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The presence of coherent wave groups in the ocean has been so far postulated but still lacks evidence other than the indication from the radar images. Here, we attempt to reconstruct a wave field to monitor the evolution of a directional wave group based on a phase resolving two-dimensional non-linear wave model constrained by the stereo images of the ocean surface. The reconstructed wave field of around 20 wavelength squared revealed a coherent wave group compact in both propagating and transverse directions. The envelope of the wave group seems to be oriented obliquely to the propagation direction, somewhat resembling the directional soliton that was theoretically predicted and experimentally and numerically reproduced recently. A comparison with a constrained linear wave model demonstrated the coherence of the non-linear wave group that propagates for tens of wavelengths. The study elaborates a possibility of a spatially coherent short crested wave group in the directional sea.
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INTRODUCTION

Wave groups in the ocean have been recognized as early as in the 1970s in shallow and deep waters [1, 2] based on the analysis of time series data and spatial image. Concurrently, the formation of the long-crested wave groups has been postulated based on the non-linear Schrödinger equation (NLSE) and their existence was demonstrated numerically and experimentally [3, 4]. In reality, ocean waves are short-crested, but the long-crested wave envelope dynamics have been employed to explain the presence of wave groups, particularly in association with the generation mechanism of freak or rogue waves [5–7], somewhat disregarding the nature of the short-crested wind-wave field. As such, the key to understand the ocean waves, especially in the context of extremes, is to show the presence of coherent two-dimensional wave groups. A recent study by Chabchoub et al. [8] employed an innovative scheme of transforming the 2D+T NLSE into a 1D+pseudo time NLSE and vice-versa thus, allowing the application of a known solution of the long-crested (1D+T) NLSE to model a short-crested two-dimensional wave group. As a result, an oblique wave group, oriented at an angle to the propagation direction, is formed, as suggested in the theoretical study [9]. This theoretical conjecture of this short-crested wave field has been proven in an experiment in a directional wave tank [10].

However, up to now, the evidence of a coherent two-dimensional wave group in the ocean is missing. Stereo imaging of ocean waves is a promising and proven technology to capture a three-dimensional wave field [11]. The limitation is that it can only capture an area covering a few wavelengths. A new data assimilation scheme called SWEAD (Surface Wave reconstruction by Ensemble Adjoint-free Data assimilation) has been recently proposed to combine the stereo images with the phase-resolving non-linear wave model to extrapolate the surface elevation reconstructed from stereo images [12]. The validity of the scheme was demonstrated by a twin-experiment using the Higher-Order Spectral Method which is now becoming a standard tool to evaluate the phase-resolved processes based on the spectral wave model output [13–19]. HOSM is also exploited in data assimilation for RADAR observation [20, 21]. Unlike these studies that assimilates observations of the same size as the model, SWEAD incorporates observation matrix to handle observed data considerably smaller in size than the number of HOSM grids.

This paper reports the first successful implementation of the SWEAD [12] to reconstruct a wave field, which analyzes the stereo reconstructed wave field and extends the estimated wave field to an area 900 times larger (30 by 30) than the observation. By a careful look at the reconstructed wave field, a coherent wave group whose envelope is oriented obliquely to the wave propagation direction was discovered and was shown to resemble the directional soliton [8]. The ocean tower observation by the stereo camera and the data assimilation scheme is introduced in section Observation and data assimilation. The reconstructed wave field and the identified wave group therein are presented in section Observation of Coherent Wave Group. The comparison to the analytical solution and the linear wave field are discussed in section Discussion. Conclusion follows.



OBSERVATION AND DATA ASSIMILATION


Hiratsuka Tower Observation

An observation by stereo camera system was conducted at the Hiratsuka Oceanographic Experiment Station of the University of Tokyo located at the depth of 20 m, 1 km south of the Hiratsuka beach in the north of the Sagami-Bay in Japan (35.305467°N, 139.345815°E). A stereo camera system (3.92 m apart) pointing southwest is in operation since April 2017. The camera at 16 m altitude is pointing down imaging a trapezoidal area of height around 80 m (Figure 1 left). The surface elevation was reconstructed using WASS (Waves Acquisition Stereo System) [22]. Validation of the stereo reconstructed wave field was made during a field campaign from Sep. 1 to Oct. 2, 2018 employing four different types of wave sensors (ultrasound wave gauge at the tower, two wave-riders outside of the stereo imaging region, and bottom-mounted ADCP within the stereo imaging region) [23]. The details of the stereo imaging system and the stereo reconstruction are reported therein and will be omitted from this paper.


[image: Figure 1]
FIGURE 1. (left) Example of the snapshot of the stereo reconstructed wave field. Note the camera is pointing southeast; (right) Wave spectra from the Stereo camera system (black), bottom-mounted ADCP (magenta), wave rider (Spotter, red), wave rider (Piper, blue), and Ultrasonic at the Hiratsuka tower (orange). The straight solid lines indicate the f−4 and f−5 slopes. The sampling rates of stereo camera system, ADCP, Spotter, Piper, and Ultrasonic wave gauges are, 10.0, 2.0, 2.5, 2.0, 3.0 Hz, respectively. The averaged periodograms were obtained with the degrees of freedom ranging between 12 and 18.


The typical wave condition at the Hiratsuka tower is a swell system from the south. The wind-sea tends to be large for southerly wind with unlimited fetch whereas, for northerly wind, the wind-sea tends to be smaller due to limited fetch and the wave system tends to be mixed with swells propagating from the south. On Sep. 22, a swell of significant wave height ~0.6 m and peak wave period ~6.8 s (or ~70 m wavelength) propagated from the south (Figure 1 right). The wind-sea generated by the 8.1 m/s NNE wind was propagating against the swell. A small spectral peak may represent the wind-sea, but its energy was quite low. The spectra from the five sensors agree well-considering that they are not necessarily collocated. The spectrum from the ADCP measurement (magenta) appears closest to the stereo camera-based spectrum (black) as they are collocated. Sample time-series from the ADCP and the stereo camera are compared (Figure 2). The phases seem to match quite well but some peak values seem to deviate. This particular case was chosen for further analysis as the stereo camera images were intact.


[image: Figure 2]
FIGURE 2. Time series comparison of the surface elevation of the collocated ADCP (blue) and the stereo-reconstruction (red).




Surface Wave Reconstruction by Ensemble Adjoint-Free Data Assimilation (SWEAD)

Surface Wave reconstruction by Ensemble Adjoint-free Data assimilation (SWEAD) was applied to the stereo images of Sep. 22, 2018. A 300 s image sequence was selected from the 20-min record and was assimilated into the phase resolving wave model. SWEAD is a scheme to reconstruct a surface wave field by assimilating observational data to a phase-resolved non-linear wave model HOSM (Higher-Order Spectral Method) [12, 24]. An efficient data assimilation scheme called the adjoint-free data assimilation (a4DVar) [25] was extended to a free surface water wave problem. The HOSM is a flexible solver of the free surface water wave in a periodic domain that can vary the order of non-linearity. As aforementioned, the method is widely used and documented; the details of the HOSM is omitted. In this study, the non-linear order of HOSM M = 3 was chosen such that the four-wave resonant interactions are incorporated.

The procedure of SWEAD is summarized here. The aim is to find the initial phases of the Fourier coefficients of the surface elevation [image: image] whose modulus is given a priori by the directional spectra from the stereo reconstruction. Hereafter, [image: image] is represented as x0 denoting the initial condition. The cost function J (x0)

[image: image]

is minimized wisely circumventing the use of an adjoint model to estimate its gradient. Here, H (x0) is the model-data projection operator, y is the observational data from the stereo images, and R is the observation error covariance. Under the framework of Gaussian statistics, the error statistics of the initial condition x0 is represented by the background error covariance matrix B. The gradient of the cost function is approximated as:

[image: image]

where the adjoint of the Jacobian matrix H is approximated by the perturbed ensemble model run outputs: PTHT ≈ δYT, where P contains the orthogonal perturbation vectors and δY the associated model increments. Further simplification is made by updating the control variable as x0+Ps where the weighting function is determined solving equation (3) at each iteration:

[image: image]

Further improvement of the a4DVar made the method more stable. We took advantage of the spectral constraint and imposed a secant condition. Various parameters were carefully determined before the actual implementation of SWEAD. The details of these procedures are given in [12, 24].

From the stereo image analysis, the error covariance matrix R was estimated as [image: image] where σii represents the standard deviation of the stereo image estimates within a 1.5 m by 1.5 m grid, and nii is the number of samples per grid. Note that the data assimilation was made for the mean value of the surface elevation of each 1.5 m by 1.5 m grid.

The domain size of HOSM used in this study is 2.6426 km by 2.6426 km, with 1,024 times 1,024 grid points. The integration time step is 0.1 s and the integration period is 350 s following the non-linear spin-up of 50 s. For the case introduced in section Hiratsuka Tower Observation, the peak wave period of 6.8 s, the domain size corresponds to about 40 wavelengths, and the integration period to 50 wave periods. The HOSM wave field was initialized based on the spectrum from the stereo images with random phases, and the initial phases were determined conducting 400 perturbed ensemble runs that were repeated for 19 iterations minimizing the cost function [23, 26]. The magnitude of the first term of the cost function (1) reduced by 1/7 after eight iterations and slowly reduced to about 1/10 in nineteen iterations. With the large number of ensemble members (400), one iteration took about three and half hour wall clock time using the Oakforest-PACS Supercomputer System of the University of Tokyo using 12 nodes (one node has 68 cores). The domain size (1,024 by 1,024 and 40 wavelengths square) and the number of ensemble members (400) were determined based on the original study by Fujimoto [24] in balance of the predictable region and the computational efficiency.




OBSERVATION OF COHERENT WAVE GROUP


Initial Wave Field and Reconstructed Waves

Based on the directional spectrum from the stereo imaging system (Figure 3 left), the initial wavefield η0(x,y) was estimated using SWEAD (Figure 3, right panel). The wave field in Figure 3 right is mapped south-up and the dominant wave is propagating from the southwest. The directional spectrum was estimated by discrete Fourier transformation of the reconstructed wave field and was averaged over the entire 20-min image sequence. Because the directional spectrum was estimated from an area of 80 m square, waves longer than the domain size tended to be ambiguous in direction and therefore a high-pass filter was applied at 0.1 Hz. Spectral density <5 % of the peak spectral density was removed as well. Nevertheless, the directional spectrum tended to be broad in direction, and therefore, the waves tended to propagate into the stereo imaging area from all the directions. Those spurious waves appear in the initial wave field as a circular pattern. The dominant wave components are propagating from the southwest or the upper right quadrant of Figure 3 right. It is also noticeable that there is not much energy downstream (northeast, or the lower left quadrant). This is because for the 300 s stereo reconstructed image sequence, the predictable zone [27] is restricted to a circular sector (enclosed by cyan lines in Figure 3 right) extending to the southwest from the stereo imaging region. The waves in this area will focus on the stereo imaging domain and well-reproduced the wave record (Figure 4). The predictable zone was estimated for wave components with a spectral density higher than 30 % of the peak spectral density, thereby neglecting the waves coming from the opposite direction to the dominant swell. The SWEAD is not restricted to analyzing a uni-directional spectrum.


[image: Figure 3]
FIGURE 3. (left) Directional spectrum estimated from the 20-min stereo image sequence. The wave numbers kx and ky are oriented along the image coordinate. A high-pass filter with cutoff frequency of 0.1 Hz was applied. Spectral density <5 % of the peak spectral density was removed as well. (right) Initial condition of the analysis wave field by SWEAD. The red box indicates where the stereo images were taken. The markers represent the locations of the surface wave buoys. The predictable zone for the 300 s image sequence is indicated by cyan line.



[image: Figure 4]
FIGURE 4. Comparison of the surface elevation time series in the middle of the stereo imaging area; the blue line is from the stereo camera, and the red line is the reconstructed time series by SWEAD.




Reconstructed Directional Wave Group

From the 300 s reconstructed wave field, we have looked into the wave field upstream of the stereo imaging area within the predictable zone (Figure 3 right). At first sight, it appears that the waves tend to form a beam where the energy is confined to a finite crest length. This is partly because SWEAD does not impose a constraint of the homogeneity of the wave energy and therefore the waves are absent from the area outside of the predictable zone. However, it is plausible that non-linearity is acting against the dispersion and thereby retaining the short crestedness of the wave train.

Notable evolution of the group-like feature was detected (Figure 5). The image coordinate is rotated clockwise by about 40 degrees from the original (Figure 3) such that the wave group is propagating from right to left. The crest line is confined in the transverse direction, and the boundary seems inclined against the propagation. The directional wave group seems coherent throughout the sequence of about 60 s shown in Figure 5. The animation of the evolving wave field is provided as Supplementary Material.


[image: Figure 5]
FIGURE 5. Surface elevation contour map of the subdomain of the HOS simulation capturing a wave group. The domain covers 500 m by 500 m area, and is rotated so that the waves propagate from right to left toward the stereo imaging area. The time sequence is from left to right at 30 s interval.


The propagation of the detected wave group is visualized by a waterfall diagram of the wave profile along a diagonal line connecting (1,300 m, 1,300 m) and (1,700 m, 1,700 m) in Figure 3 for 80 s (Figure 6). The propagation of a coherent wave group is evident. The estimated propagation speed of the wave group is about 4.6 m/s which corresponds to a 5.9 s wave period. The estimated wave period roughly corresponds to the dominant wave in the observed spectrum (Figure 1). Unlike the directional soliton studied in Chabchoub et al. [8], the observed wave group is confined in the propagation direction as well. Long-crested envelope solitons are known to be unstable to transverse perturbation (e.g., [28]). The reconstructed wave field indicated a possible existence of a coherent directional wave group confined in both propagating and transverse directions. From the reconstructed wave field, the peak amplitude of the wave group is estimated to be around 0.5–0.6 m which corresponds to a local steepness of A0k0~0.06.


[image: Figure 6]
FIGURE 6. Waterfall plots of the surface elevation profiles along a diagonal line in the wave field depicted in Figure 3. The line connects (1,300 m, 1,300 m) and (1,700 m, 1,700 m) and the plot is made for 80 s long. A coherent wave group is observed.





DISCUSSION


Directional Coherent Wave Group

The theoretical framework of the directional wave group follows Chabchoub et al. [8]. By applying a coordinate transformation, [image: image], the 2D+T NLSE reduces to a 1D+T NLSE in which stable planar wave solutions exist. Then, interestingly enough, in the original coordinate, the solution appears to have a slanted envelope and the wave train becomes short-crested. The observed directional wave group somewhat resembles the directional soliton reproduced in a directional wave tank, which is parametrized as:

[image: image]

The surface elevation field given by η (x,y,t) = Re [A(x,y,t) exp {i(k0x + ω0t)}] is shown as an example in Figure 7 for the case of θ=−π/6. Note that the angle θ should not exceed 35.26° for the framework to be applied. The carrier wave is propagating from right to left and is short-crested in the transverse direction. However, the slanted envelope is unbounded.


[image: Figure 7]
FIGURE 7. Surface elevation map of the directional soliton [4] with obliqueness [image: image] and the steepness A0k0 = 0.05. The time sequence is from left to right at four-wave period interval. The wave is propagating from right to left.


The envelope of the SWEAD reconstructed directional wave group was truncated in the propagating direction as well. Mimicking the reconstructed wave field, the truncation of the wave envelope was artificially introduced to the directional soliton solution equation (4):

[image: image]

The W(x,t) is an arbitrary function that reduces the wave energy to nil in the far-field. Here, we have chosen a triangular envelope containing n waves. The surface elevation wavefield for n=5, is shown in Figure 8, [image: image]. The wavefield remarkably resembles that reconstructed from the stereo images (Figure 5). Since Atrunc. (x,y,t) is not a known solution of the 2D+T NLSE, in reality, its coherence due to the balance of non-linearity and dispersion remains to be tested. Nevertheless, we will show in section Comparison Against the Linear Model, that the non-linearity was crucial in sustaining the coherence of the reconstructed directional wave group.


[image: Figure 8]
FIGURE 8. A truncated directional soliton [5]. The number of waves in a group n = 5. Nomenclature is the same as Figure 7.


The directional soliton choice may be considered as too simplistic compared to other more advanced nonlinear envelope models. Examples are breathers on finite background, such as the Kuznetsov-Ma, Akhmediev or Peregrine breathers [4, 29, 30]. Given the domain limits and the absence of distinct wave focusing, we selected the envelope soliton as a reference being the fundamental stationary coherent structure allowing the nonlinear interaction with the underlying waves. Nevertheless, there is no reason not to observe how a truncated breather would look like. By applying the same coordinate transformation to the Akhmediev breather solution [29], we obtain the following expression of the diagonal breather:

[image: image]

where, [image: image], [image: image], [image: image], and [image: image] representing the spectral bandwidth. Following the same steps as before, we show in Figure 9 the surface elevation of the truncated wave train, [image: image]. We chose a small value of δ=0.0001, such that the solution approaches the Peregrine breather [30]. The resemblance of the directional Akhmediev breather to the directional soliton is striking. Although the resemblance of oblique Akhmediev/Peregrine breather, at its peak modulation, and the stationary envelope soliton is known, the implication of that to this study is noteworthy. Despite the wave field was extended to cover a large domain compared to the stereo imaging area, the domain is still not large enough to capture the full evolution of the wave group, particularly the initial disintegration of a wave train, known as the Benjamin-Feir instability [31].


[image: Figure 9]
FIGURE 9. A truncated directional Akhmediev Breather [6]. The number of waves in a group n = 5. Nomenclature is the same as Figure 7.




Comparison Against the Linear Model

The HOSM wave field constrained by the stereo images revealed the existence of a wave group whose envelope is oblique to the propagation direction. Moreover, the analytical model of the directional envelope soliton with an artificial truncation in the propagating direction resembled the reconstructed wave group. Although this truncated directional soliton is not a known analytical solution to the 2D+T NLSE, the reconstructed wave field is a numerical solution that incorporates the third-order non-linearity and is not restricted by spectral bandwidth. To confirm that such a coherent wave field exists because of the weak non-linearity, the SWEAD was applied to the linear wave model or the HOSM simulation with M = 1. Note that by assimilating the stereo images, the initial condition of the linear HOSM is constrained such that the wavefield within the stereo imaging region is optimally reconstructed. What we will investigate here, however, is the difference between non-linear and linear wave models of the wave fields outside of the stereo imaging region but within the predictable region. In Figure 10, the evolution of the wavefield along a line connecting (1,300 m, 1,300 m) and (1,700 m, 1,700 m) of the simulated domain is shown. The coherent nature of the wave group that was found in the case of the HOSM M = 3 simulation has diminished with HOSM M = 1 despite the two solutions being strongly constrained by the same directional spectrum (Figure 3 left).


[image: Figure 10]
FIGURE 10. Waterfall plots of the surface elevation profiles from an assimilated linear wave model. The wave profile is obtained along a diagonal line in the wave field depicted in Figure 3. The line connects (1,300 m, 1,300 m) and (1,700 m, 1,700 m) and the plot is made for 80 s long. Coherent wave group is not observed.


The degree of coherence of the wave evolution becomes apparent comparing the wave fields of the entire HOSM model domain. The normalized maximum wave amplitudes are plotted in Figure 11 for the HOSM M = 3 simulation (left) and the HOSM M = 1 simulation (right). While the reconstructed non-linear wave field (Figure 11 left) shows a beam that extends upstream and downstream of the stereo imaging region where the energy is concentrated, the reconstructed linear wave field (Figure 11 right) shows that the energy spreads in a broader domain. In the linear model, there are multiple beams and the energy seems to focus on the central part. If the wave groups remain coherent, it is expected that the maximum surface elevation will be homogeneous. Therefore, the high contrast of the maximum surface elevation, as seen in the linear case, implies that wave groups are not as coherent as in the non-linear case. The beam tends to weaken away from the center, and this is an artifact of the data assimilation scheme in which the predictable zone broadens away from the center. Overall, the comparison indicates that in the HOSM M = 1 simulation, the wave field linearly focused in the central part to reproduce the observed wave field, but coherence is less prominent than the HOSM M = 3 simulation. This observation is consistent with that comparing Figures 6, 10.


[image: Figure 11]
FIGURE 11. The normalized maximum value of the surface elevation of the 300 s HOSM simulation is shown for the entire model domain (2.6426 km by 2.6426 km); in the left, non-linear (M = 3), and in right, linear (M = 1). The color map limit is from 0 to 1.0. The coherence of the wave group is depicted by the homogeneity of the maximum surface elevation along the beam. The square at the center denotes the stereo imaging area. The directional wave group was observed along 1,300 m to 1,700 m in both horizontal and vertical axes.





CONCLUSION

A wave field was successfully reconstructed assimilating the stereo image sequence into a non-linear phase resolving wave model. From the reconstructed wave field, a coherent wave group was identified in which the two-dimensional wave envelope is not in alignment with the propagation direction of the carrier wave. The striking resemblance of the reconstructed directional wave group to the recently discovered directional soliton is encouraging.

The work certainly needs further improvement. Likely, the imaging area of 80 m by 80 m is not sufficient to reconstruct the wave field of the entire 2.6 km by 2.6 km model domain as the predictable region is limited by the time window of 300 s. As such, the reconstructed wave field tended to focus the energy into the stereo imaging area such that the wave field is well-reproduced within the given time window. This tendency was even more exaggerated when the linear HOSM model was used.

Nevertheless, the comparison of the non-linear and linear reconstructed wave fields elucidated the significance of the non-linearity in maintaining the coherence of the directional wave group. The kinematic properties of the wave group are realistic, with the steepness around A0k0~0.06, and contains around 5 waves in a group. This is the first time such two-dimensional coherent wave groups were identified in the ocean. The scheme of combining spatial images and non-linear wave models is promising and should be advanced by utilizing spatially wide observations such as shipborne radar images.

We were able to observe a striking similarity between the reconstructed ocean wave group with oblique NLS-type envelopes. Indeed, a truncation of the water surface elevation as modeled with an oblique form of both, envelope soliton and Akhmediev/Peregrine-type breather, by adopting the respective oblique angle, show an excellent agreement with the shape of the coherent structure in the ocean. The domain limitations were obviously a major constraint in this study for the purpose of identification of the right coherent envelope. Moreover, it was not possible to clearly identify the Benjamin-Feir instability process [31], which is a possible mechanism for the formation of ocean extreme events [7]. Nevertheless, our findings pave the way for possible soliton or breather-type rogue wave identification in the ocean [29, 32, 33]. We consequently believe that there is strong potential for observations of such pulsating envelopes in the ocean and to connect these to ocean rogue wave formations in the future.
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