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Abstract  A comprehensive numerical investigation of ocean wave power characteristics based on the JONSWAP 
spectrum was carried out using MATLAB simulations. The study evaluates spectral moments, characteristic wave 
periods, and depth-dependent energy transmission for different peak enhancement factor (γ) under both deep and 
finite water conditions. In addition to irregular sea states represented by the JONSWAP spectrum, regular 
(monochromatic) wave components were also analyzed to compare their power propagation behavior. Both spectral 
integration and the approximate formula were implemented to estimate the wave power across a wide range of 
depths. The computed results demonstrate that increasing γ leads to a narrower and more energetic spectrum, 
significantly affecting mean wave periods and power potential. Furthermore, the wave celerity modification 
coefficient (Ch). The outcomes reveal a strong correlation between spectral shape, wave regularity, and power 
transmission, providing valuable insights for accurate assessment of wave energy resources and design optimization 
of wave energy converters. 
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1. Introduction 

Wave energy has emerged as a promising source of 
renewable power due to its high energy density and 
predictable nature. Accurate estimation of available wave 
power and understanding its variation with sea state and 
depth are crucial for designing efficient wave energy 
converters (WECs). In practical ocean environments, waves 
may occur as either regular (periodic) or irregular (random) 
forms [1,2,3,4,5], and their behavior differs significantly in 
deep and finite waters. Therefore, it is essential to analyze 
both wave types to obtain reliable assessments of energy 
potential and propagation characteristics. From wave-to-
wire (W2W), some different types of WECs, such as the 
oscillating water column (OWC), point absorber, Salter’s 
duck, flap type, overtopping under different regular and 
irregular waves are employed to extract the electrical power 
[6-14]. 

The spectral representation of ocean waves provides a 
quantitative framework for describing irregular wave 
fields [15-19]. Among various parametric spectra, the 
JONSWAP (Joint North Sea Wave Project) spectrum is 
widely used for developing sea states because of its 
adaptability through the peak enhancement factor (𝛾𝛾 ), 
which controls the sharpness of the spectral peak 

[20,21,22]. In contrast, regular waves with a single 
frequency allow analytical comparison and validation of 
the spectral results under idealized conditions. 

Previous studies [23-29] have investigated spectral 
moments and their relationship with wave energy 
transport. However, limited attention has been given to the 
combined analysis of regular and irregular waves under 
finite-depth conditions using both spectral integration and 
empirical approaches. In this study, a MATLAB-based 
numerical framework is developed to compute spectral 
characteristics, wavelength dispersion, and the 
modification coefficient ( hC ) for both deep and finite 
water regimes [30-35]. The objective is to clarify the 
influence of wave regularity and spectral shape on energy 
propagation and to provide accurate, depth-dependent 
predictions applicable to coastal engineering and marine 
renewable energy systems. 

In this study, both the approximate formula of wave 
power and the spectrally integrated power were evaluated 
to understand the energy potential across a range of sea 
states. The analysis included detailed computation of the 
modification coefficient hC , which accounts for depth-
dependent effects on wave propagation and energy 
transport. The differences between two approached were 
systematically examined based on water depth, 
highlighting how shallow and deep-water conditions 
influence wave energy extraction. Additionally, the impact 
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of wavelength variations on the relative discrepancy 
between these two approaches was analyzed, providing 
insights into how wave dispersion and finite-depth effects 
alter the available power and propagation characteristics. 
This comparison enables a more accurate assessment of 
WEC performance under realistic ocean conditions. 

2. Wave Spectrum and its Moments 

The JONSWAP spectrum is one of the most widely 
adopted empirical models for describing the energy 
distribution of ocean waves as a function of frequency. 
Developed in the 1970 based on extensive field 
measurements in the North Sea, it represents a refinement 
of the Pierson–Moskowitz (PM) spectrum by introducing 
a peak enhancement factor ( γ ), which better captures the 
spectral shape of a growing sea where the waves are not 
yet fully developed. The general expression for the 
JONSWAP spectrum is given by [2,3]: 
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In equation (1), ( )S ω is the spectral energy density, 
g is the gravitational acceleration, ω  is the angular 
frequency, and pω  is the peak frequency. The parameter 
α is a dimensionless scaling factor that determines the 
overall energy level of the JONSWAP spectrum. It 
essentially controls the magnitude of the spectral density 
and is adjusted so that the integrated area under the 
spectrum corresponds to the desired significant wave 
height ( ).sH  

The parameter γ , known as the peak enhancement factor, 
controls the sharpness and height of the spectral peakin the 
JONSWAP spectrum. It modifies the distribution of energy 
around the peak frequency, thereby influencing the spectral 
shape and concentration of wave energy. Its value is not 
constant but depends on the sea state and the significant 
wave height ( )sH . The parameter σ defines the spectral 
width and is asymmetrical about pω , given by: 

 

0.07,  

0.09,  
p

p

for

for

σ ω ω

σ ω ω

= ≤

= >
 (2) 

The exponential and Gaussian terms jointly define the 
spectral shape, with the Gaussian term enhancing the 
energy near the peak frequency. Physically, a higher γ  
value (typically between 2 and 7) corresponds to a sharper 
and narrower spectral peak, indicating a fetch-limited sea 
where the energy is more concentrated around the 
dominant frequency. When 1γ = , the JONSWAP 
spectrum reduces to the Pierson–Moskowitz spectrum, 

describing a fully developed sea under steady wind 
conditions. For 1γ > , the sea is in a developing (fetch-
limited) state. 

To analyze wave characteristics more accurately, 
spectral moments were defined. The nth spectral moment 
is given by: 

 ( )0
n
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∞
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which can be obtained by substituting 𝑛𝑛 = −1,0,1,2 ,  
and 4 to calculate the corresponding spectral moments, 
respectively. 

Spectral moments provide key information about 
energy, The peak period ( ) ,pT  zero-crossing period ( zT ), 

mean wave period T , and spectral bandwidth parameter 
( )  can be computed as: 
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Figure 1. Weighted spectral energy distributions as functions of angular 
frequency under different JONSWAP peak enhancement 
factors ( )γ . ( 4 , 10 )s pH m T s= =  

Table 1. Spectral moments and derived wave parameters for different 

JONSWAP peak enhancement factors
( )γ

.
( 4 , 10 )s pH m T s= =

 

𝛾𝛾 𝑀𝑀−1 𝑀𝑀0 𝑀𝑀1 𝑀𝑀2 𝑀𝑀4 𝑇𝑇𝑧𝑧  𝑇𝑇𝑝𝑝  𝑇̄𝑇 𝜀𝜀 
2 1.42 1.00 0.76 0.64 0.64 7.87 9.84 8.26 0.61 

3 1.44 1.00 0.74 0.60 0.57 8.10 10.72 8.47 0.60 

4 1.46 1.00 0.73 0.58 0.52 8.26 11.45 8.62 0.60 

5 1.47 1.00 0.72 0.56 0.48 8.39 12.07 8.73 0.59 

6 1.48 1.00 0.71 0.55 0.45 8.50 12.61 8.83 0.59 

 
The analysis of the four weighted spectral power is 

shown in Figure 1 under different factor ( )γ . It provides a 
comprehensive understanding of how wave energy is 
distributed across frequencies. Table 1 presented the 
values of nM  and periods ( zT , PT , T ) for different 

.γ Spectral bandwidth parameter𝜀𝜀  is also given in this 
table. It is shown as average bandwidth (not narrow and 
not wide band). 

The zero-order spectrum represents the total energy of 
the sea state, directly relating to the significant wave 
height, with its area under the curve indicating overall 
energy density. The first-order spectrum shows how this 
energy is distributed across frequencies and is closely 

linked to the mean wave period, with higher .γ values 
concentrating energy at lower frequencies and producing 
longer, more regular waves. The second-order spectrum 
emphasizes wave acceleration and steepness, with energy 
peaking at mid-frequencies and further heightened as 

.γ increases, highlighting dominant wave components. 
Finally, the fourth-order spectrum captures high-frequency 
contributions, corresponding to rapid surface oscillations 
and shorter waves, which diminish with increasing .γ , 
reflecting a transition toward smoother, more organized 
sea conditions. 

The analysis of wave parameters in Table 1 shows that 
the peak period increases with .γ as energy becomes more 
concentrated at lower frequencies, indicating longer, 
dominant waves, while the zero-crossing period slightly 
increases, reflecting reduced high-frequency content and 
smoother wave passages. The mean wave period also 
shows a moderate increase with .γ , providing a measure 
of overall wave rhythm and regularity. At the same time, 
the spectral width decreases with .γ , illustrating a 
transition from a broad, irregular sea toward a narrow-
banded, more organized state 

Overall, the evolution of these four spectra with 
increasing .γ illustrates the transformation of the sea state 
from a broad, irregular, multi-frequency system toward a 
more organized, narrow-banded state dominated. 

3. Wave Power Comparison 

In wave power analysis, a fundamental step is the 
comparison between spectral integration and the 
approximation method. The spectral method computes 
wave power by integrating the energy spectrum ( )Sω ω  
with the depth-dependent group velocity correction 

( ), :hC hω  
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( ),hC hω is known as the wave celerity modification 
coefficient: 
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where andk k∞  are wave numbers at finite depth and deep 
water, respectively. The wavenumber ( )k  in equation (6) 
is obtained from the dispersion relation in equation (7): 

 ( )2  tanhg k khω =  (7) 

In deep water ( 1)kh >> , ( )tanh 1kh ≈ whereas in finite 

water ( 1)kh << , ( )tanh kh kh≈ This reduction results in 
shorter wavelengths, which directly influence the 
extractable wave power by modifying both the phase and 
group velocities. In shallow waters, the shorter 
wavelengths concentrate wave energy, often reducing the 
power that can be extracted from longer waves. 
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The spectral integration method accurately captures 
these depth-dependent effects and the full frequency 
distribution, providing a realistic estimate of extractable 
wave power. Its primary advantage lies in revealing the 
contributions of individual frequency components, thereby 
allowing a detailed assessment of how different waves 
contribute to the total energy available for conversion. 

Approximation method uses a single effective wave 
period ( )eT  and significant wave height ( )sH , computing 
wave power as [4]: 

 ( )20.49 /Approx s e h eP H T C T kW m=  (8) 

where energy wave period (𝑇𝑇𝑒𝑒) defined as: 
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The percentage relative error between the spectral and 
approximate formulas is found by 
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Figure 2. Comparison of wave power vs. water depth for different peak 
enhancement factors

 
( )γ . ( 4 , 10 )s pH m T s= =  

Figure 2 illustrates how the extractable wave power 
varies with water depth for different sea states 
characterized by peak enhancement factor ( )γ . The plot 
compares two approaches; the spectral integration, which 
accounts for the full frequency-dependent spectrum 
weighted by the wave celerity modification coefficient 
( )hC , and the approximation, which estimates power 
using bulk parameters such as significant wave height and 
effective wave period. 

In finite water, depth markedly modulates wave energy 
flux, particularly attenuating low-frequency contributions 
to the total power. The approximate method reproduces 
the overall trend but slightly overestimates energy in very 
shallow regions due to its simplified representation of 
depth effects. As depth increases toward intermediate and 
deep waters, the approximate and full spectral methods 
converge, as the depth correction factor approaches unity 
and depth-dependent influences diminish. higher γ values, 
corresponding to narrower and more sharply peaked 
spectra, concentrate energy near the spectral peak, further 

reducing the sensitivity to depth and yielding near-
identical predictions. These findings underscore the 
necessity of incorporating depth-dependent modifications 
in wave power assessment and validate the approximation 
as an efficient preliminary tool, while confirming the 
superior accuracy of full spectral. 

The relative error between the approximation method 
and the exact spectral wave power can also be represented 
graphically using the following formula: 

 
Figure 3. The relative error between the approximation method and the 
spectral wave power for different peak enhancement factors

 ( )γ . ( 4 , 10 )s pH m T s= =  

As shown in Figure 3 and summarized in Table 2, the 
difference between the approximate method and the full 
spectral integration of wave power is evident across a 
range of water depths and JONSWAP γ  values. Positive 
values indicate overestimation by approximation method, 
while negative values indicate underestimation. The error 
is generally more pronounced in shallow and intermediate 
depths due to finite-depth effects on wave dispersion and 
group velocity, which approximates less accurately. As 
depth increases toward deep-water conditions, the error 
diminishes and approaches zero, reflecting the method’s 
convergence with exact calculations. 

Building on the preceding discussion and based on 
Equation (9), the wavelength (𝜆𝜆) as a function of wave 
period (T ) is plotted for key water depths. 

Numerical analysis in Figure 4 shows that increasing 
depth moves the wavelength toward the deep-water value. 
For longer periods, the depth effect is less pronounced 
because 𝑘𝑘ℎ becomes larger. This is crucial for designing 
wave energy extraction systems in shallow coastal areas, 
as the spacing between turbines or converters must be 
proportional to the actual wavelength to avoid wave 
interference and performance loss. 

Furthermore, the wavelength depends on wave type 
(regular vs. irregular) and spectral shape. In irregular 
waves, energy is dispersed across a wider frequency range, 
reducing the mean wavelength compared to regular waves. 
Hence, accurate numerical analysis is essential for 
determining optimal installation locations. Overall, 
calculating the actual wavelength and analyzing the effect 
of depth and frequency is a fundamental tool for the 
optimal design of turbines and coastal structures, directly 
impacting energy efficiency. 
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Table 2. Numerical comparison of wave power estimation error 
between approximate method and spectral integration at key water 
depths for various γ values. ( )5,10,20,50,100,200Depth =  

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷ℎ (𝑚𝑚) 𝛾𝛾 𝑃𝑃𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 (𝑘𝑘𝑘𝑘
/𝑚𝑚) 

𝑃𝑃𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 (𝑘𝑘𝑘𝑘
/𝑚𝑚) 𝑅𝑅elative 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 (%) 

5 2 60.155 61.843 2.81 
5 3 60.645 62.112 2.42 
5 4 60.987 62.292 2.14 
5 5 61.244 62.424 1.93 
5 6 61.447 62.525 1.76 
     

10 2 73.608 76.733 4.24 
10 3 74.666 77.408 3.67 
10 4 75.405 77.862 3.26 
10 5 75.961 78.195 2.94 
10 6 76.398 78.452 2.69 
     

20 2 80.854 83.68 3.49 
20 3 82.564 85.111 3.08 
20 4 83.761 86.085 2.78 
20 5 84.661 86.805 2.53 
20 6 85.37 87.363 2.33 
     

50 2 75.453 73.087 -3.14 
50 3 76.895 74.767 -2.77 
50 4 77.902 75.959 -2.49 
50 5 78.658 76.865 -2.28 
50 6 79.253 77.583 -2.11 
     

100 2 70.54 69.805 -1.04 
100 3 71.693 71.016 -0.94 
100 4 72.498 71.866 -0.87 
100 5 73.102 72.505 -0.82 
100 6 73.576 73.01 -0.77 

     
200 2 69.855 69.756 -0.14 
200 3 71.048 70.949 -0.14 
200 4 71.881 71.782 -0.14 
200 5 72.507 72.408 -0.14 
200 6 72.999 72.9 -0.13 

 
Figure 4. Dependence of wavelength on water depth for different wave 
periods 

The spectral wave power plot (Pω ) illustrates the 
distribution of wave energy flux as a function of angular 

frequency ( )ω , providing a frequency-resolved view of 
the energy contained in the sea state. Each point on the 
curve represents the contribution of a narrow frequency 
band to the total wave power, enabling identification of 
the frequencies that dominate energy transfer.  

 
Figure 5. Spectral wave power distribution as a function of angular 
frequency ( Pω ) for different JONSWAP peak enhancement factors 
( γ ). ( 4 , 10 )s pH m T s= =  

Key observations from the Figure 5 indicate that low-
frequency components (long waves) generally carry the 
largest fraction of total power because their energy is 
concentrated at low ( )ω , corresponding to long 
wavelengths and large group velocities. Mid-frequency 
components (dominant waves) correspond to the spectral 
peak, representing the most energetic waves that are 
critical for effective energy conversion and optimal WEC 
design. High-frequency components (short waves) 
contribute less to total power, especially in narrow-banded 
seas with elevated peak enhancement factor γ , as their 
energy content is lower and their influence diminishes 
with increasing γ . 

As previously mentioned, the wave celerity 
modification coefficient ( )hC  plays a crucial role in 
calculating wave power, particularly in finite and shallow 
water conditions [10]. This coefficient represents the ratio 
between the actual group velocity at depth ( h ) and the 
deep-water group velocity, directly influencing the 
amount of extractable wave energy. Its mathematical 
formulation was expressed by equation (8). 

According to Figure 6 in shallow water ( 1)hC <  
because the group velocity decreases, leading to slower 
energy propagation. This reduction is more significant for 
short waves and shallower depths, resulting in a noticeable 
decline in wave power, whereas for long waves or deep-
water conditions, ( hC → 1) and depth effects become 
negligible [24]. 

Numerical analysis of ( hC ) as a function of the 

dimensionless parameter 2 /X h gω= shows a substantial 
reduction in wave power under high-frequency and 
shallow-water conditions. This decrease must be 
considered in the design of wave energy systems, such as 
turbines and converters, since neglecting it can lead to 
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overestimations or underestimation. 

 
Figure 6. Variation of the group velocity modification coefficient (ch) 

4. Conclusion 

In this study, the wave power was performed using the 
JONSWAP spectral model and the computation of 
spectral moments. The analysis demonstrated that spectral 
moments form the foundation for describing the statistical 
and dynamic behavior of ocean waves and for determining 
representative wave periods such as zT , eT , and T . The 
comparison between the exact spectral integration and 
approximation indicated that both approaches yield 
consistent results in intermediate and deep-water 
conditions, while notable discrepancies emerge in shallow 
waters due to depth-dependent dispersion effects. The 
results further showed that wave energy is mainly 
concentrated near the spectral peak, emphasizing that the 
design of WECs should align their operational frequency 
with this dominant energy band to maximize conversion 
efficiency. 

Moreover, the evaluation of the depth modification 
coefficient hC  and wavelength ( )λ  confirmed the crucial 
role of water depth in energy transmission and wave 
propagation. As depth decreases, the group velocity and 
energy transport rate diminish, leading to reduced 
available power, particularly at higher frequencies. In 
contrast, deeper waters allow the wavelength and group 
velocity to approach their asymptotic deep-water values. 
These findings underscore the importance of incorporating 
depth corrections and wavelength variations into wave 
power assessments, ensuring accurate estimation of 
energy potential and improved placement strategies for 
WEC systems in coastal and offshore environments. 
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