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ABSTRACT 

In a model test aimed at investigating statistically the ship response in an actual sea condition, it is 

needed that the short-crested irregular waves are generated for a long duration. The characteristics of the wave 

field should be kept unchanged in time. In this study, the authors have investigated the temporal variation of a 

short-crested irregular wave field in an experimental wave basin. An experiment of wave generation was 

carried out in the Actual Sea Model Basin (ASMB) of National Maritime Research Institute in Japan. Wave 

elevations were measured with six wave gauges to estimate the directional spectrum. In order to evaluate 

quantitatively the temporal variation of the wave field, the authors introduced the indicators of the wave 

spectrum shape such as significant wave height, mean wave period, mean wave direction, and mean spreading 

angle. The authors evaluated the temporal variation of the experimental wave field generated in the ASMB by 

using these indicators. In addition, the variation of the proposed indicators of the wave spectrum shape due to 

the development of the reflected wave along with wave generation time was investigated by numerical 

simulation. The introduction of these wave parameters allowed us to quantify the temporal variation of wave 

fields. 

 

1 INTRODUCTION 

In recent years, time domain simulation tools to predict the ship motions in short-crested irregular waves 

have been developed (e.g., [1]). These numerical tools should be validated by experimental model tests in 

short-crested irregular waves. In such model tests, the characteristics of the wave field generated in a wave 

basin should be kept unchanged for a long duration from the statistical perspective.  

Most of the existing wave basins equip wave-makers on only one or adjacent two sides of the basin, but 

some wave basins install wave-makers around the entire periphery. Experimental wave conditions that can be 

generated in a wave basin depend on the arrangement of wave-makers. Comprehension of the properties for 

the waves generated in the wave basin is important. Properties of the wave field generated in a wave basin, 

whose entire periphery is surrounded by wave-makers, have been investigated. Maeda et al. [2] investigated 

the temporal variation of the frequency spectrum and the directional spreading function of wave field generated 

in a circular wave basin. However, the temporal variation of the short-crested irregular wave fields has not 

been evaluated quantitatively in their study. In this study, the authors have evaluated the temporal variation of 

the short-crested irregular wave field in an experimental wave basin by introducing the indicators of the wave 

spectrum shape such as significant wave height, mean wave period, mean wave direction and mean spreading 

angle. 
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2 WAVE GENERATION EXPERIMENT 

 

2.1 Facility 

Actual Sea Model Basin (ASMB) of National Maritime Research Institute in Japan is fully surrounded 

by 382 segmented flap-type absorbing wave-makers. The overview and coordinate system of the ASMB are 

shown in Figure 1. The ASMB is 80m in length, 40m in width and 4.5m in depth and is equipped with towing 

carriage. The ASMB is capable to carry out the towing test in various wave conditions including short-crested 

irregular wave [3]. In such a model test, the characteristics of the wave field should be kept unchanged during 

the measurement of ship response. In order to investigate the temporal variation of the wave field 

characteristics generated in the ASMB, the authors conducted the experiment of wave generation in the ASMB. 

 

  

Figure 1: Overview and coordinate system of the ASMB. 

 

2.2 Experimental method 

In the experiment of wave generation, a short-crested irregular wave was generated. The wave condition 

is shown in Table 1. The frequency spectrum 𝑆(𝑓) of the experimental wave is ISSC spectrum as represented 

in Eq. (1). Significant wave height 𝐻1/3 and mean wave period 𝑇01 are used as the parameters of the ISSC 

spectrum. In the wave generation experiment, the surface elevation of the generated wave 𝜁(𝑥, 𝑦, 𝑡)  is 

expressed by the single summation method (e.g., [4]). In the single summation method, the surface elevation 

is represented as a linear superposition of the component waves as Eq. (2). Moreover, each component wave 

direction corresponds to one frequency component, respectively. The cosine-4 spreading function as expressed 

in Eq. (3) is used for the distribution of the component wave directions in the experiment. 

 

Table 1: Condition of short-crested irregular wave in model scale. 

Frequency spectrum model ISSC spectrum 

Significant wave height 𝐻1/3 (cm) 5.73 

Mean wave period 𝑇01 (s) 1.05 

Directional spreading function Cosine-4 

Principal wave direction 𝜃𝑝 (deg) 90.0 

 

 𝑆(𝑓) = 0.11𝐻1/3
2 𝑇01

−4𝑓−5exp(−0.44𝑇01
−4𝑓−4) (1) 

 

 

𝜁(𝑥, 𝑦, 𝑡) = ∑ 𝑎𝑖 cos(𝑘𝑖𝑥 cos 𝜃𝑖 + 𝑘𝑖𝑦 sin 𝜃𝑖 − 2𝜋𝑓𝑖𝑡 + 𝜀𝑖)

𝑁

𝑖

 (2) 

where: 

 𝑎𝑖 wave amplitude of frequency component 

 𝑘𝑖 wavenumber of component 

 𝜀𝑖 initial phase angle of component 
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𝐺(𝜃) = {
𝐺0 cos4(𝜃 − 𝜃𝑝) , |𝜃 − 𝜃𝑝| ≤

𝜋

2

0                             , |𝜃 − 𝜃𝑝| >
𝜋

2

 (3) 

where: 

 𝐺0 normalization factor 

 

The short-crested irregular wave was generated for 20-minutes. The surface elevation was measured 

during the wave generation by wave gauge array as shown in Figure 2. Six wave gauges were arranged in a 

regular pentagonal shape with a distance of 0.2 m from the center to each vertex. That layout follows the wave 

gauge arrangement criteria proposed by Goda [4] as follows; “1) No pair of wave gauges should have the same 

vector distance between gauges. 2) The vector distance should be distributed uniformly in as wide a range as 

possible. 3) The minimum separation distance between a pair of wave gauges should be less than one half of 

the smallest length of the component waves for which the directional analysis is to be made.” 

 

 

Figure 2: Arrangement of wave gauge array. 

 

3 ANALYSIS METHOD AND RESULTS OF THE EXPERIMENTAL WAVE FIELD 

 

3.1 Analysis method of the experimental wave field 

In order to evaluate quantitatively the temporal variation of the short-crested irregular wave generated 

in the experiment, temporal variations of the directional wave spectrum shapes were investigated. In the 

analysis of the experimental result, the time series of the surface elevations for 20-minutes were divided into 

four 5-minutes intervals. In each interval, the frequency spectra 𝑆(𝑓) were estimated using the fast Fourier 

transform (FFT), and the directional spectra 𝑆(𝑓, 𝜃)  were estimated by the extended maximum entropy 

principle (EMEP) method [5] as follows. 

The cross-spectrum 𝛷𝑚𝑛(𝑓)  for a pair of surface elevations measured at two different locations 

(𝑥𝑚, 𝑦𝑚) and (𝑥𝑛, 𝑦𝑛) is expressed using the directional spectrum 𝑆(𝑓, 𝜃) as Eq. (4) [6]. Here, we express the 

directional spectrum 𝑆(𝑓, 𝜃)  as a product of the frequency spectrum 𝑆(𝑓)  and the directional spreading 

function 𝐺(𝜃) as Eq. (5). In the EMEP method, the directional spreading function 𝐺(𝜃) is assumed to be  

expressed as Eq.(6) including parameters 𝑎0, 𝑎𝑛 and 𝑏𝑛. These parameters are determined from the cross-

spectra of the measured surface elevations by using Eq. (4) such that the entropy is maximized (see [5]). 

Eventually, the directional spectrum 𝑆(𝑓, 𝜃) is obtained as Eq. (5) using the estimated frequency spectrum 

𝑆(𝑓) and directional spreading function 𝐺(𝜃; 𝑓). 

 

 
𝛷𝑚𝑛(𝑓) = ∫ exp[−𝑖𝑘{(𝑥𝑛 − 𝑥𝑚) cos 𝜃 + (𝑦𝑛 − 𝑦𝑚) sin 𝜃}]𝑆(𝑓, 𝜃)𝑑𝜃

2𝜋

0

 (4) 

  

 𝑆(𝑓, 𝜃) = 𝑆(𝑓) ∙ 𝐺(𝜃; 𝑓) (5) 
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𝐺(𝜃) = exp {𝑎0 + ∑ (𝑎𝑛 cos 𝑛𝜃 + 𝑏𝑛 sin 𝑛𝜃)

𝑁

𝑛=1
} (6) 

 

As the indicators of the wave spectrum shape, significant wave height 𝐻1/3, mean wave period 𝑇01, 

mean wave direction 𝜃𝑚 and mean spreading angle 𝜃𝑘 were estimated using moments of the frequency and 

directional spectrum. Here, mean wave direction represents a wave direction indicating the center of gravity 

of the directional spectrum, and mean spreading angle represents the dispersion of wave energy from the mean 

wave direction in the Cartesian coordinates of wavenumber domain.  

Significant wave height and mean wave period are estimated using 0-th and 1-st order moment of the 

frequency spectrum as Eqs. (7) and (8), respectively. Here, the n-th order moment of the frequency spectrum 

is expressed as Eq. (9). 

 

 𝐻1/3 = 4.0√𝑚0 (7) 

 

 𝑇01 =
𝑚0

𝑚1
 (8) 

 

 
𝑚𝑛 = ∫ 𝑓𝑛𝑆(𝑓)𝑑𝑓

𝑓max

0

 (9) 

 

In addition, mean wave direction and mean spreading angle are estimated as Eqs. (10) and (11) using the 

moment of the directional spectrum that is expressed in Eq. (12), respectively. 

 

 
𝜃𝑚 = tan−1

𝑀01

𝑀10
 (10) 

 

 
𝜃𝑘 = tan−1 √𝑀00√𝑀01

2 𝑀20 − 2𝑀10𝑀01𝑀11 + 𝑀10
2 𝑀02

𝑀10
2 + 𝑀01

2  (11) 

 

 
𝑀𝑝𝑞 = ∫ ∫ 𝑆(𝑓, 𝜃)𝑘𝑝+𝑞 cos𝑝 𝜃 sin𝑞 𝜃 𝑑𝜃

𝜋

−𝜋

𝑑𝑓
𝑓max

0

 (12) 

 

3.2 Analysis results of the experimental wave field  

The estimated frequency spectra 𝑆(𝑓) and directional distributions of wave energy for each time interval 

are shown in Figure 3 (a) and (b), respectively. The directional distribution of wave energy is obtained by 

integrating the directional spectrum 𝑆(𝑓, 𝜃)  with the frequency. The estimated frequency spectra and 

directional distributions of wave energy are in good agreement with the target values, and there is almost no 

temporal variation in both Figure 3 (a) and (b). 

 

  
(a) Frequency spectra 𝑆(𝑓). (b) Directional distributions of wave energy. 

Figure 3: Estimated frequency spectra and directional distributions of wave energy for each interval. 
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Figure 4 (a) ~ (d) shows the estimated directional spectra 𝑆(𝑓, 𝜃) for each time interval, which are 

represented with contour diagrams, and the color corresponds to the spectrum density. The target directional 

spectrum is shown in Figure 4 (e). As seen from Figure 4, the shapes of the estimated directional spectra for 

each time interval are in good agreement with the shape of the target directional spectrum. In addition, the 

principal wave direction and the peak frequency of the estimated directional spectra for each time interval are 

approximately consistent with the target values. Here, the target values of the principal wave direction 𝜃𝑝 and 

the peak frequency 𝑓𝑝 are 90.0deg. and 0.73Hz, respectively.  

 

  
(a) Contour diagram of 𝑆(𝑓, 𝜃). (0-5min) (b) Contour diagram of 𝑆(𝑓, 𝜃). (5-10min) 

  
(c) Contour diagram of 𝑆(𝑓, 𝜃). (10-15min) (d) Contour diagram of 𝑆(𝑓, 𝜃). (15-20min) 

 

 

(e) Contour diagram of 𝑆(𝑓, 𝜃). (Target)  

Figure 4: Contour diagrams of estimated directional spectra for each interval. 
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To quantify the temporal variation of the frequency spectrum, the significant wave height 𝐻1/3 and the 

mean wave period 𝑇01 for each time interval are evaluated with the moments of the estimated frequency 

spectrum 𝑆(𝑓) as shown in Figure 5. In Figure 5 (a) and (b), the estimated values from the experimental wave 

field are plotted as blue circles, and the target values are represented as red lines. Both significant wave height 

and mean wave period are in good agreement with target values for each time interval. In addition, the standard 

deviation for four intervals of significant wave height is 0.12cm, and that of mean wave period is 0.02s. 

According to these results, there is almost no temporal variation in both parameters. 

Furthermore, to quantify the directional properties of the wave fields, the temporal variation of the mean 

wave direction 𝜃𝑚  and the mean spreading angle 𝜃𝑘  are evaluated with the moments of the estimated 

directional spectrum 𝑆(𝑓, 𝜃) as shown in Figure 6 (a) and (b), respectively. As seen from Figure 6 (a), the 

mean wave directions for each interval are approximately consistent with the target value, and there is almost 

no temporal variation. Here, the standard deviation of the mean wave directions is 1.1deg. On the other hand, 

in Figure 6 (b), significant differences between the experimental mean spreading angles and the target value 

are observed. Moreover, the mean spreading angle increases as the wave generation time proceeds. Here, the 

standard deviation of the mean spreading angles is 4.1deg. 

 

  
(a) Temporal variation of 𝐻1/3. (b) Temporal variation of 𝑇01. 

Figure 5: Temporal variation of significant wave height 𝐻1/3 and mean wave period 𝑇01. 

 

  
(a) Temporal variation of 𝜃𝑚. (b) Temporal variation of 𝜃𝑘. 

Figure 6: Temporal variation of mean wave direction 𝜃𝑚 and mean spreading angle 𝜃𝑘. 
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4 DISCUSSION ON THE INFLUENCE OF THE REFLECTED WAVES ON THE 

DIRECTIONAL SPECTRA 

Temporal variations of the spectrum-shape indicators for the experimental wave field were evaluated, 

and it was revealed that mean spreading angle increases with wave generation time proceeds as mentioned in 

the previous section. The peak frequency can affect the mean spreading angle [4], but the peak frequency was 

almost unchanged in time in our experiment as shown in Figure 3. Therefore, in this section, we discuss the 

influence of the reflected waves on the estimation of the mean spreading angle with numerical wave fields. 

The wave reflection at the wave-makers occurs due to an imperfect absorption of incident waves.  

The surface elevation of the wave field in which incident and reflected wave coexist is represented 

numerically by the summation of them as shown in Eq. (13). 

 

 

𝜁(𝑥, 𝑦, 𝑡) = ∑{𝑎𝑖 cos(𝑘𝑖𝑥 cos 𝜃𝑖 + 𝑘𝑖𝑦 sin 𝜃𝑖 − 2𝜋𝑓𝑖𝑡 + 𝜀𝑖)

𝑁

𝑖

+ 𝑟𝑎𝑖 cos(𝑘𝑖𝑥 cos 𝜃𝑟𝑖 − 𝑘𝑖𝑦 sin 𝜃𝑟𝑖 − 2𝜋𝑓𝑖𝑡 + 𝜀𝑖)} 

(13) 

 

In the right-hand side of Eq. (13), the first term in the summation represents the incident wave component, and 

the second term represents the reflected wave component. The value of 𝑟 denotes the ratio of the amplitudes 

between the reflected and incident waves. Since the incident waves are reflected as specular reflection at the 

absorbing side of the basin, the reflected wave direction 𝜃𝑟𝑖 coincide with the incident wave direction 𝜃𝑖 in 

Eq. (13). Note that the signs of the 𝑦-related terms of the incident and reflected waves are opposite because 

the mean wave direction coincides with the 𝑌 axis of the ASMB. The surface elevations with different 𝑟 for 5-

minutes interval were calculated, and the proposed indicators were estimated by spectral analysis. Figure 7 

shows the contour diagram of the estimated directional spectrum with 𝑟 = 10%. The estimated directional 

spectrum is unimodal and approximately consistent with the experimental results shown in Figure 4 although 

the numerical wave field represented in Eq. (13) includes reflected waves whose peak direction is around  

-90deg. Figure 8 shows the variation of the proposed parameters as the reflectance 𝑟 varies from 0% to 10%. 

Significant wave height appears to increase slightly with increasing the energy of the reflected wave, but there 

are almost no variation in mean wave period and mean wave direction. On the other hand, the mean spreading 

angle clearly increases with increasing reflectance. The present result suggests that the mean spreading angle 

in the experimental wave field increases in time due to the development of the reflected wave with the 

proceeding of the wave generation time. 

 

 

Figure 7: Contour diagram of estimated directional spectrum. (𝑟 = 10%) 
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(a) Variation of 𝐻1/3 with 𝑟. (b) Variation of 𝑇01 with 𝑟. 

  
(c) Variation of 𝜃𝑚 with 𝑟. (d) Variation of 𝜃𝑘 with 𝑟. 

Figure 8: Variation of indicator parameters with reflectance 𝑟. 

5 CONCLUSION 

The short-crested irregular wave was generated for 20-minutes in the ASMB, and the temporal 

variations of the spectrum-shape indicators for the experimental wave field were evaluated by spectral analysis. 

The introduction of these parameters allowed us to quantify the temporal variation of the directional irregular 

wave field generated in the wave basin. The analysis reveals the following: 

1) The analysis of the frequency spectrum revealed that there is almost no temporal variation in the 

significant wave height and the mean wave period. 

2) The analysis of the directional spectrum revealed that the mean wave direction has almost no temporal 

variation. 

3) The mean spreading angle increases as the wave generation time proceeds. 

4) By the numerical investigation, it was confirmed that the mean spreading angle increases due to the 

development of the reflected waves. 
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