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The wave height parameter in ocean waves is one of the important information for a marine structure
design. The present paper investigates the results of wave heights distribution from laboratory¬
generated for single sea state. Data of the random wave time series collected at the ocean basin are
analyzed using the wave spectrum and compared with the theoretical spectrum in this study. The
random wave data is varied with four sea states consisting of sea states 3, 4, 5 and 6 obtained from
laboratory measurements. The parameter conditions of generated sea waves are represented by a value
of significant wave height and wave peak period in the range of sea states. The individual wave heights
data in each sea state are presented in the form of exceedance probability distribution and the
predictions using a linear model. This study aims to estimate the wave heights distribution using the
Rayleigh and Weibull distribution model. Furthermore, the accuracy of the wave heights distribution
data's prediction results in each sea state has been compared and examined for both models. The
applied linear models indicate similar and reasonable estimations on the observed data trends.
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1. Introduction

Ocean waves are one of the parameters that affect the calculation of wave load and coastal and offshore structures'
response. The wave heights or crest-to-trough waves generated within random waves should be considered for the marine
structure's design, as the maximum wave height can have a significant effect on the lifetime of these structures.The statistical
analysis of wave heights is vital for the design of marine structures [1], Therefore, the knowledge of statistical models
explaining the wave heights distribution is an essential requirement for the design process of various ocean structures. The
wave height distribution can represent a key input for designing the structure in ocean engineering [2],

The estimation of the wave height distribution can apply some widely used models by scientific and engineering
practices. Various theoretical models have been developed to characterize the probability distribution of wave heights.
Prevosto et al. [3] studied the probability distribution models of short-term and long-term to estimate ocean waves'
maximum wave height. Guedes Soares and Pascoal [4] conducted a study on the application of several distribution models
to predict the wave height distribution used to know a phenomenon related to green water loading.

Cherneva et al. [5] performed a study of the probability distribution model of considerable wave heights derived from
sea surface elevation measurements. Tuan & Cuong [6] performed a study of the wave heights distribution to investigate
wave heights' statistical characteristics on steep submerged (platform) reefs. Karmpadakis et al. [7] investigated the short¬
term statistical distribution of wave heights that are evaluated using field measurements in intermediate and shallow water
depths.

According to a linear wave theory, the wave spot at a fixed point is assumed to be Gaussian sea because the ocean wave
is be learned as random processes. In the case of a Gaussian sea and a single sea state, the Rayleigh distribution is referred to
as a model for distributing wave height with a narrowband spectrum [8], The additional assumption is similar to the linear
wave analysis. The wave height is also taken twice the wave amplitude as the Rayleigh distribution is applicable to wave
heights [9],

The Rayleigh distribution can describe the wave height dan the statistical relationship of the wave parameter exactly.
Nevertheless, there are some discrepancies with the measurement data in ocean engineering design [10], [11], [12], Because
in fact, the real wave is affected by the nonlinear wave interactions between spectral wave components. Although the
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Rayleigh distribution model differs slightly with the data in some instances, most researchers and practitioners still
considered it in their study [13], [14],

The purpose of the present study is to validate two model approaches of the individual (crest-to-trough) wave heights
distribution against wave measurement data obtained from laboratory-generated. Probabilistic models applied in the
estimation of the wave heights distribution are the Rayleigh distribution and the Weibull distribution adopted by Forristal,
1978 [10], Some researchers have used the Weibull distribution model to estimate the statistical distribution of random
waves, which are suggested as the short-term model for wave heights in the paper [4], [6], [11], [15], [16],[17], To this end,
laboratory experiments of a generated random wave with primary spectral parameters of significant wave height and wave
peak period were conducted in the ocean basin.

2. Methods

The measurement of random wave time series data is carried out at Indonesian Hydrodynamics Laboratory, Center for
Hydrodynamics Technology, Agency for the Assessment and Application of Technology (BPPT). The laboratory of
Maneuvering Ocean & Basin (MOB) size for deep parts 60 m x 35 m x 2.5 m and shallow parts 45 m x 35 m x 1.25 m (Figure
1). The wave generator can generate both regular and irregular wave heights, both long and short peak periods. A passive
wave absorber in front of the wave generator is used to absorb the incident waves' energy. Random waves are generated by
entering the wave spectrum parameters to the wave basin's control computer, then sending a motion signal to the wave
generator. Measurements of the random wave surface elevation were conducted by one a wave probe tool (gauge) placed in
front of the wave generator with a distance of 10 m. The laboratory experiment was run with a model length scale of 1:25.
Petrova & Guedes Soares [18], [19] conducted the study of the distribution of wave heights from laboratory-generated sea
states.

In this study, random wave heights were generated under four sea states, as shown in Table 1. Each sea states are
represented by only one wave parameter of significant wave height and peak period. This simulation does not describe the
total range of significant wave heights and peak periods in each sea state and not applicable to any single sea state's general
case. The range of significant wave heights in sea states is in reference [20], The generated random waves in the ocean basin
are represented by ocean waves' characteristics based on wave spectrum models.
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Figure 1. Wave Generator Developed by Bosch Rexroth at Indonesian Hydrodynamics Laboratory

Table 1. The Wave Parameters In Sea State
Wave conditions Hs (m) Tp (s)
Sea state 3
Sea state 4
Sea state 5
Sea state 6

1.10 4.00
2.00 7.00
3.85 9.00
5.75 13,00

2.1. Wave Spectrum

The ocean wave spectrum has one or more peak energy magnitude. The peak spectrum can describe the characteristics
of sea state wave energy. The power spectral density can be determined by the parametric model of the sea state design. The
form of spectrum area that is commonly used for engineering design is the Pierson-Moskowitz spectrum model with the
following equation [21]:

(1)

where is a significant wave height, is the wave peak period, and is wave frequency.
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Whereas the shape of the JONSWAP spectrum model has a more complex form, the equation can be written as follows
[21]:

(2)

where is the spectral energy parameter, is the spectral peak frequency of the JONSWAP spectrum, is the peak
enhancement factor, is the spectral width parameters, and can be determined by

(3)

The generated random ocean waves in laboratory experiments were modeled using the Pierson-Moskowitz and
Jonswap spectrum. The Pierson-Moskowitz spectrum model for wave conditions of sea state 3 and 4. Meanwhile, the
Jonswap spectrum model was used for random wave conditions of sea state 5 and 6 because they are the considerable wave
heights. The Jonswap spectra formulation is a modification of the Pierson-Moskowitz, which the input consideration of
parameters that represent the characteristics of closed water waves or islands. The Jonswap spectrum model is often used
to analyze Indonesia's offshore design because Indonesia's state waters are closed water waves or archipelagic waters [22],

2.2. Fourier Transform Analysis

The mathematical form of ocean wave characteristics shown in the recording of random signals or periodic system
vibrations can be converted into the wave spectrum. The data of random wave motion can be represented by the Fourier
series, which contains periodic components of basic frequencies that generate a random wave. The random wave elevation
can be written in the form of an equation as follows [22]:

(4)

where the frequency component, the coefficients and can be calculated with the following equation:

(5)

for n=l,2,3 .... and so on.

(6)

(7)

The equation above shows that irregular or random waves are a function of a combination of regular waves in large
numbers that can be infinite.

2.3. Probability Distribution Models of Wave Height

The estimation model for the wave heights distribution is based on the probability distribution of occurrence. The
proper representation of maximum ocean waves in a sea state is required in the design, as predicting wave amplitude cannot
be neglected. Moreover, the nonlinear impact must be carried out into calculation. In general, the probability distribution of
wave heights using models is mostly applied in engineering by practitioners and researchers. The Rayleigh and Weibull
distribution models have been selected for comparison with the measured data from laboratory experiments. Although the
theory of knowledge about probability distribution has been developed rapidly, some practitioners still consider these
models for predicting the statistical distribution of the random wave. Mackay [23] presented the Rayleigh distribution with
sufficient bandwidth parameters accurately for the ocean wave distribution. Some authors have suggested that wave heights
fit more adequately with other probability laws, such as the Weibull distribution [11],

The probability distribution of wave heights using the Rayleigh distribution can be predicted using the following
equation [8] :

(8)
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where is the probability of occurrence of an individual wave height ( ), then is the standard deviation of the free
surface elevation in the sea state. Although the Rayleigh model is included in the deep-water model category. However, the
Rayleigh model is considerably applied in all water depths.

While the Weibull distribution adopted by Forristall [10] is the exponential distribution. It is also often used for
estimating the wave heights distribution. The probability of exceedance define by the Forristall model is given by:

(9)

where = 2.126 and = 8.42 which are obtained by using some procedure in fitting empirical data. This distribution has
been mostly adopted in both intermediate and deep waters. The Forristall model is a Weibull distribution calibrated using
the field measurement data recorded during hurricanes in the Gulf of Mexico, and this model achieved a good agreement
between the Weibull distribution.

3. Results and Discussion

The experimental data in laboratory measurements at deep parts basin have been conducted at least 30 minutes at full-
scale for each sea state. The sampling rate of random wave measurement was set at 50 Hz for a gauge. The determination of
recorded wave heights in each sea state has lasted approximately 300 400 zero-up-crossing waves for stable statistical
properties.The number of measured wave data in each sea state is at least 100 pairs of crest and trough waves. This procedure
was conducted to obtain reliable statistical data information [24], At least 100-200 waves have traditionally been used, which
is often defined as acceptable if linear effects only are considered [25], The measurement sample of time series wave data
can be seen in Figure 2.

IH

Figure 2. The Sample of Measured Time Series of Wave Elevation for Sea State 3(a), Sea State 4(b), Sea State 5(c), And Sea
State 6 (d).

The random wave time series data in this study was carried out by direct measurement of the wave surface elevation
at the Laboratory of the ocean basin. A statistical analysis of measured wave data was performed using open-source software
such as Octave for time-domain analysis and frequency domain analysis of a wave record. The statistical result of the random
wave time series in each sea states was obtained by averaging the up and down crossing, including individual wave heights,
wave crests, wave trough and standard deviation
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3.1. Spectra Analysis of Ocean Basin

The characteristics of measured random waves in the ocean basin can be presented in the wave energy spectrum. With
an analysis method of the fast Fourier transform, random waves are expressed in one individual wave's total energy. Spectral
analysis is performed using this method for converting data from a time domain to a frequency domain. The decomposition
of regular wave energy with a certain period is collected into one broad spectrum of wave energy, which can be called a sea
state wave spectrum.

A study of ocean wave data conversion into the wave spectrum was carried out with the Fourier transforms analysis
process [26]. The conversion result of random wave time series data into a wave spectrum, both measurement data and
theoretical, can be seen in Figures 3 and 4. The statistical results of the measured wave spectrum are used to validate the
random wave generated in an ocean basin.

Figure 3. Comparison of the Wave Spectrum Between the Measured Experimental Data And the Pierson-Moskowitz
Spectrum, for Sea State 3 (a) and (b); Sea State 4 (c) and (d).

The spectral approximated of significant wave height can be counted from the spectral moment of zeroth order as
the following equation:

(10)

Various wave characteristics can be assessed from one-dimensional sea surface variance density of wave frequencies
. The total wave energy spectrum is represented as a function of frequency . The spectral moment of -th order ( )

for the non-directional of spectral density is calculated using the following equations :

(11)
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Figure 4. Comparison of the Wave Spectrum Between the Measured Experimental Data And The Jonswap Spectrum, for Sea
State 5 (a) and (b); Sea State 6 (c) and (d)

The wave spectrum of sea state conditions 3 and 4 are shown in Figure 3. The analysis of the measured wave spectrum
compared with the Pierson-Moskowitz theoretical spectrum. For wave condition of sea state 3, the measured spectrum
shows similarity to the theoretical spectrum (Figure 3a and 3b), although the peak energy of spectral density shifts slightly.
The measured spectrum at wave condition of sea state 3 indicates similarity to the theory in high frequencies.

Using Eq. 10, the significant wave height of the spectral density obtained a value of 1.06 m. For sea state 4, the wave
spectrum's shape is generally almost the same as the theoretical spectrum (Figure 3c and 3d). The peak energy of the
measured spectrum was slightly high to the theory and showed two peaks slightly. The measured wave spectrum of sea state
4 shows more similarity to the theoretical spectrum at low frequencies. The significant wave height of sea state 4 in spectral
density obtained the value of 1.98 m.

Subsequently, the individual components have been modeled by a non-directional Jonswap spectrum with peak
enhancement factor g = 2.5 to generate an ocean wave basin for sea state 5 and 6. Figure 4 compares the measured and the
theoretical spectral density for sea state 5 and 6. In the wave spectrum of sea state 5, the spectral calculation result shows a
good match with the theoretical spectral at low frequencies and peak frequency, as shown in Figures 4a and 4b. Flowever,
the measured spectrum wave's peak energy is slightly lower than the Jonswap spectrum theory.

The statistical calculation of significant wave height from the spectral density is a value of 3.83 m. A similar
characteristic was observed to compare the wave spectrum in sea state 6 (Figure 4c and 4d). The measured spectrum analysis
results in wave condition of sea state 6 indicate a good match in most frequencies. A significant wave height of 5.82 m was
obtained from statistical spectral density calculation.

The measurement results of the validated wave spectrum analysis can be seen in Table 2. The comparison of results
between experimental and theoretical wave parameters usually depends on the user's results, the tolerance for significant
wave heights is 5% and the peak wave period is 2%. The required tolerances in the wave parameter's laboratory
measurements are usually ±5% for both significant wave height and peak wave period [25],

Even though the spectral density area's position is shifted, the area magnitude is almost the same. The data of primary
spectral parameters based on the wave spectrum can be used to design the sea structure affected by the wave excitation
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force. For the case of wave energy converter design, the designer can estimate the converter performance's operability to
work at the used energy level.

Table 2. The Validation of Wave Parameters in Sea State
Wave conditions Theoretical Measured

Hs (m) Tp (s) Hs (m) Tp (s)
Sea State 3
Sea State 4
Sea State 5
Sea State 6

1.10 4.00 1.06 3.90
2.00 7.00 1.98 7.03

9.00 3.83 8.87
13,00 5,82 12,94

3.85
5.75

3.2. Approximations of Wave Distribution

Applying an individual wave height distribution model for definite sea state conditions is essential for practical
purposes. In this section, the observed probabilistic distribution of ocean wave heights is discussed and compared with
Rayleigh and Weibull model. The study of a predicted probability distribution of wave crest height using the Rayleigh and
Weibull distribution [14], The statistical distribution of the sea wave height has been modeled using the Rayleigh and Weibull
distribution [6], [17], This prediction uses a linear probability model intended to expect the occurrence of individual wave
height in general. The theoretical model and numerical simulations method can be utilized to count the exceedance
probabilities of ocean wave heights based on a specific spectrum [27], The comparison of exceedance probabilities between
the estimation models applicable to wave heights and the laboratory experiment data are shown in Figure 5. The black
squares denote the observation data, representing the wave heights distribution's statistical result based on the measured
experimental. The solid blue line indicates the Rayleigh model, and the solid red line indicates the Weibull model. The black
squares are used as a benchmark against the accuracy of the prediction model for the wave heights distribution.

“

A\,

Figure 5. Comparison of Exceedance Probability of Wave Heights Between Rayleigh Distribution, Weibull Distribution and
the Measured Experimental Data, for Various Sea States : (a) sea state 3; (b) sea state 4; (c) sea state 5; (d) sea state 6.

In Figure 5a for the exceedance probability of sea state 3, we can find out that predicting wave heights probabilities
distribution for both Rayleigh and Weibull models deviate from the distribution of the measured experimental data. The
Rayleigh model shows to underestimate the small and intermediate wave height. After that, the prediction is seen to slightly
overestimates.
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While the Weibull model, the prediction is seen to underestimate for all wave height segments. The prediction model
of wave height probability distribution in sea state 4 can be seen in Figure 5b. It is seen that exceedance probability obtained
from using a Weibull model provide a good agreement with the corresponding benchmark result based on measured data of
wave heights. Moreover, the Rayleigh model shows the best description for the small wave height, but the curve consistently
overestimates for more considerable wave height.

The comparison results of the wave height probability distribution show a good similarity between the measured data
and the Weibull model in sea state 5. The exceedance probability of sea state 5 can be seen in Figure 5c. The Rayleigh model
provides a fitting well the small wave heights to slightly overestimates the intermediate and large data.

Figure 5d shows the prediction result of wave height exceedance probabilities of sea state 6. Rayleigh's distribution
result indicates a similarity with the measured data, but the prediction is slightly overestimated for a large range of wave
heights. In the Weibull model, the predictions tend to be similar to the data. However, the intermediate wave is seen to
overestimate. In some cases, the distribution of measured data shows a nonlinear phenomenon for the largest wave height.

The distribution models of Rayleigh and Weibull are a linear model, while the measured experimental wave elevation
series is nonlinear. The prediction of both Rayleigh and Weibull models has been applied using the laboratory measurement
data to show the wave data characteristics in each sea state. The distribution model results show the similarity from low to
large wave height. However, coinciding or similarity can also be preceded, then the prediction of the intermediate wave
height is far from each other.

The prediction can also create a slightly cross graph in wave condition of sea state 3, which can be seen in Figure 5a.
Wang investigated the results of predicted wave crest height probability with the Rayleigh model and other models show
unequal results for sea state conditions due to nonlinear waves or the spectral bandwidth effect [27], The prediction of wave
height component distribution using Rayleigh, Ochii, and Mori & Yasuda models shows the close together and away from
the data due to the nonlinear effect [5], Karmpadakis et al. [7] investigated the comparison of wave height distributions
between nine widely applied theoretical and field measurements have shown that no single model can describe the
measured wave data across a wide condition accurately.

4. Conclusion

The values of significant wave height and peak wave periods from the measured time series are calculated based on a
statistical analysis of frequency domains. The measured wave spectrum is validated with a theoretical wave spectrum for
generating wave-free surface elevation time series in the ocean basin. A good match is observed between the measurement
and theoretical models. The tolerance for both significant wave height and peak period is still below 5 %.

This study has presented an analysis of the wave heights distribution of laboratory measurements using a widely
applied wave height model. This study's focus is predicting wave height distribution, as described by the Rayleigh and
Weibull model. The Weibull model shows better results than the Rayleigh model for sea state 4 and 5. The Rayleigh model
gives the best fit to the data over the intermediate range for sea state 6.

The Rayleigh model provides to overpredict the observations systematically at the extreme tail of the distributions. In
the case of sea state 3, both models show not good results. Each prediction model has advantages depending on the condition
of the sample wave height data. So, the appropriateness of the commonly applied models is critically dependent upon sea
state conditions. The prediction results of the distribution model that deviate due to the effects of the distribution of
nonlinear sample data.
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