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Abstract

:

Analysis of the omnidirectional energy spectrum from storm wave measurements provides valuable parameters for understanding the specific local conditions that wave energy converters would have to withstand. Partitioning the energy spectrum also helps to identify wave groups with low directional spread propagating in the direction of the dominant waves of the more energetic wave systems. This paper analyzes the partition of the Hurricane Wilma energy spectrum using single-point measurements obtained in shallow water. Hurricane Wilma generated simultaneous crossing wave systems with different significant wave heights and steepnesses. The maximum estimated significant height among the wave groups was 5.5 m. The corresponding height of the partitions and the omnidirectional energy spectrum were 11.0 m (swell) and 12 m, respectively. While linear superposition was the main mechanism responsible for driving the wave groups, at times, modulational instability produced nonlinear wave groups. This is a new finding, since modulational instability is usually considered an open-sea phenomenon. For shorelines with multidirectional wave groups, submerged and semi-submerged devices should be designed to account for changes in wave direction and wave height, although under extreme hurricane conditions, energy harvesting might have to be sacrificed for the benefit of device integrity.
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1. Introduction


The capture of wave power and the survivability of energy-harvesting devices are key issues in the ongoing development of technologies that use wave resources efficiently [1]. The structural design of wave energy converters (WECs) and their modeling at the laboratory scale are determined by the extreme events they are likely to face. The loads produced by the breaking events and the extreme mooring tensions that are experienced by a WEC are the most critical conditions for study [2,3,4,5]. Extreme wave events can be physically and numerically simulated with focused wave groups to generate sea surface elevations of increasing steepness [6,7]. The motion of the WECs, the wavelength, the wave steepness, and the WEC distance relative to the wave breaking point are key variables associated with severe sea states. Accurate field measurements, taken in extreme conditions, are therefore vital to improving the mechanical and structural design of WECs.



The northeast of the Yucatan Peninsula is seen as an area with the potential for extracting wave energy using WECs [8,9]. However, the Yucatan Peninsula is frequently hit by hurricanes, so the resilience of WECs under different wave systems, driven simultaneously during storms, is crucial. While point-absorbing WECs appear to be the most viable technology to harness wave power in the Mexican Caribbean [10], the ability of a WEC to survive extreme waves [11] is the main factor determining the success of this technology. Thus, improvements in wave spectrum analysis are necessary in order to determine the operating conditions and structural stability of potential WECs that could be installed in the study area.



The sea state is a constantly changing surface, composed of several different wind-generated wave systems, observed within periods of less than 5 min [12]. Each wave system is formed in a different generation zone, and all have similar directions and wavelengths, with the same maximum (peak) energy in the wave spectrum. A wave spectrum often has several peaks because of the coexistence of the wind sea, driven by local wind conditions, and swells from remote meteorological systems. Therefore, wave conditions at sea are composed of mixed wind waves. For wave spectrum analysis, spectral partitioning allows the energy of the waves to be associated with the same peak frequency [13,14,15]. Each segment of the spectrum is taken to represent independent wave systems originating from different generation zones. As a storm approaches coastal waters, where storm-generated wave systems overlap with background wave systems, sudden changes in the sea state occur. The simultaneous crossing and opposing wave systems may threaten offshore structures, ships, and WEC arrays. Estimating the wave parameters associated with storm wave systems is now essential for the realistic reproduction of storm wave characteristics in numerical and experimental wave tanks.



Here, we use the wave measurements induced by Hurricane Wilma (2005) [16]. This Category 5 hurricane made landfall in Quintana Roo in October 2005 and had the lowest central pressure of any hurricane ever recorded in the Atlantic Basin [17]. Wilma began to form in the northwest Caribbean Sea and, in only 24 h, escalated from a tropical storm, with winds of 111 km/h, to a Category 5 hurricane with winds of 278 km/h [18]. During the period of intensification, the diameter of the hurricane’s eye dropped to 3.7 km, the smallest eye diameter ever observed at the National Hurricane Center [17]. However, the eye diameter of Hurricane Wilma grew considerably, and for most of its life, its eye diameter was 74–111 km. Wilma’s destructive effects as it passed across the Yucatan Peninsula included loss of vegetation, damage to infrastructure in urban and tourist centers, flooding, and severe beach erosion [19,20]. Infrastructure losses were valued at USD 3 billion in Mexico and USD 20.6 billion in the United States [18,19]. According to wave records, in the shallow waters of the northeast Yucatan Peninsula, the waves of Hurricane Wilma had monomodal and bimodal distributions in frequency and direction [16,21,22]. In deeper waters, the wave spectrum tended to be bimodal or trimodal in direction [23]. Before Wilma arrived, the wind sea had low energy, which increased during the storm. Swell was also generated by Wilma; therefore, wind sea and swell developed simultaneously, and the degree of wave grouping increased during the passage of Wilma. After the storm, there was no swell, only wind sea with more energy than it had prior to the storm. Although [22] considered there to be two wave partitions, they did not estimate the wave parameters for each partition.



Since wave groups with low directional spread may undergo significant nonlinear changes, which can be observed through the process of energy transfer, the steeper the wave, the more changes in the wave groups [24]. Hence, the focusing of wave energy over time and the resultant generation of large-amplitude waves in the middle of wave groups during storms (Benjamin–Feir instability) deserves attention.



The partition of the extreme wave spectrum of Wilma provided the significant wave height, the wave steepness, the spectral bandwidth, the peak direction, and the directional spread of different wind-generated wave systems. We consider the peak direction obtained at each partition to be the direction of the dominant waves. Since the superposition of wave trains of similar frequency propagating in the direction of the dominant waves form wave groups, the peak direction corresponds to the direction of the wave groups. A frequency spectrum can be estimated in this direction to assess the degree of wave grouping. It is a reasonable approach. The main aim of this article was to partition the directional wave spectrum of Hurricane Wilma to identify wave groups and thus estimate the spectral wave parameters in the direction of the dominant waves. These spectral parameters make it possible to determine whether WECs would be confronted with multidirectional wave groups of different heights and steepnesses simultaneously. This work offers local knowledge to those developing WECs, regarding the design of nearshore systems able to withstand harsh conditions, and to those estimating WEC performance in extreme wave conditions. The above parameters can be used by designers of WECs to simulate the interaction of devices with the wave groups, either numerically or in wave tanks, so that devices can be improved to survive extreme wave conditions. An array of WECs deployed in shallow water would be expected to experience crossing wave groups with low directional spread and different individual wave heights during intense storms. Wave spectra data from extreme events can improve decision making and thus minimize structural damage to WECs.



This article provides a novel means of determining the duration of Hurricane Wilma based on the wave energy spectrum, which can be applied to any storm. It also includes the description of the Benjamin–Feir index for shallow waters. The work is structured as follows: Section 2 describes the wave data and methodology used to estimate the spectral wave parameters in the direction of the dominant waves. In Section 3, the results are shown and discussed, and the overall conclusions are provided in Section 4.




2. Materials and Methods


2.1. Wave Data


A 1 MHz Nortek Acoustic Wave Current profiler (AWAC) was used to collect measurements of ocean waves in the shallow water at Puerto Morelos, Quintana Roo (Figure 1), from August to November 2005 [25]. The AWAC was deployed at a depth of 20.73 m [16,25] and recorded data using sensor pressure and acoustic surface tracking (AST). AST directly measured the sea surface using a narrow 1.7° vertical acoustic beam. The sampling frequency was 4 Hz, and the sampling frequency for the sensor pressure was 2 Hz. The AWAC recorded data every 2 h, to a total of 2048 samples. Further details can be found in [26].



The SUV method was used for the processing of directional waves. The name of the SUV method takes the letter “S” from AST and “UV” from the horizontal velocity components. The SUV method uses AST data as well as instantaneously interpolated horizontal velocity components, vertically aligned with AST, to calculate the directional distribution of the directional wave spectrum [27]. This method is well-adapted for mounted-bottom measurements and moving platforms, as well as when waves are exposed to large mean currents. Spectral calculations were made using the optimized option in order to account for the pressure measurements when the AWAC software detected outliers in over 10% of the AST data. The AST data were not filtered, but a smoothing value of 64 was used to average each of the discrete frequencies of the spectra. This is the default value used to smooth wave measurements by the Nortek software at a maximum value of 128. The value selected specifies the number of fast Fourier transform bins used at each frequency. As the number of bins increases, the spectrum appears smoother. The number of bins selected does not change the total energy, but may slightly alter the distribution of energy. The frequency step was set to 0.01 Hz.




2.2. Spectral Wave Parameters


The flux of wave energy per unit along the crest width in kW/m was estimated from the total wave spectrum using


  P =  ρ g      ∫  0  2 π     ∫  0 ∞  S   f , θ      C g    f , h     d f   d θ ,  



(1)




where the constant terms are the water density  ρ  and the gravitational acceleration  g . The variable terms are the wave power or wave energy flux  P , the wave frequency  f , the direction of wave propagation  θ , the water depth  h , the frequency-direction (total) wave spectrum   S   f , θ    , and the wave group speed    C g    f , h    . The wave group speed is given by


   C g    f , h   =  g  4 π f       1 +   2 κ h   sinh   2 κ h         tanh   κ h   .  



(2)




where   κ = 2 π / L   is the wave number and  L  is the wavelength. The latter is estimated using an accurate, explicit two-step solution [28]. The strength or intensity of the wave energy transport    I P     , the area under the wave power curve, is


   I P  =   ∫  o τ  P   d τ .  



(3)




where  τ  stands for the storm duration. The duration of Wilma was determined from the response of the sea surface to the high- and low-frequency components of the generated wave field. According to [29], higher-frequency wave components respond more quickly to changes in the wind field than lower-frequency wave components. Hence, we can apply a frequency band of 0.22 to 0.30 Hz as a tracer to detect the onset of Wilma, while frequencies in the range of 0.08–0.18 Hz serve to define the end of the storm disturbance. The wave frequencies used in this work to determine  τ  were 0.25 Hz and 0.10 Hz, in the latter case, when the spectral energy density reached the pre-storm value of ≤0.2 m2/Hz. Figure 2 shows how this criterion is applied to a cold front. Time marks divide the duration of the storm into three periods: (1) pre-storm, (2) storm passage, and (3) post-storm. The duration of this cold front was 34 h.



The moments of the wave spectrum determine the statistical characteristics of the sea surface, defined as


   m n  =   ∫  0  2 π     ∫  0 ∞   f n    S   f , θ     d f   d θ   .  



(4)







These terms denote the nth-order moment    m n    of the total wave spectrum. The significant wave height was approximated as    H s  ≈ 4      m 0     .



The spectral wave steepness  S , a measure of frequency dispersion, is based on the Miche steepness limit [30,31], calculated as


  S =    H s     κ p    tanh    κ p  h     .  



(5)







Here,    κ p    is the wave number at the peak of the wave spectrum.



The superposition of linear and nonlinear wave trains at similar frequencies can form wave groups, and the    Q p    factor (Goda’s parameter) estimates the degree of wave grouping [32,33]:


   Q p  =  2   m 0 2        ∫  0  2 π     ∫  0 ∞  f    S 2    f , θ     d f   d θ .  



(6)







As the value of    Q p    becomes higher, the spectrum shape becomes narrower, so the grouping of waves is better developed. Narrow-banded swells can reach values of    Q p  > 2  , whereas fully developed wind seas have values of    Q p    ~   2  .



Narrow-band wave trains, in frequency or direction, with steep wave slopes can become unstable due to side-band perturbations (four-wave interactions) [34,35]. These nonlinear perturbations are known as modulation instability, or Benjamin–Feir instability, and lead to the focusing of wave energy in space and/or time and the presence of a large-amplitude wave in the middle of a wave group [34,36]. The Benjamin–Feir index (  B F I  ) assesses the modulation instability of nonlinear waves by comparing nonlinear effects (spectral steepness) with dispersion effects (spectral bandwidth) [37]. As the wave field increases in steepness, the local energy concentration is more likely to cause the waves to break. The   B F I   is also considered an indicator of the probability of very high waves resulting from nonlinearity in unidirectional wave fields   ( B F I > 1 )  . Nonlinearity gives rise to deviations from the Gaussian distribution for the wave field [38]. As the   B F I   increases, so does the nonlinearity. The   B F I   magnitude depends on depth, and in shallow waters, it can be expressed as


  B F  I e 2  =       2 π     S  Q p     2         ν p     c p       2    −   g    X  n l      κ p     ω p     ω p  ″         ,  



(7)




where   B F I e   is the Benjamin–Feir index extension to shallow water;    ν p    is the first derivative with the wave number of the dispersion relation for surface gravity waves on water of finite depth (the group speed);    c p  =  ω p  /  κ p   , with      ω p    denoting the angular frequency at the peak period;      ω p  ″     is the second derivative of dispersion relation, which is always negative for any value of the water depth; and      X  n l     is the nonlinear interaction coefficient for the narrow-band limit that takes into account the effects of the finite depth on modulation instability. The nonlinear interaction coefficient is given by


     X  n l   =     9      tanh   4     κ p  h   − 10      tanh   2     κ p  h   + 9   8     tanh  3     κ p  h       −    1   κ p  h           2    ν p  −  c p  / 2    2     c s 2  −  ν p 2    + 1       .  



(8)




where    c s  =   g   h    , indicating the wave phase speed in shallow water. Finite-amplitude waves generate a current and cause changes in the mean sea level in shallow waters. This lessens the modulation instability and can reduce the development of very high waves. Hence, the first term in brackets accounts for the contribution of a term connected with the nonlinear dispersion relation for surface gravity waves, while the second term reflects the effects of the wave-induced current and corresponding deviations from the mean surface elevation [35]. When    κ p  h = 1.363  , the nonlinear interaction coefficient vanishes        X  n l   = 0    . When    κ p  h < 1.363  ,      X  n l     is negative   (    X  n l   < 0 )   and the wave-induced current has a stabilizing effect because the nonlinear transfer of energy is small [34]. When    κ p  h > 1.363  , the term associated with the nonlinear dispersion relation (NLDRT) holds, and      X  n l     is positive   (    X  n l   > 0 )  . In this case, the wave-induced current tends to vanish, and therefore, the dominant wave trains are unstable. A uniform wave train is unstable to four-wave interactions when      X  n l   > 0  ; that is, when   B F  I e 2  > 0  . In addition, a narrow-banded wave spectrum in a low-directional spreading sea state is unstable when    Re      B F I e   > 1  . It is worth noting that the spectral bandwidth is expressed in terms of    Q p   , which is a robust, narrow-band approximation [35]. The dispersion or dispersive effects cannot be fully derived from      X  n l     because it is not the nonlinear dispersion relation. We can only say whether or not the term associated with the nonlinear dispersion relation exceeds the term associated with the wave-induced current.



Sea states are characterized by the simultaneous occurrence of one or more wave systems (i.e., wind sea and swell with different energy levels). Spectral parameters estimated from the total or omnidirectional energy spectrum do not provide specific spectral parameters associated with wave groups in the direction of the dominant waves. WECs also experience the effects of multidirectional wave groups, which can be unstable and focus wave energy through the mechanism of modulational instability. These effects cannot be inferred from the omnidirectional energy spectrum, but by partitioning the omnidirectional energy spectrum to obtain a frequency spectrum in the direction of the dominant waves. While all WECs undergo the combined effects of all partitions, the study of the possible interaction of WECs with wave groups associated with severe storms is also relevant and worth considering.



To identify the various wave systems and to detect the wave groups driven by Wilma in shallow water, the total wave spectrum was partitioned according to [39] and using the software developed by [40]. The partition algorithm was carried out through the following eight steps. (1) Filter the measured energy spectrum using double convolution. A 3 × 3 smoothing filter was used to remove the small peaks in the measured spectrum, to avoid it being interpreted as a partition. (2) Identify all possible partitions using a watershed algorithm. (3) Identify and combine all wind-sea partitions using a wave age criterion. (4) Merge mutual swell partitions. (5) Select only partitions above noise level and below an energy threshold. (6) Merge remaining swell partitions that do not have a valley between them and are separated by less than 90°. (7) Keep only swell partitions with significant wave values above a default minimum. (8) Re-order partitions in terms of energy level in descending order. We used single-point measurements, recorded every two hours. The total wave spectrum was estimated from these wave measurements every two hours. These were the spectra used for the partition. We did not use any spectra at multiple stations for the partition. For each total spectrum, the partitioning scheme provided the number of wave systems, the peak frequency    f p   , the peak direction    θ p   , the directional spread, and    H s    from the frequency spectrum of each wave system.



In unidirectional sea states, the displacement of wave trains of similar frequency is aligned with the direction of the dominant waves, and groups of waves are formed. The wave groups driven by Wilma can be observed in the AST recordings. Since waves do not occur unidirectionally during storms, the frequency spectrum and    H s    were also estimated in the peak direction of each partition. We use the peak direction from the three more-energetic partitions to infer the properties associated with wave groups generated during Hurricane Wilma. For example,    H s    was estimated from   S   f ,  θ p      for all frequencies, which means that wave energy from different partitions is included in the    m 0    integration. The integration limits for   S   f ,  θ p      considered the peak direction and the directional spread of each partition, enabling the estimation of moments for    Q p    and   B F I e  . The typical mean directional spread for the first three partitions over the Wilma storm period was     2 ± 1   °  . In this study, we concentrated on the peak direction of the wind sea and the two most energetic swells to assess nonlinear focusing. Although the   S   f ,  θ p      estimates do not evaluate the frequency spectrum of each wave system (partition), they are referred to as    θ p   −partitions 1, 2, and 3 for ease of reference. Therefore, the emphasis is on groups of waves with low directional spread since their wave spectrums can become narrow-banded and unstable in the direction of the dominant wave.



The way in which swells interact with wind and wind waves is not considered here because no single-point wind measurements were taken at the measurement site. However, the interaction between swell and wind waves was taken into account through the formation of wave groups. The partitioning of the total wave spectrum was first used to obtain the direction of the dominant waves. Then, a frequency spectrum, in that direction, was estimated by integrating for all frequencies within the low directional spread obtained from the partitioning. The superposition of these frequencies to form wave groups in Wilma’s generation zone is also a way of considering how swells and wind waves interact. They interact to form groups of waves. The spectral steepness and bandwidth, as well as the    Q p   , were estimated using the frequency spectrum in the direction of the dominant waves. Thus, by partitioning the omnidirectional energy spectrum to estimate de frequency spectrum in the direction of the dominant waves, the nonlinear interaction between swells and wind waves was estimated using the extension to shallow water of the Benjamin–Feir index It should be noted that by integrating in the direction of the dominant waves (the peak direction), swells and wind waves from different partitions (wave systems) were also considered.





3. Results and Discussion


3.1. Wave Power


Figure 3 shows the wave power time series for Hurricane Wilma. The maximum wave power reached an astonishing 814 kW/m, and the storm duration was 96 h, producing a wave energy power intensity of about 25 MW/m. This is roughly equivalent to the energy generated by a wind farm composed of eight wind turbines rated at 3 MW. The number of wave systems generated by Wilma ranged from one to five. Until around 14 h before the storm, there was only a wind-sea state, which is consistent with the results of [22]. In the post-storm period, up to four wave systems remained. Unlike [22], who found that the swell had completely disappeared by October 23, we found that the swell was still present after October 23. This is probably due to the different algorithms used to process the total energy spectrum, the frequency interval of the omnidirectional energy spectrum, and the partition schemes.




3.2. Partition of Wave Spectrum


The amount of energy generated by a WEC can vary considerably depending on the specific wave energy spectrum of the deployment site. In nondirectional wave fields, the energy harvested by a WEC farm can be uniform. In multidirectional wavefields, directional spreading can mean the predominance of certain degrees of freedom for independent motions of the floating bodies [41]. The hydrodynamic efficiency of a WEC and its resonance period are associated with the angle of incidence of the wave and thus the amount of energy harvested [42,43]. The time evolution of the wave spectrum indicates the different wave conditions that influence the harvesting performance and the ability of a WEC to survive onsite storms. WECs stop harvesting energy when a survivability threshold is reached (e.g.,    H s  > 5   m  ) [44]. Even in these sea states, WECs must withstand storm conditions with minimal damage.



Figure 4a shows when Wilma hit a potential site for WEC deployment with at least two different wave systems; the results presented are in agreement with [21]. Wave groups were seen to come from three peak wae directions (64°, 124°, and 63°) simultaneously. The peak frequencies for these three    θ p   −partitions were 0.090 Hz (11.1 s), 0.080 Hz (12.5 s), and 0.090 Hz (11.1 s), respectively. As such,    θ p   −partitions 1 and 3 are likely the same wave system.



The method for the spectral partitioning of waves was designed to facilitate the analysis of distinct wind-sea and swell wave systems from the total wave spectrum [39]. The number of wave systems identified depends on both the wave frequency and the direction intervals. Hence, wave systems within the same storm source can be better resolved with a frequency step of less than 0.01 Hz.



The two wave systems were recorded two hours after the maximum wave power was reached. The wave power was 600 kW/m, with significant wave heights, estimated along the wave peak direction, exceeding 2 m. The directional spreading for the three partitions was, in respective order, 2.6°, 2.6°, and 2.8°. Although the sea state was close to a fully developed wind sea, and wave grouping was not well-developed, such relatively high waves could contribute to structural fatigue and the aging of the devices.



At other times, especially at the peak of the wave power, three distinct simultaneous wave peak directions were clearly observed, from 73°, 120°, and 162°, with wave heights of 2.0 m, 5.4 m, and 1.0 m, respectively. These peak direction characteristics were also noted by [22]. The corresponding peak frequencies were 0.150 Hz (6.7 s), 0.08 Hz (12.5 s), and 0.18 Hz (5.6 s). Wind-sea frequencies typically range from 5 Hz to 0.111 Hz (0.2 s to 9 s), while swell frequencies range from 0.111 Hz to 0.067 Hz (9 s to 15 s). Thus, the above peak frequencies of    θ p   −partitions 1 and 3 correspond to the wind sea (shorter waves). By contrast, the peak frequencies of    θ p   −partitions 1 and 3 shown in Figure 4a indicate swells (longer waves). The time series of    f p    (not shown) indicates these main features: (i) most of the first-partition frequencies are in the range of the wind-sea frequencies; (ii) most of the second-partition frequencies fall into the swell frequency range; (iii) most of the frequencies in the third partition match the range of wind-sea frequencies; and (iv) there are times when two or all of the partition frequencies overlap. While the frequencies for wind sea and swell are well-established, the range of frequencies may overlap if the wind speed is high enough, as occurred during Hurricane Wilma. When Wilma passed through the measurement site, the sea surface was actively forced by the wind, and nonlinear interactions may have merged with shorter and longer waves. Wind sea and swell developed continuously in the area of influence of Wilma. In fact, [23] found that wind-sea energy can propagate in alignment with the wind direction for frequencies similar to the swell. Therefore, the wind sea may have frequencies up to 0.067 Hz (15 s), and the swell may also have frequencies of about 0.500 Hz (2 s). The interaction between swell and wind waves was significant during Wilma. However, these complex nonlinear wave–wave interactions are not explicitly considered in the context of the ongoing work.



A finite-depth criterion for the onset of wave breaking is when   S   ~   0.7 − 0.8   [30]. The wave steepnesses measured in wave facilities for WEC testing range from 0.167 to 0.264 [2]. Hence, the estimated wave steepness shown in Figure 4a is insufficient to cause the waves to break.



The frequency spectra shown in Figure 4c are not the energy spectra of the first three partitions, and the energy of the peak values do not represent the energy resulting from the energy spectrum associated with the three partitions. This refers only to the maximum energy values obtained in a specific direction. Hence, these energy values should not be added together to obtain the energy value in Figure 4b. It should be noted that the frequency spectrum in the direction of the dominant waves takes into account the combined effects of several partitions.



Figure 4b and Figure 5b show the unimodal distribution of the omnidirectional energy spectrum. The significant wave heights were 10.4 m (Figure 4b) and 6.5 m (Figure 5b). Figure 4c and Figure 5c show the unimodal and bimodal distribution of   S   f ,  θ p      in the dominant wave direction of the three    θ p   −partitions, obtained by integrating along the peak direction for all frequencies. The peak directions of    θ p   −partitions 1 and 2 are almost the same (wave system), but   S   f ,  θ p      shows a different area beneath the curve. The values of    f p    in Figure 4c and Figure 5c are roughly 0.010 Hz. However, the maximum energy observed at   f >  f p    in the distribution of   S   f ,  θ p      reflects the energy contributions of the other partitions in that    θ p    direction.



The data shown in Figure 5 correspond to the time when the wave power decreased to 181 kW/m, 22 h after reaching its maximum value. Only three wave systems were identified (Figure 3). The peak directions (Figure 5a) are congruent with the area where the total spectrum displays its maximum energy. They represent the directions in which three-wave systems move. Since    θ p   −partitions 1 and 2 represent the same wave system, it appears that the wave systems associated with partitions 1 and 3 traveled within an alignment of approximately 16°. In addition, the peak frequencies for both partitions 1 and 3 are the same (0.1 Hz). Nonlinear interactions likely resulted in energy transfer between the wind sea (high frequencies) and the swell (low frequencies) [45]. As a result, the two partitions had the same peak frequency. The significant wave height of partitions 1 and 3 derived from   S  f    of each partition—i.e., not aligned in the peak direction—were 3.6 m and 2.2 m, respectively. Under these sea-state conditions, the significant wave height of the wind sea exceeds the respective swell contribution. This implies a sea swell energy ratio of          m 0      w i n d − s e a          m 0      s w e l l     > 1  .
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Figure 5. The partition of the total wave spectrum on 22 October 2005 at 17:24 UTC. (a) The total wave spectrum; (b) the omnidirectional energy spectrum; (c) the frequency wave energy spectrum   S   f ,  θ p      in the peak direction of each partition. The frequency energy spectrum was not multiplied by any factor. In (a), the total wave spectrum,    θ  p p 1   ~  θ  p p 2    , and the arrows in color black and magenta seem to overlap. Other features are indicated in Figure 4. 
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3.3. Spectral Wave Parameters


An increasing linear trend is evident for the values of    H s    and  S  (Figure 6). These wave parameters were estimated using   S   f ,  θ p      along the    θ p    of each partition (Figure 6a), the omnidirectional energy spectrum, and also the energy spectrum of each partition (Figure 6b).



The maximum significant wave height of the dominant waves (5.5 m) was associated with the second    θ p   −partition and a wave power of 703 kW/m. This occurred four hours before the wave power reached its maximum value. In contrast, the maximum estimated significant heights of the partitions and the omnidirectional energy spectrum were 11 m (swell) and 12 m, respectively.



The maximum wave steepness (1.007) shown in Figure 6a was related to the dominant waves of the third    θ p   −partition and a significant wave height and a wave power of 2.0 m and 519 kW/m, respectively. This occurred six hours before the maximum wave power. The steepest wave trains (  S > 0.3  ) were primarily the result of wind sea and the second most energetic swell. It is likely that for the wave groups within   S > 0.6   (Figure 6a), the highest wave within the group was steeper and had already broken. The maximum wave steepness estimated from the omnidirectional energy spectrum was 1.141 (Figure 6b). It coincided with a significant wave height and a wave power of 11.3 m and 119 kW/m, respectively. This occurred 24 h after the wave power reached its maximum value (Figure 3).



The probability of wave breaking, called the breaker fraction (   Q b   ), can be estimated easily by    Q b  = 20.6     S ¯   5.48     [46], where   S ¯   is the mean wave steepness. The values of   S ¯   for each    θ p   −partition in Figure 6a are, in respective order, 0.161, 0.129, and 0.204. As a result, the fractions of broken waves in the wave trains passing the measurement site were 0.0009, 0.0003, and 0.0034, respectively. The breaker fraction is an important parameter in studies on energy dissipation caused by depth-induced wave breaking in the surf zone, as it controls patterns of sediment transport [47]. Furthermore, the dissipation of wave energy reduces the amount of energy available for harnessing and affects the survival capacity of WECs [48]. However, these issues are beyond the scope of the current work.



The peak direction of the maximum significant wave height was 301°, while the peak direction of the maximum wave steepness was 261° (Figure 7). Wave trains of    H s  ≥ 3   m were clustered at about 300°. Where two or more wave systems moving in different directions overlap, this is known as a crossing sea. WECs and other objects that float in the sea, such as buoys, will at some time be impacted by two or more wave systems arriving from different directions (Figure 4). In terms of the peak direction, we found that interactions with crossing seas became more common as the wave power increased. On 21 October 2015, between 01:24 UTC and 21:24 UTC (Figure 3), there were five periods of time when    H s  > 1.8   m   in at least two wave    θ p   −partitions, and three sea states had quite different peak directions. It should be noted that this    H s    was obtained from   S   f ,  θ p     .



Wave steepness is an indicator of the degree of nonlinearity of a wave field because, theoretically, a very steep wave may become steep enough to break. Furthermore, wave groups are prone to nonlinear changes as the individual waves become steeper. The higher the      Q p    values, the narrower the shape of the energy spectrum and the higher the concentration of energy. Therefore, wave groups in sea states with narrow spectral bands induce nonlinear instabilities [49]. In the open sea, nonlinear instabilities, such as the Benjamin–Feir instability, can lead to the instability of a narrow-banded wave spectrum.
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Figure 7. Polar scatter diagram of the significant wave height, significant wave steepness, and the wave peak direction for all data in each    θ p   −partition during the storm passage of Hurricane Wilma. Wave directions indicate where the waves went. 
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Overall,    Q p    is expected to rise with increasing wave steepness. The degree of wave grouping with respect to the wave steepness is shown in Figure 8. The scatter of the points is significant, but there are not enough data for a robust linear trend. Following [50], the data were averaged over seven bins equal in size with respect to    Q p   . The sea state is fully developed when    Q p  ~ 2  . There were 80 points plotted below    Q p  = 2   and 54 points above this value. A binned linear trend, with    Q p    increasing with  S , is seen until a fully developed sea state is reached. This is the best we can do with the available data. The energy of the waves probably increased to develop wave groups and thus increased the wave steepness.



Disregarding the insufficient data, the decreasing linear trend of    Q p   , with the increase in  S  for    Q p  > 2  , suggests that nonlinear instabilities are not associated with the development of wave groups. It appears that the modulation instability will not lead to the splitting of a regular train of waves into wave groups. This negative trend was found in new pancake sea ice reported by [51]. The enhanced wave grouping in pancake ice, relative to open water, was attributed to the linear random superposition of neighboring frequency components in a wave field whose spectral bandwidth decreased. The site at which the waves generated by Hurricane Wilma were recorded was in shallow water, where the dominating effect of a wave-induced current would inhibit the modulation instability mechanism. Therefore, the increase in wave grouping, shown in Figure 8, was probably a result of the linear superposition of wave trains propagating in the direction of the dominant wave system.



The shape of the group of waves in the AST time series was more clearly observed at the start and end of the storm passage. In these periods, the wave power displayed its lowest values. When a wave group hits a WEC, the highest crest can come from the front, center, or rear of the group. Additionally, if individual waves in the group become sufficiently steep, they may break directly over the WEC. The variation in loads on a WEC and mooring tensions could be significant depending on the asymmetry of the wave groups relative to the highest crest [52].



We consider that the dominant waves exist as wave groups. A characteristic of wave groups is that the elevation envelope decays away from the highest individual wave, close to the center of the group. Figure 9a shows groups of waves recorded eight hours after the storm began, in which two wave systems were identified and the wave power was 24 kW/m (Figure 3). The wave groups were determined empirically, from the highest individual waves observed within the elevation record. The highest positive peak within a wave group was taken as a reference. Then, the decreasing peaks on both sides were followed until the smallest peaks in the wave group were found. The first and last individual waves were determined empirically, using the zero upward-crossing wave elevation method. The fifth wave in the highlighted wave group appeared to have dissipated its energy by breaking (Figure 9a). Since the breaking process is associated with individual waves [53], this wave did not remain coherent once it reached a critical steepness.



In Figure 9b, the wave groups were recorded two hours before the storm ended. At that time, there were four wave systems with a wave power of 27 kW/m (Figure 3). The asymmetry of the wave groups    ζ    was estimated following [49] as follows:   ζ =    i x  − 1   /    N c  − 1    . Here,    N c    is the number of crests within the group and    i x    is the index of the highest crest     1 ≤  i x  ≤  N c     . If the highest crest is in the middle of the group, then   ζ = 0.5  , while   0 ≤ ζ < 0.5   indicates that the highest crest is toward the front of the group. For wave groups recorded in the open ocean, [49] found that symmetric wave groups tend to be most commonly in the range   0.34 ≤ ζ < 0.66  . In wave groups with the maximum crest near the front,   ζ < 0.34  , and in those with the maximum near the rear of the wave group,   ζ > 0.66  . In Figure 9a,    N c  = 10  ,    i x  = 6  , and   ζ = 0.55  , and in Figure 9b,    N c  = 7  ,    i x  = 5  , and   ζ = 0.67  . In both cases, the wave groups are almost symmetrical. On the other hand, the asymmetry of the extreme wave-crest and wave-trough elevation with respect to the still water level is of interest to designers of WECs for technical calculations (Figure 9a).



For most of the storm period, surface gravity waves of finite amplitude produced currents almost the same values as the corresponding values of the NLDRT. As a consequence, the nonlinear transfer of energy among the frequency components of the wave spectrum was low     B F  I e 2  ~ 0     (Figure 10). The mechanism of modulation instability   ( B F  I e 2  > 0 )   produced wave groups only in the first and third    θ p   −partitions of the total wave spectrum (Figure 10a), most notably for   B F  I e 2  > 2   and   S > 0.350  . The outlier at   S = 1.007   suggests the formation of a nonlinear wave group for which    H s  = 2.0   m   (Figure 6), which included an individual wave steep enough to break.



Figure 10a also shows an increasing linear tendency in the   B F  I e 2    index with  S  at approximately   B F  I e 2  ≥ 1   and   S ≥ 0.3  . The higher the   B F  I e 2   , the larger the dominant effect of nonlinearity on the wave-induced current. Thus, in shallow waters under intense storm conditions with low directional spreads, nonlinearity could modify the steepness structure of the wave groups. The stabilizing effects of the wave-induced current on the modulation instability predominated in the    θ p   −partition   ( B F  I e 2  < 0 )  . Hence, the clear linear trend of    H s    with increases in  S  shown in Figure 6 indicates linear wave groups. This is strengthened in Figure 10b, where most of the points in the second    θ p   −partition for which    Q p  > 2   demonstrated that   B F  I e 2  < 0  .



Benjamin–Feir instability is primarily a deep-water phenomenon. Interestingly, this type of instability occurred a few times in the shallow water studied here, specifically in the peak direction of the first and third    θ p   −partitions (Figure 10b). This indicates nonlinear changes in the wave groups. The    Q p    values suggest that nonlinear interactions were associated with both relatively wide-banded and narrow-banded wave spectra. The spectral bandwidth    ε   , a measure of energy concentration, was calculated as   ε =      m 0     m  − 2   /  m  − 1  2  − 1     1 / 2       [33]. Since high-order moments of the spectrum are sensitive to noise in the high frequencies of the spectrum, this expression is less sensitive to high-frequency components because it depends on low-order moments [33]. The data for which   B F  I e 2  > 1   were separated to plot  ε  as a function of    Q p    (Figure 11a). As the spectral bandwidth decreases, the degree of wave grouping increases, indicating the development of nonlinear wave groups. Most of the points that correspond to the third    θ p   −partition had a broad bandwidth, suggesting dynamic conditions that were probably evolving toward a fully developed sea state. In contrast, most of the points of the first    θ p   −partition had a relatively narrow bandwidth and    Q p  > 2  , which means that the nonlinear wave groups were more developed. Figure 11b illustrates the nonlinear trend of bandwidth decreasing as the wave grouping factor increases throughout the storm passage period. The wave groups become more narrow as the degree of wave grouping increases.



Wave groups are considered a superposition of linear or nonlinear wave trains of similar frequency propagating in the direction of the dominant waves. The superposition can combine many elementary waves with random amplitudes and phases. We have estimated the frequency spectrum in the direction of the dominant waves via the partition of the omnidirectional energy spectrum. This is a reasonable approach to inferring wave groups from spectral parameters. A narrow wave spectrum has a sharp peak, which corresponds to a pronounced group structure. As    Q p    increases in the direction of the dominant waves, the spectrum becomes narrower. As  ε  decreases, the spectrum becomes narrower. It is expected that, as    Q p    increases,  ε  should decrease. Indeed, we have estimated both    Q p    and  ε  in the direction of the dominant waves. The relation between    Q p    and  ε  is therefore meaningful. Hence, the relation between the degree of wave grouping and the spectral bandwidth shown in Figure 11 is the expected result.





[image: Sustainability 15 07414 g011 550] 





Figure 11. The spectral bandwidth as a function of the degree of wave grouping. (a) The dataset with   B F  I e 2  > 1   from Figure 10b; (b) the whole dataset during the passage of Hurricane Wilma over the measurement site. 
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Linear superposition was the primary mechanism responsible for the formation of wave groups during Hurricane Wilma. At times, from the superposition of weakly nonlinear waves, wave groups developed in shallow water through the mechanism of modulation instability. The nonlinear mechanism of wave group formation emerged as the effect of the wave-induced current was surpassed by the NLDRT. As far as we are aware, this is a novel result since modulational instability is usually considered an open-sea phenomenon. The wave field changed continuously during the storm passage period, and nonlinearity increased as the wave groups became steeper.



In addition, for a specific depth (  h = 20.73   m), the nonlinear term      X  n l     in Equation (8) is a function of the wavenumber. A significant reduction in the nonlinear transfer of energy was expected around    κ p  =   1.363   20.73   m   = 0.066    m  − 1    . Then, as long as the wavenumbers remained below this theoretical limit value, the NLDRT did not have a pronounced effect on the stabilizing effect of the wave-induced current. The NLSDT was dominant in wavenumbers ranging between 0.1164    m  − 1     and 0.4986    m  − 1    . The modulation instability was triggered in shallow water because the threshold for instability was exceeded (   κ p  > 0.066    m  − 1    ). Hence, during severe storms in shallow waters, the NLDRT can override the stabilizing effect of the wave-induced current.



The survivability and reliability of WECs are an issue, particularly during storms, where devices should not be subject to significant damage or loss of functionality. The partitioning of Hurricane Wilma’s extreme spectrum provided parameters of multidirectional wave groups. In general, for shorelines with multidirectional waves, submerged and semi-submerged devices should accommodate changes in wave direction and wave height. However, under extreme hurricane conditions, energy harvesting should have to be sacrificed in favor of device integrity. The estimation of the spectral wave steepness in the direction of the dominant waves associated with breaking wave groups is helpful for improving the design of WECs. Since the spectral parameters are estimated at specific times, it is possible to see the elevation wave record at those specific times. This is important for assessing the response of WEC to wave slamming due to breaking waves, because the magnitude of the mooring loads depends on the location of the breaking. In this way, the durability of key structural components when hit by extreme wave groups can be improved. When the extreme event is over, the devices may return to an acceptable operational level. Overall, the extreme wave conditions generated by Wilma represent a step towards improving the ability of WECs to survive storms.



Another issue regards the ability of WECs to continue operating under specific wave conditions. Hurricane Wilma was an extreme tropical cyclone. However, there are storm events that are not as severe as Wilma when they approach the shore. Although WECs are usually turned into a secure mode during storms, a challenge for WECs is whether they can capture the wave energy of relatively low-energy storms: for example, squall lines, trough lines, atmospheric frontal systems, and some tropical cyclones. Submerged and semi-submerged WECs can probably be optimized to operate in stormy conditions. This could reduce the amount of energy lost in harnessing wave energy. The extreme wave conditions generated by Wilma illustrate the wave conditions that the above devices would face. However, the harvesting of wave energy driven by individual storms may be worth testing.





4. Conclusions


In this paper, a robust method of estimating the duration of Hurricane Wilma was introduced, which is applicable to other storms. The reason for partitioning the directional wave energy spectrum driven by Wilma was to obtain extreme spectral wave parameters, especially in the direction of the dominant waves. The findings demonstrate the importance of analyzing the wave groups of severe local sea states. The maximum values of wave steepness were relatively close to those of the onset of wave breaking due to the bottom effect (finite depth). Individual waves in the wave groups seen in the surface elevation records showed signatures of wave breaking. Crossing wave groups, with low directional spread and different wave heights and steepnesses, were also identified.



The most notable features of the spectral parameters were as follows:




	i

	
The spectral wave steepness and bandwidth in the direction of the dominant waves ranged from 0.007 to 0.596 and from 0.157 to 0.850, respectively;




	ii

	
The increase in the degree of wave grouping with decreasing bandwidth;




	iii

	
The increase in the degree of wave grouping with increasing steepness for    Q p  < 2  ;




	iv

	
The decrease in the degree of wave grouping with increasing steepness for    Q p  > 2  , implying the development of wave groups;




	v

	
The increase in modulation instability with increasing steepness for   B F  I e 2  > 1  .









It is also worth noting that the sea state aligned in the direction of the dominant waves was unimodal and bimodal in frequency. Such extreme wave conditions are possible in the northeast of the Yucatan Peninsula, so any WEC deployed there could experience them.



The limitations of this study included the lack of single-point wind measurements, the interval between measurements (2 h), and the discrete sampling of wave directions and frequencies (4° and 0.01 Hz). Future directions include analyzing currents, wave groups in the elevation records, and identifying the signatures of individual breaking waves within groups. The assessment of wave energy dissipation by depth-induced breaking would enable the estimation of the reduction in available wave energy that could be harnessed by WECs. It would also be worthwhile to search for modulational instability in records of other shallow-water storms.



For the optimal design of WECs and their moorings on the ground, it is essential to take into account the effect of multidirectional wave groups. The structural response of WECs to wave groups with varying individual wave heights and steepnesses is crucial when assessing the extreme motions and loads they will face. Survivability assessments should take into account real extreme wave conditions in the area where they are to be deployed. In this way, the values of the spectral wave parameters provided in this paper are helpful to those working in the development of WECs, particularly in evaluation areas such as survivability and reliability.
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Figure 1. The study site and the region of interest (black box). (a) The Gulf of Mexico; (b) the northeast of the Yucatan Peninsula. 
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Figure 2. UTC-hourly time series of wave power and nondirectional wave energy spectrum for a cold front. The dotted lines mark its duration. 
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Figure 3. UTC-hourly time series of wave power throughout the passage of Hurricane Wilma at the study site and the number of wave systems identified from the frequency–direction wave spectrum (small blue squares). 
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Figure 4. The partition of the total wave spectrum on 21 October 2005 at 23:24 UTC. (a) The total wave spectrum; (b) the omnidirectional energy spectrum; (c) the frequency wave energy spectrum   S   f ,  θ p      in the peak direction of each partition. For clarity, the frequency energy spectrum of    θ p   −partition 3 was multiplied by a factor of 1.2. The wave directions indicate where the waves go. In the panel, each arrow with different color points to the peak direction for partition 1 (black), partition 2 (magenta), and partition 3 (red). The p1, p2, and p3 sub-indices in the spectral wave parameters refer to each wave partition. In the total wave spectrum,    θ  p p 1   ~  θ  p p 3     and the arrows in color black and red seem to overlap. 
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Figure 6. Scatter diagram of the significant wave height versus the significant wave steepness during the storm passage of Hurricane Wilma over the measurement site (a) in the direction of the dominant waves for each partition; (b) for each partition and the omnidirectional energy spectrum. 
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Figure 8. Scatter diagram of the Goda parameter versus the significant wave steepness associated with each    θ p   −partition during the storm passage of Hurricane Wilma. The blue triangles are all data binned into equally sized    Q p   -bins. Each binned value is the average of all data within the bin. 
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Figure 9. Surface elevation records in shallow water on: (a) 20 October 2015 at 23:24 UTC; (b) 23 October 2015 at 13:24 UTC. The black crosses indicate the position of the crests of the group of waves highlighted in red. 






Figure 9. Surface elevation records in shallow water on: (a) 20 October 2015 at 23:24 UTC; (b) 23 October 2015 at 13:24 UTC. The black crosses indicate the position of the crests of the group of waves highlighted in red.



[image: Sustainability 15 07414 g009]







[image: Sustainability 15 07414 g010 550] 





Figure 10. The square of Benjamin–Feir’s extended index for shallow waters as a function of the (a) significant wave steepness; (b) degree of wave grouping. 
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