.8823E-E 0.9175 0.9712 0.9485D-D 0.6953 0.7176 0.7048C-C 0.9028 0.9205 0.9440B-B 0.9579 0.9653 0.9694
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Table C.15: Index of Agreement results for irregular waves (TEST 6).Transect di(d = 2:5cm) di(d = 3cm) di(d = 3:5cm)A-A 0.8513 0.9233 0.9422G-G 0.7479 0.7691 0.7784F-F 0.4768 0.6414 0.7486E-E 0.8952 0.8998 0.8923D-D 0.6446 0.7302 0.8070C-C 0.8363 0.8793 0.9233B-B 0.7949 0.8303 0.8776

126



Appendix DFREQUENCY SPECTRA PLOTSThe frequency spectra at each gage location, for the second set of irregularspectra experiments, has been plotted here. For each time series, the spectrum wassmoothed by a bartlett average over 32 hanning windows, each consisting of 1024data points. For the sake of clarity the spectrum has been plotted on a log scale.The spectral plots give a good idea of the growth and propogation of higherharmonics in the wave �eld. For all four test cases, the generation of secondaryharmonics is seen on top of the shoal (position 1, gages 4 to 6; and position 13,gages 4 to 6). The higher harmonics then progress down the tank, moving awayfrom the center and decreasing in strength (position 10, gages 1 to 3 and 7 to 9;and then along position 6 and position 8). Whereas the spectral energy increasesdue to wave shoaling and focusing behind the shoal, and can be explained to a gooddegree by linear theory, the generation of higher harmonics are due to wave waveinteractions in the wave �eld, and are caused due to the nonlinear nature of thewave �eld. In all the four test cases, the secondary harmonics are quite signi�cant,thus showing the prescence of a highly nonlinear physical phenomenon. This is notcontrary to expectations as all the cases had wave breaking on top of the shoal.
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Figure E.1: Directional spectra for Test 3 (position 1).
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Figure E.2: Directional spectra for Test 3 (position 2).
186



1.2 1.4 1.6 1.8 2

−50

0

50

gage 1

1.2 1.4 1.6 1.8 2

−50

0

50

gage 2

1.2 1.4 1.6 1.8 2

−50

0

50

gage 3

1.2 1.4 1.6 1.8 2

−50

0

50

gage 4

1.2 1.4 1.6 1.8 2

−50

0

50

gage 5

1.2 1.4 1.6 1.8 2

−50

0

50

gage 6

1.2 1.4 1.6 1.8 2

−50

0

50

gage 7

1.2 1.4 1.6 1.8 2

−50

0

50

gage 8

1.2 1.4 1.6 1.8 2

−50

0

50

gage 9

Figure E.3: Directional spectra for Test 3 (position 3).
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Figure E.4: Directional spectra for Test 3 (position 4).
188



1.2 1.4 1.6 1.8 2

−50

0

50

gage 1

1.2 1.4 1.6 1.8 2

−50

0

50

gage 2

1.2 1.4 1.6 1.8 2

−50

0

50

gage 3

1.2 1.4 1.6 1.8 2

−50

0

50

gage 4

1.2 1.4 1.6 1.8 2

−50

0

50

gage 5

1.2 1.4 1.6 1.8 2

−50

0

50

gage 6

1.2 1.4 1.6 1.8 2

−50

0

50

gage 7

1.2 1.4 1.6 1.8 2

−50

0

50

gage 8

1.2 1.4 1.6 1.8 2

−50

0

50

gage 9

Figure E.5: Directional spectra for Test 3 (position 5).
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Figure E.6: Directional spectra for Test 3 (position 6).
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Figure E.7: Directional spectra for Test 3 (position 7).
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Figure E.8: Directional spectra for Test 3 (position 8).
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Figure E.9: Directional spectra for Test 3 (position 9).
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Figure E.10: Directional spectra for Test 3 (position 10).
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Figure E.11: Directional spectra for Test 3 (position 11).
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Figure E.12: Directional spectra for Test 3 (position 12).
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Figure E.13: Directional spectra for Test 3 (position 13).
197



1.2 1.4 1.6 1.8 2

−50

0

50

gage 1

1.2 1.4 1.6 1.8 2

−50

0

50

gage 2

1.2 1.4 1.6 1.8 2

−50

0

50

gage 3

1.2 1.4 1.6 1.8 2

−50

0

50

gage 4

1.2 1.4 1.6 1.8 2

−50

0

50

gage 5

1.2 1.4 1.6 1.8 2

−50

0

50

gage 6

1.2 1.4 1.6 1.8 2

−50

0

50

gage 7

1.2 1.4 1.6 1.8 2

−50

0

50

gage 8

1.2 1.4 1.6 1.8 2

−50

0

50

gage 9

Figure E.14: Directional spectra for Test 3 (position 14).
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Figure E.15: Directional spectra for Test 4 (position 1).
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Figure E.16: Directional spectra for Test 4 (position 2).
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Figure E.17: Directional spectra for Test 4 (position 3).
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Figure E.18: Directional spectra for Test 4 (position 4).
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Figure E.19: Directional spectra for Test 4 (position 5).
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Figure E.20: Directional spectra for Test 4 (position 6).
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Figure E.21: Directional spectra for Test 4 (position 7).
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Figure E.22: Directional spectra for Test 4 (position 8).
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Figure E.23: Directional spectra for Test 4 (position 9).
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Figure E.24: Directional spectra for Test 4 (position 10).
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Figure E.25: Directional spectra for Test 4 (position 11).
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Figure E.26: Directional spectra for Test 4 (position 12).
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Figure E.27: Directional spectra for Test 4 (position 13).
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Figure E.28: Directional spectra for Test 4 (position 14).
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Figure E.29: Directional spectra for Test 5 (position 1).
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Figure E.30: Directional spectra for Test 5 (position 2).
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Figure E.31: Directional spectra for Test 5 (position 3).
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Figure E.32: Directional spectra for Test 5 (position 4).
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Figure E.33: Directional spectra for Test 5 (position 5).
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Figure E.34: Directional spectra for Test 5 (position 6).
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Figure E.35: Directional spectra for Test 5 (position 7).
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Figure E.36: Directional spectra for Test 5 (position 8).
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Figure E.37: Directional spectra for Test 5 (position 9).
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Figure E.38: Directional spectra for Test 5 (position 10).
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Figure E.39: Directional spectra for Test 5 (position 11).
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Figure E.40: Directional spectra for Test 5 (position 12).
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Figure E.41: Directional spectra for Test 5 (position 13).
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Figure E.42: Directional spectra for Test 5 (position 14).
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Figure E.43: Directional spectra for Test 6 (position 1).
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Figure E.44: Directional spectra for Test 6 (position 2).
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Figure E.45: Directional spectra for Test 6 (position 3).
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Figure E.46: Directional spectra for Test 6 (position 4).
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Figure E.47: Directional spectra for Test 6 (position 5).
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Figure E.48: Directional spectra for Test 6 (position 6).
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Figure E.49: Directional spectra for Test 6 (position 7).
233



1.2 1.4 1.6 1.8

−50

0

50

gage 1

1.2 1.4 1.6 1.8

−50

0

50

gage 2

1.2 1.4 1.6 1.8

−50

0

50

gage 3

1.2 1.4 1.6 1.8

−50

0

50

gage 4

1.2 1.4 1.6 1.8

−50

0

50

gage 5

1.2 1.4 1.6 1.8

−50

0

50

gage 6

1.2 1.4 1.6 1.8

−50

0

50

gage 7

1.2 1.4 1.6 1.8

−50

0

50

gage 8

1.2 1.4 1.6 1.8

−50

0

50

gage 9

Figure E.50: Directional spectra for Test 6 (position 8).
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Figure E.51: Directional spectra for Test 6 (position 9).
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Figure E.52: Directional spectra for Test 6 (position 10).
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Figure E.53: Directional spectra for Test 6 (position 11).
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Figure E.54: Directional spectra for Test 6 (position 12).
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Figure E.55: Directional spectra for Test 6 (position 13).
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Figure E.56: Directional spectra for Test 6 (position 14).
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