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The aims of this project are to study the wave dynamics, formation mechanisms and statistical 

properties of extreme and rogue waves on the water surface. Bimodal/crossing seas can 

generate extreme and rogue wave events and are relatively common in the open ocean. A 

series of experiments was carried out in the Marintek Ocean Basin in Trondheim under 

conditions close to those found in the open sea. Rogue waves, i.e. events with crests larger 

than or equal to five times the standard deviation or wave heights larger than or equal to twice 

the significant wave height, were observed in each test. The mean height of the highest waves 

increased with increasing record length and increasing kurtosis. For the bimodal/crossing 

conditions there was little difference between the observed values of kurtosis and an empirical 

estimate, particularly if the effect of bound waves are included. 

 

1. INTRODUCTION 

The aims of this project are to isolate the mechanisms that lead to the creation of extreme waves and in 

particular rogue waves on the water surface. Super-fluid helium experiments at Lancaster University 

have provided observations of an inverse energy cascade accompanied by giant waves together with a 

theoretical explanation for the observations (Ganshin et al., 2008). The project aims to test 

experimentally whether the processes observed and predicted in super-fluid helium driving giant wave 

formation are analogous to the processes driving rogue wave formation in the ocean. The tests have 

also been designed to allow study of the wave dynamics and statistical properties of extreme and rogue 

waves under conditions close to those found in the open sea. 

Bimodal/crossing seas (seas with two distinct peak directions) can generate extreme and rogue wave 

events (see e.g. Tamura, Waseda, Miyazawa, 2009) and are relatively common in the open ocean. 

Weak nonlinear interactions are identified as a possible mechanism leading to the generation of rogue 

waves, dependent on the crossing angle and the frequency ratio of wind and swell waves (Masson, 

1993 and Onorato, Osborne & Serio, 2006). A recent study from Petrova and Guedes-Soares (2011) 

focused on wave height distribution in bimodal/crossing seas, in this paper we focus on kurtosis as a 

measure of rogue wave activity in bimodal/crossing seas.  

 

2. EXPERIMENTAL METHOD 

The tests were carried out in the Marintek Ocean Basin in Trondheim. The Ocean Basin is 50 m by 70 

m, with two wavemakers on two sides and wave absorbers on the opposite sides. In this experiment 

the multiflap wavemaker was used. It is on one of the 70 m long sides and has 144 hinge type wave 

paddles capable of producing short crested irregular and crossing seas up to 0.4 m high. The paddles 
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are just under 0.5 m wide and the last 9 paddles (closest to the large wavemaker) were switched off 

throughout the tests to reduce the area affected by reflections off the large wavemaker. The water 

depth was 3 m for all tests. The Ocean Basin was instrumented with 24 twin wire type wave gauges, 

arranged down the tank at 5 m intervals from the multiflap wavemaker. There were two triangular 

three gauge arrays at 5 m and 25 m from the wavemaker and one pentagon array (five gauges in a 

pentagon arrangement and one at the center) at 35 m from the wavemaker. A general view of the 

Ocean Basin including the wave gauge locations is shown in figure 1. Video records were also made 

to check for excessive wave breaking. 

 

 
Figure 1. General view of the Ocean Basin, including wave gauge locations 

 

Several combinations of wave conditions were tested. The tests were all 20 minutes long. The wave 

gauges were switched on at the same time as the wavemakers and left on for three minutes after the 

paddles were switched off. Bimodal regular waves with crossing angles of 10⁰ to 40⁰ and wave height 

H = 0.068 m (for each component) were tested, initially with identical frequencies of 1 Hz for each 

component and subsequently with the first component period T1 = 1 s and the second component T2 = 

1.11 s, 1.25 s, 1.67 s and 2.5 s. Unimodal, regular waves with H = 0.068 m provided the reference 

condition for the regular wave tests. The regular wave test results are not presented here. 

The irregular wave tests were run at a significant wave height HS = 0.058m for each component, 

resulting in a measured significant wave height mid-tank of around HS = 0.078 m. For the first group 

of bimodal irregular tests the input spectra in the frequency domain were two JONSWAP spectra with 

identical peak periods (TP = 1 s), with peak enhancement factors γ = 3 and γ = 6 respectively. In the 

directional domain a cos
N
 type distribution function with N1 = 50 and N2 = 200 was used in the first 

series of tests. The angles between the two wave fields were β = 0⁰, 10⁰, 20⁰, 30⁰ and 40⁰. In the 

second series, the crossing angle was kept constant (40⁰) and the directional spreading factor of the 

first component (N1 = 50) was changed to N1 = 200 and N1 = 840. In the third series, the crossing angle 

was kept constant (40⁰) and the directional spreading factor was kept at N1 = 50 and N2 = 200, while 

the period of the second component was changed to TP2 = 1.11 s, 1.25 s and 1.67 s. The reference 

conditions for the irregular tests were a unimodal long-crested test with a JONSWAP spectrum 

frequency distribution (γ = 3) and a unimodal short-crested JONSWAP test (γ = 3) with N = 50. More 

than 5000 waves were generated at each irregular condition.  
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3. RESULTS 

Rogue waves, i.e. events with crests larger than or equal to five times the standard deviation (η > 5σ) 

or wave heights larger than or equal to twice the significant wave height (H > 2Hs), were observed in 

each test. A larger number of events was observed with larger angles between the wave fields and 

narrower directional spreading. The tails of the wave height and wave crest distributions deviate 

increasingly from a Rayleigh distribution with growing distance from the wave paddle. The fourth 

order moment of the probability density function of the surface elevation, or kurtosis, was calculated 

from each surface elevation time series. The kurtosis is related to the occurrence probability of rogue 

waves in a narrow-banded sea (Mori and Janssen, 2006), and the relationship can be extended to the 

directionally spread case by including a directional factor. The maximum observed kurtoses were 

above 3.0 (the Gaussian expectation) for each test. Figure 2 shows the kurtosis evolution with non-

dimensional distance down the tank (λ is the wavelength associated with the peak period TP1). The 

kurtosis tends to increase down the tank for all cases. The effect of crossing angle (β) and peak period 

(TP2) is within the variability of the data for the cases shown. Decreasing the directional spreading of 

the broad spread component (N1) increases the kurtosis.   

 

 
Figure 2. Kurtosis evolution down the tank for selected irregular bimodal cases.  

 

The expected maximum wave height and Hmax/Hs is related to the sample size in addition to any other 

factors. Oceanic measurements are generally taken for around 20 minutes (equivalent to 100 to 300 

waves depending on period), whereas the experimental observations were for around 4800 waves. 

Figure 3 shows the effect of changing the sample size on the mean value of Hmax/Hs. When the 

segment length is the whole record (around 4800 waves), the probability of rogue wave occurrence is 

high – more than half the records show at least one rogue wave. There is also a clear trend of 

increasing mean Hmax/Hs with increasing kurtosis, regardless of sample size, as previously observed by 

Petrova, Guedes Soares and Cherneva (2008). The mean height of the highest wave in the record 

increases with increasing segment length and increasing kurtosis. 
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Figure 3. Effect of the number of waves on mean maximum wave height for all bimodal irregular tests 

at nine locations down the tank. Circles are for around 4800 waves. Filled shapes are for the 

unidirectional case. 

 

The observed kurtoses were compared with an empirical estimate of the kurtosis derived from the 

empirical two-dimensional Benjamin Feir Index (BFI2D) (Mori et al., 2011): 
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where the frequency spectrum bandwidth         ,    is the standard deviation of the frequency 

spectrum,     is the peak angular frequency and ε is the characteristic wave steepness. The directional 

bandwidth    is the standard deviation of the directional spreading in radians and the constant    is 

empirically determined in Mori et al. (2011) as        . This empirical relationship is for a 

unimodal sea, but has been applied to a bimodal sea in figure 4. Including the effects of bound waves 

the empirical relationship becomes (Mori and Janssen, 2006): 
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Figure 4. Plot of maximum kurtosis down the tank against mean directional spreading at x/λ = 35 m. 

Lines are for equations 1 and 2 respectively. Directional spreading values have been calculated from 

both the peak component only (hollow circles) and from the whole spectrum (filled circles).  

 

Figure 4 shows the observed kurtosis plotted against directional spreading for the irregular bimodal 

test cases. The directional spreading was estimated from both the spreading of the spectral peak 

frequency and the spectrum as a whole, as it was not clear which method was best suited to the 
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empirical equations 1 and 2, both of which were derived for the unimodal case. There was little 

difference between the observed values and the empirical estimate, particularly if the effect of bound 

waves are included. Calculating the directional spreading for the whole spectrum was found to give a 

slightly better fit to the empirical equation including bound mode effects.  

Future work will include further statistical analysis and a comparison of the test results to numerical 

model simulations based on wave turbulence theory to provide information on the mechanisms 

responsible for rogue wave formation. 

 

4. CONCLUSIONS 

A series of experiments have been carried out at the Marintek Ocean Basin laboratory in Trondheim. 

The experiments aimed to isolate the mechanisms that lead to the creation of extreme waves and in 

particular rogue waves on the water surface. This paper focusses on a subset of the experiments 

investigating the effects of bimodal/crossing seas on rogue wave activity and kurtosis.  

Rogue waves were observed in each test and larger number of events was observed with larger angles 

between the wave fields and narrower directional spreading. The wave height and wave crest 

distributions were observed to deviate increasingly from a Rayleigh distribution with growing distance 

from the wave paddle. The mean height of the highest wave in the record increased with increasing 

segment length and increasing kurtosis. There was little difference between the observed values of 

kurtosis and an empirical estimate, particularly if the effect of bound waves are included. 
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