
manuscript submitted to Geophysical Research Letters

Directional Breaking Kinematics Observations from 3D1

Stereo Reconstruction of Ocean Waves2

Bernard Akaawase1, Leonel Romero1, Alvise Benetazzo2
3

1Department of Marine Sciences, University of Connecticut, Groton, CT, USA4

2Istituto di Scienze Marine (ISMAR), Consiglio Nazionale delle Ricerche (CNR), Venice, Italy5

Key Points:6

• The directionality of wave-breaking and wave energy spectrum is investigated via7

stereo visible imagery.8

• The energy spectrum is bi-modal whereas the breakers are unimodal with more9

breaking occurring in the dominant waves/wind direction.10

• The observed distribution of wave-breaking crest lengths is azimuthally much nar-11

rower than the wave spectrum.12

Corresponding author: Bernard Akaawase, bernard.akaawase@uconn.edu

–1–



manuscript submitted to Geophysical Research Letters

Abstract13

Short ocean surface waves are important for remote sensing, air-sea exchange, and un-14

derwater acoustics. The energy spectrum at scales much shorter than the dominant waves15

are azimuthally bimodal. However, widely used wave models fail to reproduce the bi-16

modality of the short gravity waves. Recent studies have shown that an azimuthally nar-17

row dissipation due to breaking can significantly improve model performance. Thus, high-18

lighting the importance of the directional energy balance of wave models. We utilized19

stereo visible imagery to quantify the directional wave-breaking kinematics and compare20

them against the energy spectrum and different dissipation parameterizations and model21

solutions. The results show that wave-breaking is azimuthally unimodal and narrower22

than the bimodal energy spectrum, suggesting that wave-breaking dissipation combines23

with the nonlinear energy fluxes due to wave-wave interactions to yield enhanced bimodal-24

ity. The findings are useful for constraining energy dissipation parameterizations for spec-25

tral wave models and improved understanding of air-sea fluxes.26

Plain Language Summary27

Short gravity waves on the ocean surface play crucial roles in remote sensing, air-28

sea exchange, and underwater acoustics. Despite their significance, widely used wave mod-29

els fail to accurately reproduce the directionality of short gravity waves. This study in-30

vestigates the relationship between the directional distribution of wave breaking and the31

energy spectrum as recent studies have suggested that such knowledge is vital for im-32

proved wave model performance. Utilizing stereo visible imagery and three-dimensional33

reconstruction of the sea surface elevation, we show that the energy spectrum exhibits34

strong azimuthal bimodality away from the spectral peak, while the statistics of wave35

breaking is unimodal and much narrower. This supports recent modeling efforts that demon-36

strate that a directionally narrow breaking dissipation can significantly improve the per-37

formance of spectral wave models. The results presented are useful for optimization and38

constraining dissipation parameterizations due to breaking for spectral wave models, and39

improving understanding of air-sea exchange processes.40

1 Introduction41

Several processes within the oceanic and atmospheric boundary layers are modu-42

lated by surface wave breaking. These include the development of the wave field (Melville,43
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1996), momentum transfer from the surface waves to currents (Pizzo et al., 2016; Romero,44

2019), and air-sea fluxes (Deike & Melville, 2018; Shin et al., 2022; Deike, 2022). Wave-45

breaking is also a source of the near-surface turbulent kinetic energy and underwater sound46

generation (Gemmrich et al., 2008). Despite the significant impact of wave-breaking, it47

is poorly understood. Much of the present knowledge about wave breaking has emerged48

from field observations, laboratory and numerical experiments (Monahan & Muircheartaigh,49

1980; Duncan, 1981; Phillips, 1985; M. L. Banner et al., 2000, 2002; Drazen et al., 2008;50

Callaghan et al., 2008; Gemmrich et al., 2008; Kleiss & Melville, 2010; Romero et al.,51

2012; Derakhti et al., 2020; Sutherland & Melville, 2013; Wu et al., 2022; Thomson, 2012).52

In this study, we investigate wave breaking using three-dimensional stereo reconstruc-53

tion of the sea surface from visible imagery.54

Phillips (1985) introduced a statistical approach for investigating wave-breaking,55

the Λ(c) distribution, which is the expected length of breaking fronts advancing with speeds56

c to c+dc per unit surface area. The moments of Λ(c) correspond to various physical57

parameters. The first five moments (in order 1-5) are related to the fraction of the sea58

surface overturned by wave-breaking per unit time, the fractional area of the sea surface59

occupied by the actively breaking waves, the entrained air per unit area per time, the60

momentum transferred per unit area, and the energy dissipation per unit area (Phillips,61

1985; Melville & Matusov, 2002; Kleiss & Melville, 2010; Deike et al., 2017; Romero, 2019).62

Previous studies have quantified Λ(c) using sea spikes from radar backscatter, bubble63

signatures in visible-imagery, and temperature structures in infrared-imagery (Melville64

& Matusov, 2002; Phillips et al., 2001; Jessup & Phadnis, 2005; Gemmrich et al., 2008;65

Kleiss & Melville, 2010; Zappa et al., 2012; Sutherland & Melville, 2013; Romero et al.,66

2017). Although numerous measurements of Λ(c) exist, only few have considered the di-67

rection of wave-breaking (Melville & Matusov, 2002; Gemmrich et al., 2008; Kleiss & Melville,68

2011). To the best of our knowledge, no study has compared the directionality of wave-69

breaking to the energy spectrum. Such information is crucial as recent studies suggest70

that the directionality of the dissipation due to wave-breaking can have important im-71

plications for the dynamics that shape the wave spectrum (Romero & Lubana, 2022; Al-72

day & Ardhuin, 2023). Hence, the need for a more detailed examination of breaking di-73

rectionality for different environmental conditions.74
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In deep water, the evolution of energy spectrum F (k, θ) can be described by ra-75

diative transfer equation76

∂F (k, θ)

∂t
+ cg · ∇F (k, θ) = Sin + Snl + Sds, (1)77

where the left-hand-side is the time derivative and advection at the group velocity, and78

the source terms on the right right-hand-side are the wind input Sin necessary for wave79

growth, the nonlinear interactions Snl, and dissipation Sds. To leading order, Snl con-80

trols the spectral shape of short waves (M. S. Longuet-Higgins, 1976; M. Banner & Young,81

1994; Toffoli et al., 2010). It is well established that F (k, θ) is unimodal at the spectral82

peak and becomes bimodal at lower and higher wavenumbers (I. Young et al., 1995; Ewans,83

1998; Hwang et al., 2000; Romero & Melville, 2010a; Leckler et al., 2015; Peureux et al.,84

2018) with the lobe separation approaching ±90o at higher wavenumbers (Lenain & Melville,85

2017). However, efforts to model the directional spectrum with the ’exact’ computations86

of Snl systematically yielded narrower spectra and weak bimodality at high wavenum-87

bers compared to observations (Romero & Melville, 2010b; Liu et al., 2019; Romero &88

Lubana, 2022).89

Following the work of Donelan (2001) on nonlinear breaking dissipation due to long90

wave-short wave modulation (M. Longuet-Higgins & Stewart, 1960; M. Longuet-Higgins,91

1987; Guimarães, 2018; Peureux et al., 2018, 2021; Dulov et al., 2021), Romero (2019)92

developed a breaking parametrization much narrower than the energy spectrum, allow-93

ing numerical solutions with ‘exact’ computations of Snl to yield enhanced bimodality94

consistent with observations. Here, we further assess the Romero (2019) wave-breaking95

model against field measurements of wave-breaking kinematics and energy spectrum. The96

paper is organized as follows. Section 2 describes the data set and explicitly documents97

how the visible images are processed to obtain the sea surface elevation and the statis-98

tics of wave-breaking kinematics. The results are presented in Section 3, followed by dis-99

cussion and conclusions in Section 4.100

2 Data and Methods101

2.1 Data Description102

We analyzed an existing dataset of stereo visible imagery, which was used to ob-103

tain 3D space-time sea surface elevation fields η(x, y, t), where t denotes time, x and y104

are the world coordinates (see Figure S2). The data was collected in 2015 at the Acqua105
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Alta (AA) oceanographic research tower https://www.ismar.cnr.it/en/infrastructures/106

oceanographic-infrastructures/acqua-alta-tower (Benetazzo et al., 2012), located107

15km offshore of Venice in the northern Adriatic Sea (Italy; 45.32oN, 12.51oE) where the108

water depth is 17m. The stereo setup consisted of two 5 MP (2048×2456) synchronized109

BM-500GE JAI cameras equipped with 5 mm low distortion lenses. The stereo system110

was mounted at 12.5 m above sea level with a baseline of 2.5 m, and a grazing angle of111

25o from the horizontal. The data was acquired for 30 minutes at 12 Hz (correspond-112

ing to 21570 frames) in conditions of relatively steady winds from the East-North-East113

averaging 13ms−1 at the standard 10m reference level (U10), see wind time series in Fig-114

ure S1. The significant wave height (Hs) was 1.99 m, the peak period (Tp) 6.5 s, and the115

corresponding wave age cp/U10 = 0.8 as determined from the linear dispersion relation-116

ship. In addition, the peak wave direction was aligned with the wind. See Guimarães117

et al. (2020) for detailed description of the dataset (AA02).118

2.2 Three Dimensional (3D) Reconstruction of the Ocean Waves119

Ocean waves can be measured with instruments that solely provide the time se-120

ries of the sea surface elevation (either in Eulerian or Lagrangian frame) η(t), or in two-121

dimension (2D) with arrays of wave gauges to obtain limited space but robust time in-122

formation. Alternatively, radar-based systems, scanning lidars, and computer vision or123

‘stereography’ can be used to obtain 2D measurements with higher directional resolu-124

tion (M. Banner et al., 1989; I. Young et al., 1995; Jasper et al., 2020; Hwang et al., 2000,125

2000; Romero & Melville, 2010a; Lenain & Melville, 2017; Benetazzo, 2006). One of the126

first applications of stereography in oceanographic research involved computing the di-127

rectional spectra of ocean waves from 3D elevation maps measured off San Diego from128

an offshore tower (M. Banner et al., 1989). Since then, this approach has been used to129

study surface wave processes. In this work, we utilized the Wave Acquisition Stereo Sys-130

tem (WASS) pipeline ‘https://sites.google.com/unive.it/wass/home/’, an open-131

source package that efficiently reconstructs ocean surface waves in 3D (Benetazzo, 2006;132

Benetazzo et al., 2012; Bergamasco et al., 2017). The technique can provide measure-133

ments that allow for the calculation of wave-breaking kinematics and the computation134

of unambiguous directional wave energy spectrum coincidentally, making it suitable for135

investigating short waves which are broadly distributed in azimuth spanning over ±80o136
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(Peureux et al., 2018). A detailed description of WASS is provided in the supporting in-137

formation.138

2.3 Wave Spectral Analysis139

WASS can capture the wave crests within its field of view but cannot resolve the140

wave troughs that are far from the cameras due to shadowing from the crests. Moreover,141

the spatial resolution and the quantization errors become larger with increasing distance142

from the cameras (Benetazzo et al., 2018). This motivated us to use a multi-window ap-143

proach comprised of a large trapezoidal-window that adaptively follows the shape of the144

WASS swath and a small square-window. The larger window resolves the low wavenum-145

bers, while the smaller window does a better job resolving the shorter waves. The trapezoidal-146

shaped swath is typical for grazing angle deployment when the video reconstruction is147

presented in a local cartesian frame (see Figure S2a).148

Before computing the spectra, the data in the small-window was spatially detrended,149

and both windows were Hann-tapered around the edges. The tapering of the larger-window150

was performed adaptively to follow the data swath (Romero & Melville, 2010a), as demon-151

strated in Figure S2. Each window was zero-padded to thrice its initial size. The 2D wavenum-152

ber spectrum F (kx, ky) was computed unambiguously from the 3D space-time Fast Fourier153

Transform of the wave field η(x, y, t) by integrating all the positive frequencies and mul-154

tiplying the spectrum by a factor of two to take care of the energy loss due to the neg-155

ative frequencies according to156

F (kx, ky) = 2

∫ ωmax

0

F (kx, ky, ω)dω, (2)157

where F (kx, ky, ω) is the 3D spectrum. The directional spectrum was converted from carte-158

sian to polar coordinates of components159

kx = k cos θ160

ky = k sin θ (3)161

such that the variance of the sea surface elevation ⟨η2⟩ is preserved according to162

⟨η2⟩ =
∫ ∫

F (k cos θ, k sin θ) k dk dθ =

∫ ∫
F (kx, ky) dkx dky, (4)163
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where k is the value of the Jacobian determinant J =

∣∣∣∣∂(ky, kx)
∂(k, θ)

∣∣∣∣ as given by164

J =

∣∣∣∣∣∣∣∣
∂kx

∂k
∂kx

∂θ

∂ky

∂k
∂ky

∂θ

∣∣∣∣∣∣∣∣ =
∣∣∣∣∣∣∣
cos θ −k sin θ

sin θ k cos θ

∣∣∣∣∣∣∣ = k(sin2 θ + cos2 θ) = k. (5)165

Here we refer to F (k cos θ, k sin θ) as F (k, θ) following the convention used in certain stud-166

ies (M. L. Banner, 1990; Hwang et al., 2000; Romero et al., 2012; Romero, 2019; Romero167

& Lubana, 2022). But note that the ‘true’ polar spectrum is defined as E(k, θ) = F (kx, ky)J168

such that ⟨η2⟩ =
∫ ∫

E(k, θ) dk dθ (Tolman et al., 2009; Holthuijsen, 2010; Benetazzo169

et al., 2016; Peureux et al., 2018).170

The spectrum from each of the windows was calibrated with its respective variances171

and the resulting spectra (small and large windows) were then blended through ramp172

functions173

Γ1 = 1− tanh

(
2k

ko

)8

(6)174

and Γ2 = 1− Γ1, where ko=0.9 radm−1 is the transition wavenumber (Romero et al.,175

2019). After applying the ramp functions, the merged 2D spectrum is simply an element-176

wise sum of the two spectra. Following I. Young (1995), the peak wavenumber kp and177

peak wave direction θp were computed through weighted integrals of the spectrum to the178

fourth power according to179

kp =

∫ ∫
F (k, θ)4k2dkdθ∫ ∫
F (k, θ)4kdkdθ

, (7)180

and181

θp = arctan

(∫ ∫
F (k, θ)4 sin θkdkdθ∫ ∫
F (k, θ)4 cos θkdkdθ

)
. (8)182

2.4 Wave Breaking Kinematics Computations183

Previous field experiments have employed different techniques to determine Λ(c).184

The existing techniques can be categorized into event-based, temporal, or elemental. The185

event-based approach assigns a single speed to an entire breaking event, and the crest186

length is obtained by summing all crest lengths measured during the evolution of that187

breaking event (Gemmrich et al., 2008). The temporal method extracts a single speed188

from each breaking front per snapshot, along with the total crest lengths (Jessup & Phad-189

nis, 2005). While the elemental approach considers individual points along the actively190

breaking fronts to determine the speed and the crest length (Melville & Matusov, 2002;191
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Figure 1. (a) Example of the sea surface elevation reconstructed with the WASS pipeline and

(b) snapshot of detected breaker also indicated with a green box in (a). The green box corre-

sponds to the analysis region used to compute the breaking kinematics statistics. The red arrows

show the estimated velocities along the wave-breaking fronts.
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Kleiss & Melville, 2011). Here, we adopt the elemental approach to calculate the kine-192

matics of air-entraining breakers following the techniques developed by Kleiss and Melville193

(2011) and Sutherland and Melville (2013), which involves detecting wave-breaking via194

a brightness threshold and tracking the actively breaking events between frames. Refer195

to the supporting information for a detailed description. The tracked fronts are then con-196

verted to physical units using the WASS information as described below.197

During the course of this work, we identified occasional motion of the cameras based198

on visual inspection of the imagery over the portion of the AA-tower in the images (Fig-199

ure 1a). We corrected for camera motion between consecutive stereo image pair using200

control points over the AA-tower and near the horizon. Therefore the entire analysis of201

the wave-breaking kinematics was carried through consecutive stereo image pairs. The202

extrinsic parameters obtained from the first stereo image pair was also used for consec-203

utive pair during the 3D reconstruction. We further assessed camera motion errors through204

the difference of the mean sea level between consecutive frames, which gave a median205

deviation of 2cm. Consecutive frames that had mean elevation differences greater than206

3 median deviations (± 6cm) were considered ‘shaky’ and excluded from the analysis,207

which were only about 5% of the data. Figure S4 compares time series of mean eleva-208

tion differences between consecutive frames of the corrected and raw images showing sig-209

nificant improvement. We also limited our analysis to the image area closest to the cam-210

era, where troughs are not shadowed by crests.211

The WASS information was used to convert the PIV pixel-vectors (∆i,∆j) com-212

puted from a pair of images collected at time t and t+∆t into physical displacements213

(∆x,∆y) according to214

∆x = x(t+∆t |i, j)− x(t |i−∆i, j −∆j),

∆y = y(t+∆t |i, j)− y(t |i−∆i, j −∆j).

(9)215

where x(t, i, j) and y(t, i, j) are the horizontal coordinates along the mean sea plane pro-216

jected on to the image coordinates i, j. And the corresponding velocities are given by217

cx =
∆x

∆t
,

cy =
∆y

∆t
.

(10)218

We used consecutive images so that ∆t = 1/fs, with fs corresponding to the sampling219

frequency. The resulting velocities were interpolated along the contour of the detected220

breakers at time t+∆t. We discarded all the velocities along the perimeter of the break-221
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ing fronts that pointed inward towards the interior of the local patch and retained the222

outward velocities (Sutherland & Melville, 2013). A directional median filter was lever-223

aged to minimize passive foam and outliers. We calculated the median direction of out-224

ward velocities per frame, if the median direction is within ±120o of the dominant wave/wind,225

velocities outside ±120o relative to the median direction are tag passive breakers and dis-226

carded. If the median direction opposes the average wind/wave direction, we retain only227

velocities within ±120o of the average wind/wave direction, similar to Sutherland and228

Melville (2013). The individual breaking length dl associated with the calculated veloc-229

ities is the perpendicular distance within the image pixel. The wave-breaking distribu-230

tion is computed in cartesian space according to231

Λ(cx, cy) =

∑
i

(
dli|cx − ∆cx

2 ≤ cxi
≤ cx + ∆cx

2 , cy − ∆cy
2 ≤ cyi

≤ cy +
∆cy
2

)
Atot∆cx∆cy

, (11)232

where Atot is the total analysis area over all frames, and the bin size ∆cx = ∆cy=0.2 ms−1.233

The breaking distribution is converted to polar coordinates similar to equation (4)234

235 ∫ ∫
Λ(cx, cy) dcx dcy =

∫ ∫
Λ(c, θ) c dc dθ (12)236

such that the omnidirectional distribution is given by237

Λ(c) =

∫ π

−π

Λ(c, θ) cdθ. (13)238

Note that the Λ(c) framework assumes that breaking fronts propagates with speed239

cbr that is directly proportional to the phase speed of the waves according to cbr = αc,240

with α ≈ 0.85 (Stansell & MacFarlane, 2002; M. L. Banner & Peirson, 2007; Barthelemy241

et al., 2018; M. Banner et al., 2014). However, for simplicity, α is taken as unity in this242

analysis. Such that cbr = c. For comparison against the directional wavenumber spec-243

trum, the velocities are converted to wavenumber via linear dispersion relationship given244

by245

c =

√
g tanh(kh)

k
, (14)246

where h is the water depth, k is the wavenumber, and g is the acceleration due to grav-247

ity. Figure 1b shows a subsampled example of observed wave-breaking fronts.248

3 Results249

The findings are presented in two subsections. The first subsection analyses the di-250

rectionality of wave-breaking statistics in terms of Λ(c, θ) and the energy spectrum. In251
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Figure 2. (a) Directional wavenumber spectrum F (k, θ) and (c) Λ(c, θ) (c) with correspond-

ing azimuth integrated 1-D distributions in (b) and (d), respectively. The k−3 line in (b) is the

empirical saturation level reported by M. Banner et al. (1989); Romero and Melville (2010a); and

Lenain and Melville (2017), and the reference power-law of c−6 in (d) corresponds to Phillips

(1985) scaling.

the second subsection, the directional spreading of the measured Λ(c, θ) and F (k, θ) are252

compared against state-of-the-art spectral models.253

3.1 Directional spectrum and breaking statistics254

The observed directional spectrum in Figure 2a exhibits bimodality at k > kp.255

Notice that kp, marked with a white-hexagon, aligns approximately within 4◦ of the wind256

direction. The omnidirectional spectrum ϕ(k) =
∫
F (k, θ)k dθ is presented in Figure257

2b. The tail of the spectrum approximately follows a k−3 power-law with a saturation258

–11–



manuscript submitted to Geophysical Research Letters

2 4 6 8 10
c [ms 1]

2

0

+2

+

[r
ad

]

0.0

0.2

0.4

0.6

0.8

1.0

D
(c

,
)

2.4 0.6 0.3 0.2 0.1
k [radm 1]

(a) (b)

Figure 3. Directional distributions of the energy spectrum D(k, θ) = F (k, θ)/F (k, θmax) (a)

and breaking statistics ΛD(k, θ) = Λ(c, θ)/Λ(c, θmax) (b). The white stars in (a) represents the

empirical parameterization of Peureux et al. (2018) which is given as, 82

√
1− 10

−0.039

(
k
kp

−5

)
.

The magenta arrows indicates the wavenumbers at which the cross sections are taken. The

white triangle correspond to breaking velocity (and wavenumber) on the upper left corner of the

breaker shown in Figure 1.

level B = ϕ(k)k−3 approximately consistent with airborne lidar measurements (Romero259

& Melville, 2010a; Lenain & Melville, 2017). Nonetheless, The spectral tail exhibits some260

noise beyond 2 radm−1, marked by dashed-line in Figures 3a,2b, likely due to camera261

vibrations noted in section 2.3. Nevertheless, the noise falls outside our analysis range.262

Figure 2c shows Λ(c, θ) in polar coordinates for velocities up to 10 ms−1, computed263

from a total of 20320 images. Among these, 13630 frames contained actively breaking264

events. There are significantly more slow-moving breakers compared to faster ones. The265

Λ(c, θ) is unimodal, and the azimuthal width increases towards the lower values of c cor-266

responding to the short waves. In Figures 2d, we show the azimuthally integrated Λ(c)267

(Figure 2c). For reference we show a power-law of c−6. The omnidirectional Λ(c) rolls268

off at c < 3ms−1. The roll-off can be attributed to inadequate entrainment of bubbles269

by the slow (short) waves.270

To better visualize the directional distributions of F (k, θ) and Λ(c, θ), we show them271

normalized by the scale dependent maxima (I. Young et al., 1995) in Figure 3. Figure272

3a more clearly highlights the bimodal behavior of the energy spectrum compared to Fig-273
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Figure 4. Cross sections of the directional distributions of Λ(c, θ) and the energy spectrum for

k = 1.0radm−1 and 1.9radm−1.

ure 2a, where it is not normalized. The bimodality approaches ± 74.9o in the noise free274

segment and reaches ± 80o for wavenumbers approaching 4 radm−1. Our results are in275

good agreement with the empirical parameterization by Peureux et al. (2018) for the bi-276

modal maxima as a function of scale shown with white-stars. Similarly, Figure 3b shows277

the normalized Λ(c, θ), with breakers centered unimodally around the wind/dominant278

waves across scales. We show direct comparisons of the normalized distributions of Λ(c, θ)279

and F (k, θ) in Figure 4 at the two selected scales. The specific wavenumbers are marked280

by vertical magenta arrows in Figure 3. Interestingly, the Λ(c) distribution peaks at the281

center near the minima of the bimodal energy spectrum. But more importantly, the Λ(c, θ)282

is much narrower than the spectrum.283

3.2 Directional Spreading284

In this subsection, we used circular moments to define the directional spreading of285

the observed F (k, θ), Λ(c, θ) and the solutions of three spectral wave models implemented286

in the WAVEWATCH III framework (Tolman et al., 2009). The packages considered in-287
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Figure 5. Directional spreading of the energy spectrum (blue) and Λ/Sds for the field mea-

surements (a) and model solutions (b-d), corresponding to Romero (2019), ST4, and ST6, respec-

tively.

clude ST4 (Ardhuin et al., 2010), ST6 (Rogers et al., 2012; Liu et al., 2019; Zieger et al.,288

2015), and Romero (2019). The solutions used are previously described by Romero and289

Lubana (2022) and corresponds to idealized time-limited conditions with constant winds290

of 13 ms−1 speed. All solutions were forced with the “exact” computations of the non-291

linear resonant four-wave interactions (Tracy & Resio, 1982; van Vledder, 2006). Here292

we focused on the solutions when the peak period approximately matches that of the field293

measurements (i.e when the wave age cp/U10 = 0.8). The wave breaking parameteri-294

zation of Romero (2019) is based on Phillips’ Λ framework such that the spectral energy295

dissipation Sds is given by296

ρωgSds(c)dc =
ρω
g
bΛ(c)c5dc, (15)297
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where g is the acceleration due to gravity, ρω is the density of water and b is the strength298

of breaking parameterized according to Romero et al. (2012). A further simplification299

of equation (15) gives,300

Sds(c) =
b

g2
Λ(c)c5 (16)301

or alternatively, Sds(k) =
b
g2Λ(k)c

5 (Romero, 2019). Due to the unavailability of Λ(k)302

for ST4 and ST6, we used Sds in place of Λ(k) in Figure 5c and Figure 5d.303

The directional spreading was calculated from the directional moments, which are304

commonly reported from buoy wave measurements (Kuik et al., 1988), according to305

σ1(k) =

√
2(1−

√
a12 + b1

2), (17)306

where a1(k) and b1(k) are the lowest Fourier coefficients given by307

a1(k) =

∫ π

−π

cos(θ) M(k, θ) kdθ, (18)308

and309

b1(k) =

∫ π

−π

sin(θ)M(k, θ) kdθ, (19)310

where M(k, θ) is the directional distribution311

M(k, θ) =
Υ(k, θ)∫ π

−π
Υ(k, θ) kdθ

(20)312

with Υ serving as a placeholder for the directional spectrum, Λ or Sds.313

The directional spreading of the measured spectrum and Λ(c) are shown in Fig-314

ure 5a. The spreading of the energy spectrum is very broad and well reproduced by the315

wave breaking parameterization of Romero (2019) as shown in Figure 5b. This is because316

the dissipation function implemented by Romero (2019) is much narrower than that of317

the energy spectrum. In contrast, the breaking dissipation of ST4 and ST6 have direc-318

tional spreadings that are nearly the same (or the same) as the energy spectrum, which319

results in much narrower energy spectra. In other words, the relatively narrow dissipa-320

tion of Romero (2019) allows for the nonlinear energy fluxes to broaden the spectrum.321

4 Discussion and Conclusions322

We presented measurements of wave breaking from visible stereo images. The sta-323

tistical distribution of wave breaking crest lengths within the Phillips (1985) framework324

of Λ(c, θ) is unimodal, closely centered around the dominant wave/wind direction and325
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azimuthally much narrower than the bimodal wave energy spectrum. This is qualitative326

consistent with the anisotropic Romero (2019) breaking parameterization and solutions.327

In contrast, the widely used breaking parameterizations with isotropic directional dis-328

tributions consistently give narrower spectra. For this dataset, the mean angular differ-329

ence of the directional spreading of the energy spectra produced by the models, shown330

in Figure 5b,c,d relative to the observed spectrum (Figure 5a) are 2o, 26o, 24o respec-331

tively.332

The works of Melville et al. (2002), M. Banner et al. (1989),and I. R. Young and333

Babanin (2006) suggests that shorter (slower) waves are suppressed or ‘wiped out’ dur-334

ing the passage of actively breaking front(s) leading to smoothening of the sea surface335

afterwards, this effect, although not yet fully theorized, has been parameterized (Ardhuin336

et al., 2010), and implemented in several operational wave forecasting models (e.g UK337

met office, Environment Canada, ECMWF, Meteo France, NCEP). Figures 3 and 4 could338

be interpreted to further support the aforementioned hypothesis, and such character could339

possibly be a significant contributor to the bimodal behavior observed in the energy spec-340

trum as the minima of the wave energy bimodality (center region of the spectrum) aligns341

well with the maxima of the wave breaking distribution. Detailed research will be con-342

ducted elsewhere to better understand this relationship. At this stage, one can only spec-343

ulate that both nonlinear wave-wave interactions and the narrow dissipation due to wave344

breaking combines together to produce broad bimodal spectrum. The idea is that, wave345

breaking dissipation through sweeping of shorter waves by big breakers, or long - short346

wave modulations arising from radiative stress, orbital induced contraction of longer waves347

which leads to the steeping and eventual breaking of the shorter riding waves could re-348

move energy from the centre region of the directional spectrum while allowing the non-349

linearly redistributed energy reaching wider angles to accumulate and grow over time.350

The average azimuthal half-width of the measured wave breaking distribution av-351

eraged over the entire range of speeds is 25o. This is slightly narrower compared to Kleiss352

and Melville (2010) and Gemmrich et al. (2008) who reported a mean spread of 30o for353

Λ(c). Although the Λ(c) distribution is consistently narrow, we did see a few cases when354

waves break at wide angles. For example, the uppermost portion of the actively break-355

ing front presented in Figure 1 corresponds to the white triangle plotted in Figure 3. No-356

tably, such wide-angle breaking aligns with one of the bimodal lobes of the energy spec-357

trum. While most measurements of Λ(c) reported in the literature (including the one358
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presented here) are azimuthally unimodal, Kleiss and Melville (2010) reported one case359

with azimuthally bimodal structure at low values of c at short fetches (< 40 km). It is360

unclear whether the observed bimodality of Λ(c) is an artifact due to ensemble averag-361

ing over different days or a common feature at low wave ages.362

Another important point worth discussing is that our processing of the wave break-363

ing kinematics included both active and passive breakers. Passive breakers can be elim-364

inated by tracking the breakers over time using different criterion, for example the area365

covered by a breaker should increase with time(Kleiss & Melville, 2011). This was not366

feasible in our analysis as some intermediate frames were dropped during the camera sta-367

bilization exercise. However, we do know that most of the passive breakers are advected368

back and forth by the orbital velocities at slow speeds. Also our analysis is limited to369

waves that produce bubbles (Sutherland & Melville, 2013). Future work will target broad-370

band field measurements under a wide range of conditions including misaligned winds371

and dominant waves to better understand the directionality of wave breaking and the372

directional energy balance across scales.373

5 Availability Statement374

The code for detecting and calculating wave-breaking kinematics from visible im-375

agery is available at https://github.com/akaawase-bernard/WaveBreakingKinematics376

.git.377

Acknowledgments378

The authors are grateful to National Science Foundation for supporting this research (OCE-379

2319116). L.R. is also supported by NSF grant 2218781. Any opinions, findings, and con-380

clusions or recommendations expressed in this material are those of the author(s) and381

do not necessarily reflect the views of the National Science Foundation. BA is thank-382

ful to the Graduate School, University of Connecticut for the conference travel award,383

and also express appreciation to Paban Bhuyan and Mackenzie Blanusa for their time384

and comments during the pre-WISE and Ocean Sciences Meeting presentation sessions.385

AB is supported by the project PROMETEO (PROtotype of Marine natural Hazard Early-386

warning sysTem based on Ensemble fOrecasting) funded by the Italian Piano Nazionale387

di Ripresa e Resilienza (PNRR), CUP B53D23033780001.388

–17–



manuscript submitted to Geophysical Research Letters

References389

Alday, M., & Ardhuin, F. (2023). On consistent parameterizations for both dom-390

inant wind-waves and spectral tail directionality. Journal of Geophysical Re-391

search: Oceans, e2022JC019581.392

Ardhuin, F., Rogers, E., Babanin, A. V., Filipot, J.-F., Magne, R., Roland, A., . . .393

others (2010). Semiempirical dissipation source functions for ocean waves. part394

i: Definition, calibration, and validation. Journal of Physical Oceanography ,395

40 (9), 1917–1941.396

Banner, M., Barthelemy, X., Fedele, F., Allis, M., Benetazzo, A., Dias, F., & Peir-397

son, W. (2014). Linking reduced breaking crest speeds to unsteady nonlinear398

water wave group behavior. Physical review letters, 112 (11), 114502.399

Banner, M., Jones, I. S., & Trinder, J. (1989). Wavenumber spectra of short gravity400

waves. Journal of Fluid Mechanics, 198 , 321–344.401

Banner, M., & Young, I. (1994). Modeling spectral dissipation in the evolution402

of wind waves. part i: Assessment of existing model performance. Journal of403

Physical Oceanography , 24 (7), 1550–1571.404

Banner, M. L. (1990). Equilibrium spectra of wind waves. Journal of Physical405

Oceanography , 20 , 966–984. Retrieved from http://journals.ametsoc.org/406

doi/abs/10.1175/1520-0485(1990)020%3C0966:ESOWW%3E2.0.CO;2407

Banner, M. L., Babanin, A. V., & Young, I. R. (2000). Breaking probability for408

dominant waves on the sea surface. Journal of Physical Oceanography , 30 (12),409

3145–3160.410

Banner, M. L., Gemmrich, J. R., & Farmer, D. M. (2002). Multiscale measurements411

of ocean wave breaking probability. Journal of Physical Oceanography , 32 (12),412

3364–3375.413

Banner, M. L., & Peirson, W. L. (2007). Wave breaking onset and strength for414

two-dimensional deep-water wave groups. Journal of Fluid Mechanics, 585 ,415

93–115.416

Barthelemy, X., Banner, M., Peirson, W., Fedele, F., Allis, M., & Dias, F. (2018).417

On a unified breaking onset threshold for gravity waves in deep and intermedi-418

ate depth water. Journal of Fluid Mechanics, 841 , 463–488.419

Benetazzo, A. (2006). Measurements of short water waves using stereo matched im-420

age sequences. Coastal engineering , 53 (12), 1013–1032.421

–18–



manuscript submitted to Geophysical Research Letters

Benetazzo, A., Barbariol, F., Bergamasco, F., Torsello, A., Carniel, S., & Sclavo, M.422

(2016). Stereo wave imaging from moving vessels: Practical use and applica-423

tions. Coastal Engineering , 109 , 114–127.424

Benetazzo, A., Bergamasco, F., Yoo, J., Cavaleri, L., Kim, S.-S., Bertotti, L., . . .425

Shim, J.-S. (2018). Characterizing the signature of a spatio-temporal wind426

wave field. Ocean Modelling , 129 , 104–123.427

Benetazzo, A., Fedele, F., Gallego, G., Shih, P.-C., & Yezzi, A. (2012). Offshore428

stereo measurements of gravity waves. Coastal Engineering , 64 , 127–138.429

Bergamasco, F., Torsello, A., Sclavo, M., Barbariol, F., & Benetazzo, A. (2017).430

Wass: An open-source pipeline for 3d stereo reconstruction of ocean waves.431

Computers & Geosciences, 107 , 28–36.432

Callaghan, A., de Leeuw, G., Cohen, L., & O’Dowd, C. D. (2008). Relationship433

of oceanic whitecap coverage to wind speed and wind history. Geophysical Re-434

search Letters, 35 (23).435

Deike, L. (2022). Mass transfer at the ocean–atmosphere interface: the role of wave436

breaking, droplets, and bubbles. Annual Review of Fluid Mechanics, 54 , 191–437

224.438

Deike, L., Lenain, L., & Melville, W. K. (2017). Air entrainment by breaking waves.439

Geophysical Research Letters, 44 (8), 3779–3787.440

Deike, L., & Melville, W. K. (2018). Gas transfer by breaking waves. Geophysical441

Research Letters, 45 (19), 10–482.442

Derakhti, M., Kirby, J. T., Banner, M. L., Grilli, S. T., & Thomson, J. (2020). A443

unified breaking onset criterion for surface gravity water waves in arbitrary444

depth. Journal of Geophysical Research: Oceans, 125 (7), e2019JC015886.445

Donelan, M. A. (2001). A nonlinear dissipation function due to wave breaking. In446

Proc. ecmwf workshop on ocean wave forecasting (pp. 87–94).447

Drazen, D. A., Melville, W. K., & Lenain, L. (2008). Inertial scaling of dissipation in448

unsteady breaking waves. Journal of fluid mechanics, 611 , 307–332.449

Dulov, V. A., Korinenko, A. E., Kudryavtsev, V. N., & Malinovsky, V. V. (2021).450

Modulation of wind-wave breaking by long surface waves. Remote Sensing ,451

13 (14), 2825.452

Duncan, J. (1981). An experimental investigation of breaking waves produced by a453

towed hydrofoil. Proceedings of the Royal Society of London. A. Mathematical454

–19–



manuscript submitted to Geophysical Research Letters

and Physical Sciences, 377 (1770), 331–348.455

Ewans, K. C. (1998). Observations of the directional spectrum of fetch-limited456

waves. Journal of Physical Oceanography , 28 (3), 495–512.457

Gemmrich, J. R., Banner, M. L., & Garrett, C. (2008). Spectrally resolved en-458

ergy dissipation rate and momentum flux of breaking waves. Journal of Physi-459

cal Oceanography , 38 (6), 1296–1312.460
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