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Abstract. The dissipation processes affecting short wind waves of centimeter and decimeter 

scales are investigated experimentally in laboratory. The processes include damping due to 

molecular viscosity, generation of capillary waves, microbreaking and breaking. The 

observations were made in a large wind wave tank for a wide range of fetches and winds, using a 

laser sheet and a high-resolution video camera. The work aims at constructing a comprehensive 

picture of dissipative processes in the short wind wave field, to find for which scales particular 

dissipative mechanism may become important. Four distinct regimes have been identified. For 

capillary-gravity wave fields, i.e. for dominant waves with scales below 4 cm, viscous damping 

is found to be the main dissipation mechanism. The gravity-capillary wave fields with dominant 

wavelength less than 10 cm usually exhibit a train of capillary ripples at the crest wavefront, but 

no wave breaking. For such waves the main dissipation process is molecular viscosity occurring 

through nonlinear energy cascade towards high-frequency motions. Microscale breaking takes 

place for waves longer than 10 cm and manifests itself in a very localized surface disruption. 

Such events generate turbulent motions in water and thus enhance wave dissipation. Plunging 

breaking, characterized by formation of a crest bulge, a microjet hitting the water surface and a 

splash-up, occurs for short gravity waves of wavelength exceeding 20 cm. Macroscale spilling 



breaking is also observed for longer waves at high winds. In both cases the direct momentum 

transfer from breaking waves to the water flow contributes significantly to wave damping. 

 

1. Introduction  

A proper knowledge of dissipation processes affecting short wind waves of centimeter or 

decimeter scales is essential for adequate description of wave field evolution. However, these 

processes are not well understood yet and an overall picture of their conditions of occurrence is 

still lacking. In particular, the role of molecular viscosity, generation of capillary ripples and 

microbreaking or breaking has not been clearly identified and quantified up to now. These 

dissipative processes contribute each in its own way to momentum transfer from waves to 

subsurface mean and turbulent water flows and thus can significantly affect the structure of the 

uppermost water boundary layer [Terray et al., 1996; Gemmrich and Farmer, 2004; Siddiqui and 

Loewen, 2007; Kudryavtsev et al., 2008]. Due to their crucial importance for refining 

parameterization of small-scale momentum and gas exchanges across the sea surface and hence 

for improving wave modeling, studies of wave dissipation processes have raised an ever-

increasing interest over the last decades. 

Wave breaking is a commonly observed phenomenon at the sea surface for a wide range of 

wave scales and it has attracted most attention. A large number of experimental and theoretical 

works was aimed to better describe and model these fascinating events, the acquired 

understanding being summarized in reviews and books by Banner and Peregrine [1993], Melville 

[1996], Duncan [2001] and Babanin [2011]. In particular, the geometric properties of steady or 

wave-focused breaking waves and the related phenomena at the wave crest such as the formation 

of a plunging jet and the generation of turbulent patches and bubbles in water have been 

thoroughly investigated both experimentally by studying mechanically-generated waves of meter 



scale and by means of numerical simulations (see for instance [Bonmarin, 1989; Rapp and 

Melville, 1990; Longuet-Higgins and Dommermuth, 1997; Xue et al., 2001]). Furthermore, 

significant progress has been made recently in determining wave parameters controlling the wave 

breaking onset and strength [Song and Banner, 2002; Banner and Pierson, 2007, Drazen et al., 

2008]. However, the common limitation of these studies is that they are confined to phenomena 

occurring in idealized two-dimensional wave groups. In independent investigations concerning 

smaller scales, the conspicuous generation of parasitic capillaries at the wavefront of short waves, 

typically less than 10 cm in wavelength, has been described extensively using similar 

experimental or numerical approaches [Cox, 1958, Ermakov et al., 1986; Jiang and al., 1999; 

Longuet-Higgins, 1963, 1995; Ruvinski et al., 1991; Federov and Melville, 1998; Hung and Tsai, 

2009]. Wave breaking phenomena in the range of decimeter wave scales, often called 

microbreakings, appear to be more difficult to model conceptually and to examine 

experimentally. Therefore, up to now there are only few works devoted to their investigation. For 

waves of wavelength shorter than 50 cm, numerical simulations have shown that capillary forces 

due to water surface tension prevent overturning of wave crests [Tulin, 1996; Longuet-Higgins, 

1997]. Microbreaking is then marked at the surface by formation of a bulge on the forward face 

of the wave crest and a train of capillary ripples riding ahead, as observed experimentally by 

Ebuchi et al. [1987], Duncan et al. [1999] and Diorio et al. [2009]. After the pioneering works 

by Banner and Phillips [1974] and Okuda [1982], investigations of the water flow exploiting 

novel imaging techniques have clearly indicated that these surface disturbances are indeed 

accompanied by the development of a thin surface turbulent sublayer below the wave crest 

following a downward intrusion of water at the bulge toe [Jessup et al., 1997; Siddiqui et al, 

2001; Pierson and Banner, 2003]. 



Wind wave fields observed at sea or in large laboratory facilities are characterized by a 

broadband spectrum and a wide angular distribution. As a consequence, the basic features of 

naturally occurring wind wave breakers of various scales may differ greatly compared to those 

obtained from model wave experiments with mechanically-generated waves or simulations based 

on quite simplistic wave models. Thus, in the range of short scales, the wave field conditions in 

which particular dissipation processes might occur have not been clearly determined yet. Among 

the still open issues we distinguish the following basic questions: (i) Should we consider parasitic 

capillaries upon gravity-capillary waves as microbreakers or do these waves keep a wave-like 

nature as described numerically by Federov and Melville [1998] and Hung and Tsai [2009]?; (ii) 

What is the wind wave wavelength above which typical macroscale breaking with jet formation 

and air entrainment may occur?; (iii) What are the distinctive features of wave motion which 

might enable us to detect microscale breaking events at the water surface?. The present work 

aims at addressing these questions and constructing a comprehensive picture of wave dissipation 

regimes.  

This study reports the first results of an experimental investigation of wind wave surface 

motions of centimeter and decimeter scales carried out in the large Marseille-Luminy wind wave 

tank for a wide range of wind speeds and fetches. Using visualizations of longitudinal wave 

profiles, the surface signatures of the various wave dissipation phenomena, including wave 

microbreaking and breaking, are first described qualitatively for capillary-gravity to gravity-scale 

wind waves. The ranges of scales where each dissipative process can take place and may become 

dominant have been found. A few specific features of wave kinematics and dynamics associated 

with these regimes and breaking events have been identified.  

 

2. Experimental procedure 



Wind wave field observations were carried out in the large Marseille-Luminy wind-wave 

facility comprising a 40 m long, 2.6 m wide and 0.9 m deep water tank and a recirculating air 

flow channel of 1.5 m height at the test section (Figure 1) [Coantic and Favre, 1974]. Steady 

winds varying between 1 and 14 m/s are generated by an axial fan located in the recirculation 

flume. The air flow channel which includes divergent and convergent sections, turbulence grids 

and a test section of slightly-increasing height, is specially designed to obtain a low-turbulence 

homogeneous flow at the entrance of the water tank and a constant-flux air boundary layer over 

the water surface. In addition, to avoid generation of large-scale air flow disturbances just over 

the surface boundary layer at the entrance of the water tank, a weakly-inclined flexible device 

was fixed at the edge of the bottom floor of the air channel. This arrangement thus insures a 

smooth junction between the solid air channel floor and the water surface for all wind speed 

conditions. At the end of the water tank, a permeable beach damps the wave reflection. The 

instruments for wind and wave measurements were set up at a fixed position located at the 28 m 

fetch test section of the channel which is equipped with glass windows. Then, to adjust the 

measuring fetch, the upwind water surface was covered by a thin floating plastic sheet of variable 

length. 

Visualizations of wind wave surface profiles along the wind direction were performed by 

means of a vertical plane light sheet and a high-resolution monochrome digital video camera. The 

light sheet was generated by means of a 4 W Ar
+
 laser and an optical head fixed immediately at 

the end of the laser beam fiber transmitter and set up in the air flow at a distance of 40 cm from 

the tank sidewall. The water was seeded by fluorescein dye for sharpening the light contrast of 

the air-water interface. A MegaPlus ES 4.0 video camera was mounted outside the facility test 

section, looking down through the glass side window with a tilt angle of 8°. The 2000x640 pixel 

images corresponding to a field of view of approximately 23 cm in the horizontal direction with a 



pixel resolution of 0.116 mm, were captured at a frame rate of 15 Hz. The exposure time was 

chosen in a range of values between 3 and 6 ms, depending on wave phase speed. At 26 m fetch, 

a set of images were also captured at a frame rate of 400 Hz, using a fast-speed video camera 

(model Phantom V5). The image size was 1024x512 pixels and the exposure time was 2.49 ms.  

To extract the wave profiles from the images, an original software based on the Canny 

[1986] edge detection method was developed. This algorithm is built on the detection of the local 

luminance gradient maxima using two successive gradient magnitude thresholds after applying a 

smoothing of the original images with a gaussian filter of 0.85 pixel in standard deviation. Then, 

the surface contour lines are primarily identified as the first maxima found when moved 

vertically from the air to the water flow. The raw profiles thus obtained are analyzed to remove 

one-pixel noise spikes higher than 5 pixels by linear interpolation. The broader spikes due to the 

presence of droplets in air were also eliminated by tracking the adequate luminance gradient 

maxima in the immediate vicinity of the surface contour lines detected on both sides of such 

spikes. Finally, the spikes oriented towards the water flow caused by the absence of luminance 

gradient extrema at the air-water interface were removed by using a linear interpolation. These 

"black" zones are observed in surface areas of large enough positive curvature to induce strongly-

divergent laser light refraction. At the very end of the image processing routine, a gaussian 

filtering is applied to the wave profiles in order to smooth the tiny remaining noise defects. The 

standard deviation of the filter is chosen in accordance with the type of data analysis to be 

performed. Here, it was fixed to be 5 pixels. The last procedure enables us to take the first and 

second derivatives of the surface contour lines to estimate the corresponding longitudinal wave 

slope and curvature signals. Note that at this stage of development, this image processing 

software is unable to detect surface wave contours of slope higher than 90° in absolute value. We 

can also mention that the blurring effect generated in the images by the wave displacement 



during the exposure time is typically of order of 15 pixels in such image capture conditions and is 

essentially akin to a window filtering of the surface contour lines. As the dye particles at the 

water surface move along the interfacial streamlines when waves propagate downstream, 

nonlinearities or bias introduced in the surface contour detection method by this motion look 

negligible. Only a little noise may affect the detection process associated with the decrease of the 

luminance gradient magnitude on the water surface. Consistently, the final resolution of the 

"average" wave profile detection method is of order of 1.8 mm at best. To illustrate the main 

steps of the image processing procedure, a snapshot of the raw profile and its final smoothed 

version is shown in Figure 2, in comparison with the original wave image and the water surface 

contour as obtained directly by using the Canny edge detection method. 

In addition to wave visualizations, measurements of wave elevation and wave slopes in two 

directions were performed by means of two capacitance wave probes and a single-point laser 

slope optical system located at the immediate vicinity of the laser sheet. The air flow velocity 

field and the surface wind stress were monitored by a Pitot tube and X-wire probes. The first 

series of experiments was carried out at 4 fetches between 2 and 26 m, and for 6 to 7 wind speeds 

ranging from 3 to 10 m/s. For each couple of wind and fetch conditions, six to eight series of 300 

images were recorded by means of the high-resolution video camera in parallel with the wind 

velocity, wave elevation and surface slope signals. Complementary wave visualizations by using 

the fast-speed video camera were made at 26 m fetch for 9 wind speeds between 2.5 and 12 m/s. 

The characteristic properties of air flow and wave fields derived from single-point probe 

measurements for the various wind and fetch conditions investigated here are reported in Table 1.  

 

3. Wave profile analysis  

Figure 3 displays a typical sideview of the wave field as captured by the high-resolution 



video camera (Fig. 3a) combined with two graphs with records of five successive wave contours 

and the respective computed longwise wave slope samples (Figs. 3b and 3c). The displayed 

profiles are numbered, and the corresponding number is reported in the left bottom corner of the 

image in Figure 3a. Such wave profiles are characteristic of wave fields with dominant waves of 

a few centimeters wavelength observed at small fetches for moderate wind speeds (a wider view 

from above of the various wave fields described here can be found in Caulliez and Collard 

[1999], Figure 2; this reference will be denoted CC99 hereinafter). For the 5.5 m/s wind speed 

and 2 m fetch conditions reported in Figure 3, the wave height is of order of 1 mm and the 

average dominant wavelength rates 3.7 cm when estimated over the whole set of images by 

means of an autocorrelation method applied to extracted wave profiles (see Table 1). The 

successive wave contours show that these capillary-gravity wave motions exhibiting typical 

round crests and sharper troughs are rather random both in scale and height. Furthermore, each 

wave profile is only poorly correlated with the previous one observed 66 ms before. This 

corroborates the fact that the wave field is widely distributed both in scale and in wave 

propagation direction as shown in CC99. Although tiny, the wave motions exhibit quite high 

slopes on both sides of the deeper troughs, the slopes reaching there values of  0.5 (i.e.  30°). 

Visual analysis of the whole set of images recorded for these wave field conditions as well as the 

related wave contours, indicates no manifestation of surface disruption resulting from the trough 

collapse with the formation of one trapped bubble. For capillary-gravity waves, this phenomenon 

takes place when the water surface on both sides of the trough becomes vertical and then touches, 

as described by Chen and Saffman [1980]. Thus, these observations would indicate that such a 

singular wave breakdown does not occur at this stage of wave development, at least when wave 

fields are not too strongly forced by wind as observed in the present work. 



Figure 4 presents in a similarly organized plot five wave profiles observed at 5 m/s wind 

speed and 6 m fetch. This wave field is representative of the next stage of wind wave 

development, the water surface being covered by gravity-capillary waves (denoted GCW in the 

following) with conspicuous parasitic capillaries at the front of the crests and forming rhombic 

patterns [CC99]. The analysis of wave contours and the related longitudinal wave slopes reveals 

a distinctly different pattern: almost all waves exhibit an asymmetric crest with a characteristic 

round bulge at the wavefront and a train of well-shaped ripples developing ahead. The amplitude 

and the wavelength of such ripples decrease with the distance to the bulge toe. Furthermore, these 

GCW of about 6 cm in wavelength and 0.5 cm in height propagate at a robustly constant phase 

speed, of approximately 40 cm/s. This feature is illustrated in Figure 4c by plotting a straight line 

connecting the downward zero crossings of the successive wave slope samples, i.e. the x location 

of the maxima of wave crest elevation. Note that this phase speed estimate corresponds to the 

longwise component only. The wave slope records also show that the trains of capillary waves 

generally include at least four ripples of wavelength shorter than approximately 6 mm. The 

highest negative slope of order one is observed at the bulge front of the dominant wave crest or, 

sometimes, at the first ripple wavefront. For most capillary wavetrains, the two first ripples move 

at the same speed as the dominant wave crest. This can be visualized in the same way as 

described above, the straight line connecting the ripple wavefront abscissas is parallel to those 

connecting the dominant wave crests. Another illustration of this quasi-steady wave behavior 

observed at 26 m fetch and 2.5 m/s wind speed for waves of lower steepness is given in 

Animation 1. In this short sequence, a group of well-formed gravity-capillary waves of roughly 6 

cm in wavelength propagates downstream with practically no deformation while a long train of 

tiny persistent capillaries (up to 11 wavelets) corrugates the forward dominant wavefront and 

trough. This wave behavior strongly suggests that the formation of capillaries is due to the 



development of nonlinear resonant interaction between the dominant GCW and the capillary 

waves propagated ahead as first suggested by Cox [1958] and more recently described in detail 

by Fedorov and Melville [1998] and Hung and Tsai [2009]. This justifies entirely the attribute 

“parasitic” in referring to such capillary ripples even when generated by gravity-capillary wind 

waves. It also would mean that surface motions observed in these conditions may be described 

within the framework of nonlinear wave theories. In such conditions, most of the energy pumped 

from wind into the wave field is dissipated by capillaries [Tsai and Hung, 2010]. Thus, at 

moderate wind speeds, the air-water interface disruption is prevented by effective nonlinear 

dissipation.  

Wave profiles typical of longer gravity-capillary wind wave fields are shown in Figure 5. 

These waves of 12 cm average wavelength were observed at 6 m fetch and 7 m/s wind speed. 

Visual observations of the water surface and a more detailed wave profile analysis show that such 

wave fields are very similar to those of shorter scale described previously as both exhibit three-

dimensional GCW with asymmetric round crest and trains of capillaries propagating forwards. 

However, these ripples are noticeably shorter and of smaller height, not exceeding 5 mm and 0.8 

mm for the most prominent ones. The wavetrains mostly present a smaller number of well-

shaped parasitic waves, usually 3. The actual number is likely higher, but the smaller ripples can 

be missed because of the low resolution of the wave imaging and processing techniques (see for 

instance the capillaries rippling the first crest of wave profile 4 in Figure 5). Indeed, one can 

observe directly from the images by using lighting effects long wavetrains of minute ripples 

propagating over almost the whole dominant trough making clearly distinguishable by the 

presence of light stripes visible in the image water side up to the surface but not directly 

discernible on wave profiles (in Figure 5a, see this phenomenon on the very left side of image 5). 

As for the shorter waves, the highest negative longitudinal wave slope, of order one, is observed 



on the forward face of the dominant wave crest just before the bulge toe. However, occasionally 

steeper dominant crest wavefront can be found, being usually followed downstream by random 

short-scale surface disturbances rather than a regular capillary wavetrain. The shape of the second 

wave crest of profiles 3 and 4 in Figure 5 (marked by arrows) illustrates quite well this wave 

feature. The surface roughness ruffling the forward face of the crest and more particularly 

distinguishable in the related slope sample strongly suggests the occurrence of a localized 

breakdown of the GCW crest. Such events that generate turbulent motions in the air and water 

flows and a rough zone at the interface can be identified as microbreakings. For these events, the 

water surface no longer remains a streamline but the turbulent motions and the associated 

pressure fluctuations are not large enough for generating bubbles. As a matter of fact, no bubbles 

were detected for these wave fields, neither by observing visually the water surface nor from a 

survey of all wave images. Nevertheless, the wave crest breakdown which occurs at the bulge toe 

and generates subsurface turbulence may be revealed by the development of a wavetrain of tiny 

ripples propagating in all directions around this localized surface disturbance. This can be seen in 

a striking way in Animation 2 in which the steep wave crest with very short capillaries ahead 

visualized on the image right suddenly breaks 14 s later the start of the sequence. Meanwhile, 

minute undulations propagating against the wind are generated at the bulge toe and released 

behind the crest before vanishing. The occurrence of such an against-the-wind wavetrain is a 

remarkable visual signature of microbreaking event (see also Figure 5a). Finally, we can point out 

that the microbreaking wave crest generally moves at a faster phase speed than the wave crest 

and the wave trough immediately upstream, as clearly shown in Figure 5 (there, the wave crest 

moves at 59 cm/s rather than 54.5 cm/s). 

Figure 6 displays four successive wave images observed at 13 m fetch and 6 m/s wind 

speed, as well as the related wave profiles and longitudinal surface slopes. The short gravity 



wave field visualized in these conditions is characterized by an average wavelength of about 17 

cm and a significant height of order 2 cm. As shown only partly in this figure due to the limited 

size of the field of view, the wave field appears to be composed of two main types of wave 

motions. First, waves of shape very similar to those of the GCW described previously, i.e. waves 

with a round bulge and a train of capillaries propagating on the forward face of the crest, 

frequently occur at the water surface. They generally coincide with the shortest waves of the 

wave field, sometimes of very small amplitude, as for instance the first wave crest of profile 4 

displayed in Figure 6. In this case, steady short ripples of less than 5 mm in wavelength 

propagates at the front of the wave crest but are short-lived, evolving during hardly one dominant 

wave period. Otherwise, waves of more pyramidal shape but slightly asymmetric are seen 

occasionally at the water surface, generally inside the most pronounced wave groups. Therefore, 

they are the highest and longest waves of the wave field. From time to time, it occurs that their 

crest wavefront steepens and breaks down, thus creating turbulent motions in water and large 

irregular disturbances on the forward face of the wave. Such surface manifestations of water 

turbulence can be seen in the two last wave images displayed in Figures 6a.3 and 6a.4. Just prior 

to breakdown, a train of very tiny and short capillaries may be generated on the crest wavefront 

but a round crest bulge is not ever discernible, presumably due to three-dimensional effects 

(Figures. 6a.1 and 6a.2). The wave crest breakdown itself may generate short-lived irregular 

surface protuberances and more long-lived trains of larger-scale ripples. No more than one 

bubble however has been detected per sequence of 300 images. One can also notice that the 

breaking wave crest moves at a constant phase speed without any acceleration during its 

steepening phase, but the velocity is a little higher than those of the wave trough just upstream. In 

Animation 3, a video sequence captured at 26 m fetch and 4 m/s wind speed also shows the 

evolution of a typical short gravity wave during its steepening phase with the formation of a crest 



bulge and the fast development of capillary ripples. Then, such a change in wave shape is 

immediately followed by the crest breakdown, as clearly seen at 4 s time. 

The short gravity wave fields associated with the further stages of wave development by 

wind as observed in the water tank are of longer wavelength than the width of the camera field of 

view, so only portions of single wave profiles can be analyzed from the available wave images. 

Accordingly, the average wavelength is determined only approximately from wave elevation time 

series. In addition, the variability and the complexity of wave motions observed in a set of 

images increase, making the comprehensive analysis of wave fields more difficult to perform. So, 

in the rest of the paper, only two striking wave breaking events which occur for waves of roughly 

25 cm and 75 cm in wavelength will be described qualitatively.  

The first sequence of images presented in Figure 7 was observed at 13 m fetch and 8 m/s 

wind speed and shows a sort of "plunging" breaking, i.e. a quite unexpected phenomenon 

because it concerns a very short wave for which capillary forces are expected to be still effective 

for preventing a jet formation at the crest [Tulin, 1996; Longuet-Higgins, 1997]. As seen in 

Figure 7a.1, the initial breaking stage is characterized by the occurrence of an almost overturning 

wave crest exhibiting a very pronounced bulge on its upper forward face. Let us recall that the 

edge detection method used here does not enable to detect the reversed slope contour seen in the 

image, so the detailed shape of the bulge is not well-described by the respective wave elevation 

and wave slope signals. We can also pointed out here that the wave crest is preceded by a 

remarkably flat trough. In the second image (Figure 7a.2), the crest protrusion evolves forwards 

until it gives rise to a small water jet projecting out from the mid part of the wave front face and 

impacting the water surface slightly ahead of the crest. The dark zone observed between the small 

jet and the wavefront suggests the formation of a little cavity of air. This plunging microjet 

generates a small water splash-up impacting in turn the water surface further downstream 



(Figures 7a.2 and 7a.3). The wave crest breakdown develops until the fluid ejections degenerate 

into a patch of turbulence spreading inside the upper water flow and marked at the surface by 

small round bumps and wavy corrugations (Figure 7a.4). Note that the succession of phenomena 

visualized in Figure 7 lasts 0.2 s, i.e. roughly half a wave period. Compared to what happens for 

shorter waves, it seems that at the later stage of the wave breakdown (profiles 3 and 4), the crest 

moves at a slightly higher velocity than those observed at the initial stage of breaking (profiles 1 

and 2), as indicated by the straight line plotted in Figure 7c. On the contrary, the maximum 

(negative) mean slope of the crest wavefront is reached at the onset of breaking, then it decreases 

from -0.75 for the first profile to -0.35 for the third one, this quantity being estimated between the 

point where the wave crest is the highest and the following wave profile downward zero-

crossing. At last, just mention that in spite of the occurrence of such plunging wave breaking at 

these wind and fetch conditions, only few bubbles are seen at the water surface, visually or by 

watching the wave images. Animation 4 presents a video sequence observed at 26 m fetch and 7 

m/s wind speed; it shows the same type of plunging breaking event for a short gravity wave of 

similar wavelength (of order of 30 cm in this case). As the wave crest is more likely to be 

oriented obliquely rather than perpendicularly to the laser sheet plane, the first microjet ejected 

from the crest wavefront foot as seen at 5 s time from the start of the video is less distinguishable 

here. Otherwise, this breaking event is characterized by a succession of noticeable sphashes-up 

and ejections, leading to air bubble entrainment. Such a phenomenon manifests in the images by 

intense laser light flashes. The latter occur when single bubbles emerge from water and break the 

surface.  

A sequence of wave images recorded by the fast-speed video camera at 26 m fetch and 12 

m/s and revealing the development of a spilling wave breaking in its most active phase is 

displayed in Animation 5. In addition, Figure 8 presents a few snapshots of this video sequence to 



emphasize the most significant wave breaking features. The average wavelength of the wind-

generated gravity wave field is approximately 75 cm. The pictures clearly show that macroscale 

spilling breaking can be seen as a succession of small plunging water jet and splash-up events, 

associated with substantial air entrainment in water and spray generation in air. Thus, in the first 

snapshot of Figure 8, one can easily distinguish a well-formed plunging microjet at the crest 

wavefront. The microjet is hitting the water surface and thus generates a small splash-up ahead it. 

By visualizing the previous images, it seems that the microjet is not the first one created during 

this breaking event because the latter has already started upstream but in an area not specifically 

aligned with the laser sheet, the wave crest being oriented obliquely to the wind direction. Further 

downstream, the rather flat wave trough exhibits just small undulations, very likely due to 

capillary-gravity waves generated directly by wind, and thus does not appear to be affected by the 

breakdown of the following crest. The second image shows the same microjet and the associated 

splash-up at a later stage of development, both ejections being sustained by new fluid when the 

wave crest moves downstream. One can notice the formation of a mixture of air and water at the 

point of impact of the jet and inside the splash-up, this bubbly fluid of white color being even 

recycling in the secondary splash-up rising ahead the first one. The four following images shows 

the emergence of a single microjet and its development during a rather long period. Note that 

owing to the variability of the turbulent water flow just below the wave crest surface, the fluid 

ejection certainly varies in time. In fact, the instantaneous velocity field results from complex 

interaction processes between surface motions and the air flow above as well as the wave 

motions and the water turbulence itself. An idea of the stress intensity exerted by such a gale-

force wind at the surface is revealed when noticed in all Figure 8 images the presence of many 

spray droplets and even spumes torn out the fluid ejections as white "smoke" blowing into the air. 

Finally, respectively in the third and the last images, a thin water film and a round bubble 



piercing the surface are seen, indicating that the bubbles formed by dislocation of air cavities 

embedded in fluid ejections or air entrainment into water at the microjet impact points then burst 

at the water surface on the rear of the wave crest.  

 

4. Discussion and concluding remarks 

The investigation of the wave profile images captured in the large wind-wave tank for a 

wide range of wind and fetch conditions gave us a better insight into dissipation mechanisms 

affecting short wind waves of centimeter to decimeter scales. First, recall that there are 

essentially two classes of wave dissipation process: wave dissipation due to viscosity and wave 

dissipation caused by breaking. The first process results from the work of viscous forces in water 

leading to transformation of the wave potential and kinetic energy into heat. Wave breaking has 

to be associated with a water surface sublayer disruption which occurs when fluid particles 

initially at the surface escape it. During such events, the water surface does not remain a wave 

streamline any longer. Therefore, wave dissipation by breaking can be regarded as an energy 

transfer from waves to the flow in the interior, contributing primarily to the increase in both the 

mean and turbulent kinetic energy of the drift current but also to the potential and kinetic energy 

of surface waves of various scales then generated by the surface breakdown. The qualitative 

description performed above reveals that there are different ways by which viscous and breaking 

phenomena manifest themselves. For small-scale wind wave fields, the main controlling 

parameter distinguishing the situations where these processes can play a role was found to be the 

wave scale.  

The detailed analysis of the whole set of images and movies first indicates that wave 

breaking affects only wind waves of wavelength larger than approximately 10 cm. For waves of 

shorter scale, wave dissipation by viscosity and nonlinear energy transfer to lower-frequency 



waves appear to impede wave steepness growth efficiently enough for preventing waves from 

reaching a nonlinear shape with a singular breaking point, even when forced by moderate to 

strong wind. From a kinematical viewpoint, one can also argue that the orbital velocities induced 

by such wave motions at the crest, of order of few centimeters per second in this wavelength 

range [Hogan, 1985; Hung and Tsai, 2009], are too small for matching the wave phase speed and 

correspondingly, for causing wave breaking. In this range of wave scales where viscous processes 

are dominant, we distinguish two qualitatively different regimes: (i) capillary-gravity waves of 

wavelength smaller than about 4 cm affected directly by viscous damping, and, (ii) short gravity-

capillary waves for which the wave energy is dissipated through the generation of parasitic 

capillaries subjected to viscous dissipation. This process has been extensively investigated 

experimentally and numerically in the recent works by Zhang [2002] and Tsai and Hung [2010]. 

When considered quasi-monochromatic waves of a given initial steepness, we can infer from 

these studies that the enhanced dissipation rate due to the formation of parasitic ripples strongly 

depends on wave scale: the respective computed and observed damping parameters take the 

highest values for the shortest waves of length 3.9 cm and then decrease sharply beyond 7 cm. At 

10 cm wavelength, the damping rate obtained from numerical simulations even remains 

comparable to the linear dissipation rate. For wind wave fields a similar behavior could be 

expected but with a shift to a higher wavelength, since the wave dispersion relation and the 

related resonant wave-wave interaction condition for triggering ripple formation are likely to be 

affected by the wind-induced drift current. To investigate this effect and thus to test whether wave 

dissipation for gravity-capillary wind waves indeed occurs through the generation of parasitic 

capillaries, an analysis of the geometrical properties of capillary ripples was performed as 

function of the properties of the related carrier wave, as reported in Figure 9 for one series of 300 

images. The procedure for evaluating these quantities is described in detail in Appendix. Figure 



9a displays the variation of the wavetrain-averaged parasitic ripple wavelength <c> versus 

wavelength of the carrier gravity-capillary wave. The curve corresponding to the resonant 

conditions for free waves is plotted for comparison. This figure first reveals the great variability 

in space and time of individual wave characteristics, the ripple wavelength as well as the carrier 

wave length varying by more than 50 % on both sides of their average values. In spite of this 

large scatter, one can see that the wavelength of parasitic capillaries, of order of 5 mm here, tends 

to follow the resonant curve, decreasing when the dominant wavelength increases. No trend 

indicating a particular <c> dependence on dominant steepness is found, the scatter in <c> being 

only a bit smaller for dominant waves of higher steepness (Fig. 9b). As systematically observed 

for all gravity-capillary wind wave fields investigated in this study, the average ripple wavelength 

does not fit exactly the resonant condition for free waves, being shifted to a slightly higher value. 

It is however difficult to determine whether this shift is due to a small change in length and time 

scales of interacting waves due to the surface drift current, or rather a change of the carrier wave 

characteristics within wave groups occurring after the ripple generation, or just a bias introduced 

by the length scale averaging. Figure 9d also shows that the average ripple steepness is weakly 

dependent on ripple wavelength, smaller steepness being observed for the shortest and then the 

most sporadic capillaries. These observations thus strongly suggest that the capillary ripples 

generated at the crest of gravity-capillary waves shorter than 10 cm, result from such a resonant 

wave-wave interaction process. The ripples being rapidly damped by viscosity, this phenomenon 

contributes extensively to the carrier wave energy dissipation. Note that the percentage of 

dominant waves exhibiting parasitic ripples in the wave field increases significantly when the 

average dominant wave steepness increases, i.e. when wind increases. 

For these set of experiments, it is also of interest to mention that parasitic capillaries have 



been noticed for carrier waves as long as 18 cm but in this case, it is difficult to distinguish 

whether their formation should be ascribed to a pure nonlinear wave-wave interaction process or 

the first manifestation of an incipient wave microbreaking event (for instance, see Animation 3). 

At the present stage of analysis, we can just point out that the scales of parasitic capillaries 

observed in these conditions departs significantly from the resonant conditions, their wavelength 

being quite systematically much longer.  

For gravity-capillary waves of wavelength exceeding 10 cm, we found in a conspicuous 

way that a very localized wave breakdown might occur at the wave crest when the wavefront 

becomes steep enough (animation 2). To explain this qualitative change in behavior, one 

possibility would be that the capillaries generated by such longer waves get too tiny for providing 

wave dissipation for the whole wave field at a rate large enough for balancing wind energy input, 

even when accounting for the energy flux to longer scales due to nonlinear wave-wave 

interactions and responsible for frequency downshifting. Consequently, the average wave field 

steepness as well as the steepness of the individual waves propagating inside wave groups 

increase in such a way that breaking occurs. However, for wind waves of just one decimeter 

scale, we can expect that the energy transfer from waves to turbulent motions in water resulting 

from such microscale breaking events remains quite small. The microbreaking events are first 

discernible by the formation of quite long capillaries induced by the pressure singularity arising 

at the surface sublayer disruption point when the water flow separation takes place. Therefore, 

most of the dissipated dominant wave energy is likely to be transferred to these waves of shorter 

scales. The breaking occurring for short gravity waves at a wavelength just below 20 cm is more 

distinctive, inasmuch as in such cases, surface manifestations of the turbulent motions generated 

in water can be clearly detected. We refer these wave crest breakdowns generating turbulent 

motions but no bubbles in water to microbreaking. For wave fields of average wavelength above 



10 cm, the higher efficiency of microbreaking for dissipating wave energy compared to the 

parasitic capillaries generation, the former process leading to the generation of longer ripples and 

turbulent motions in water, is also shown by the sharp slowing down of the growth rate of the 

dominant wave root mean square slope (or even the decrease), as clearly noticeable in Figure 10 

for all wind speeds. However, the variation of this parameter in its whole results from a complex 

interplay between wind input and wave dissipation phenomena. Thus, the detailed analysis of the 

dominant wave energy budget required for describing it precisely is postponed to a subsequent 

paper. At this stage of the discussion, we should just emphasize again that for a given wind wave 

field, different types of wave dissipation or breaking processes can coexist as wind waves evolve 

in well-shaped wave groups and three-dimensional patterns. These wave field features may 

explain not only the large scatter of the dominant wave steepness observed but also the high 

variability of the dominant wavelength, its typical range of variation being of order of  50 % 

around the average value.  

Macroscale breaking with generation of significant turbulence patches in water and bubbles 

starts to occur for gravity wind wave fields of wavelength just longer than 20 cm. Moreover, in 

contrast to the numerical simulations by Tulin [1996] and Longuet-Higgins [1997], these 

observations reveal that plunging wave breaking with formation of a crest bulge, a microjet and a 

splash-up can occur for very short gravity waves. A possible reason of this apparent discrepancy 

may come from the unavoidable contamination of the water surface by surfactants which 

modifies slightly gravity wave breaking processes, as strikingly shown by Liu and Duncan 

[2003] for mechanically-generated meter-scale waves. In particular, this might explain an odd 

feature exhibited by such short plunging breaking waves, namely the formation of a microjet at 

the mid or the foot of the wavefront rather than at the most prominent part of the bulge. Further 



investigation is needed to clarify the origin of this phenomenon. Here we can just outline that the 

water surface film was collected at the end of the water tank at the beginning of each day and no 

significant change in water surface tension was found during the observations, the measured 

value of this quantity with or without addition of fluorescein in water ranging around 731 

dyn.cm
-1

. Finally, this study corroborates the fact that sporadic and more persistent spilling 

gravity wave breaking as commonly seen at the water surface for moderate to strong winds 

consists of a succession of water ejections taking place at the forward face of the wave crest and 

resulting from the formation of fluid microjets and splashes-up. The air trapped inside the 

embedded fluid ejection cavities or the air bubbles entrained at the microjet impact points then 

creates a white mixture of air and water at the bumpy top of the wave crest. Our wave image 

analysis substantiates the idea that wind speed has no direct impact on the intrinsic nature of 

wave breaking, the breaking type advent being primarily controlled by the dominant wave scale. 

However, if we consider that breaking process is triggered when a local wave parameter 

dependent on wave steepness reaches a certain threshold as shown by Song and Banner [2002] 

and Banner and Pierson [2007], wind speed which controls the wave field average steepness and 

thus the range of variation of the individual wave steepness inside wave groups, then affects the 

frequency of occurrence and the strength of breaking events.  

In summary, this analysis of the submeter-scale wind wave profiles enables us to identify 

four regimes of wave dissipation primarily dependent on wave scale and associated with the 

successive occurrence of four distinct modes of wave dissipation, as represented schematically in 

Figure 11. The first regime concerns capillary-gravity waves of wavelength typically less than 4 

cm for which wave dissipation results from a direct damping of fluid motions by molecular 

viscosity. The second regime of wave dissipation is observed for gravity-capillary wind wave 



fields of wavelength roughly shorter than 10 cm. In this range of wave scales, in addition to the 

direct viscous damping, which acts for all scales but with an efficiency sharply decreasing with 

scale, wave dissipation is essentially due to generation of parasitic ripples. This phenomenon can 

occur even for winds as low as 1.8 m/s, but then only occasionally. Parasitic capillaries result 

from a nonlinear resonant wave-wave interaction mechanism which develops as wave steepness 

increases. This process is responsible for efficient direct transfer of wave energy from gravity-

capillary to capillary scale motions, the latter being rapidly damped by molecular viscosity. The 

third wave dissipation regime characterized by the occurrence of wave microbreaking concerns 

gravity-capillary wind wave fields of dominant wavelength exceeding 10 cm. The microbreaking 

leads to generation of turbulent motions in water and "new" ripples at the water surface; it 

contributes directly to wave damping and acts in parallel with the previous mechanisms. In this 

range of scales, the wave crest breakdown associated with such event is not energetic enough for 

generating bubbles. The physical processes leading irreversibly an individual wave to 

microbreaking and the wave parameters involved such as the existence of a critical wave 

steepness, have not been identified yet, primarily because of the large complexity of wave 

evolution intrinsic to the three-dimensional behavior of wind wave fields (due to both the 

development of 3d wave patterns and the 3d structure of wave groups). The fourth regime of 

wave dissipation is found for short gravity wind wave fields of wavelength exceeding 20 cm: for 

such waves, micro-plunging breaking or spilling breaking become possible. The characteristic 

dramatic wave crest breakings are responsible for more intense generation of turbulent motions in 

water and bubble formation, thus increasing the wave energy dissipation. Finally, we mention 

that for wind wave fields as observed in a wind wave tank, each regime corresponds to a specific 

range of magnitude of the dominant wave potential energy, as shown in Figure 12. The respective 

thresholds for observing wave microbreaking or macroscale breaking events typical of the third 



and fourth mode of wave dissipation are found to be of order of 30 and 200 J.cm
-2

, while the total 

potential energy of capillary-gravity wind wave fields for which the first mode of wave 

dissipation takes place does not exceed 3 J.cm
-2

. This finding is directly linked to the self-similar 

nature of wind-generated wave fields as described by Badulin et al. [2007], the dominant wave 

frequency downshifting and the increase in the total wave field energy then being dependent. 

This result may open new perspective for parameterization of these short wind wave dissipative 

processes. A further step in this direction should consist in a better characterization of the 

distribution of wave properties around their average value for the various wave dissipation 

regimes. However, before attempting to extend these results to in-situ wave field conditions, 

further work should be made, in particular to understand the role played by short wave 

modulations by long waves on such centimeter- to decimeter-scale wave dissipation phenomena.  
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Appendix. Analysis of the individual wave properties 

 

Wave contours extracted from the images enable us to determine a number of geometrical 

properties of parasitic capillaries in relation with those of the associated carrier gravity-capillary 

wave (GCW). To that end, a procedure using wave profiles and their first and second x 

derivatives was developed, as illustrated schematically in Figure A1. At first, the individual 

GCW observed in the images were identified by means of a classical method based on the 

detection of successive zero up-crossings of water surface displacements. Straightforwardly, the 

wavelength d and the height hd of each dominant wave were determined by rating respectively 

the distance between the corresponding zero up-crossings and the difference between the wave 

elevation maximum and minimum over this x interval. The related dominant wave steepness was 

evaluated using the following definition:  

d =  hd /d . 

Parasitic waves are characterized by large negative surface curvature at the crest and even higher 

positive curvature at the trough. Such ripple wavetrains generated at the front of GCW are clearly 

distinguishable by the occurrence of large oscillations of amplitude decreasing with the distance 

to the crest in the associated surface curvature samples estimated from the wave profile second x 

derivative. Using this feature, the capillary ripples were detected in such samples by searching for 

peaks of curvature higher of 1.5 cm
-1

 and located between the top of the carrier wave crest and 

the first wave elevation zero up-crossing just downstream. This threshold in wave curvature was 

chosen for selecting the most conspicuous capillaries, mostly located just ahead the gravity-

capillary wave bulge. For each wavetrain, the average wavelength of the capillaries of curvature 

higher than 1.5 cm
-1

 <c> was estimated by computing the x distance between the first and the 



last curvature maxima (i.e. between the first and the last ripple troughs). The mean ripple 

steepness <c> was also estimated by averaging the individual ripple steepness, the latter being 

evaluated from the difference between the related maximum and minimum of the wave profile 

first derivative divided by 2. The geometrical quantities estimated for each ripple wavetrain and 

the corresponding carrier GCW were reported in Figure 9 for one series of images captured at 6 

m fetch and 5 m/s wind speed.   

Physically, the generation of parasitic capillaries at the front of GCW can be interpreted as the 

development of a resonant nonlinear wave-wave interaction process between the basic GCW 

wave and its higher harmonics of order N (see for instance McGoldrick [1972], Chen and 

Saffman [1979] and Fedorov and Melville [1998]). The resonant condition associated with this 

phenomenon is satisfied at the first order when the linear phase velocity of capillaries matches 

those of the carrier wave. This relationship can be expressed as follows:  

      cc = cd    for   kc = N kd, 

with  cc
2
 = g/kc + Tkc  and  cd

2
 = g/kd + Tkd , 

where kc and cc are respectively the resonant capillary wave number and phase speed, kd and cd 

are respectively the resonant carrier wave number and phase speed, g is the gravity and T is the 

surface tension normalized by the water density. By introducing in the linear dispersion relation 

the wave number of the minimal wave phase speed km, namely km
2
=g/T, we obtain: 

c
2
 = (gT)

1/2 
(km/k + k/km), 

and the resonant condition can be satisfied when:  

kd = N
-1/2

 km   and   kc = N
1/2

 km ,  i.e.  kd kc = km
2
 . 

The resonant curve d c = m
2
 was reported in Figure 9a. 



Table I. Mean wind and wave properties 

observed during the wave profile visualization experiments 

 

fetch  

(m) 
Uref  

(m/s) 
u*   

(m/s) 
fp   

(Hz) 
p 

(cm) 

Ad   
(mm) 

akd Rmssd Cmax im 

(cm) 

regime 

type 

2 

5 0.16 
 

11.0 2.8 0.06 0.02 0.25 0.09 3.2 I 

5.5 0.17 
 

10.8 3.0 0.20 0.05 0.28 0.17 3.7 I 

6 0.19 9.3 3.4 0.26 0.06 0.27 0.28 4.0 I 

7 0.23 8.3 4.1 0.40 0.08 0.27 0.24 4.8 II 

8 0.30 7.3 4.9 0.73 0.11 0.30 0.26 6.0 II 

10 0.35 5.5 8.7 1.95 0.15 0.31 0.15 10.0 II-III 

6 

4 0.13 
 

9.2 3.7 0.15 0.03 0.21 0.30 4.3 I-II 

5 0.17 6.9 5.4 0.76 0.10 0.28 0.30 6.4 II 

6 0.22 5.7 7.5 1.4 0.13 0.31 0.30 8.7 II 

7 0.27 4.8 11.3 2.3 0.14 0.31 0.23 11.6 III 

8 0.32 4.0 15 3.5 0.16 0.40 0.08 14.3 III 

9 0.38 
 

3.6 18 4.3 0.16 0.37 0.06 17.7 III 

13 

3 0.08 
 

6.9 5.4 0.4 0.05 0.24 0.34 5.1 II 

4 0.14 
 

5.1 8.9 1.4 0.12 0.31 0.20 8.4 II 

5 0.19 
 

4.0 14 2.9 0.15 0.29 0.19 12.6 III 

6 0.24 
 

3.3 19 4.0 0.16 0.26 0.06 16.8 III 

7 0.29 
 

3.0 23 5.6 0.16 0.36 0.02 - IV 

8 0.35 
 

2.8 26 6.1 0.17 0.42 - - IV 

9 0.41 
 

2.6 32 7.4 0.17 0.41 - - IV 

26 

2.5 0.07 5.3 7.7 0.8 0.08 0.22 - - II 

3 0.10 4.0 13 1.7 0.10 0.23 - - III 

4 0.15 3.0 21 3.2 0.12 0.20 - - III 

5 0.20 2.5 30 5.3 0.13 0.20 - - IV 

6 0.25 2.3 36 7.1 0.14 0.21 - - IV 

7 0.31 2.1 42 8.5 0.14 0.31 - - IV 

8 0.35 2.0 46 10.0 0.15 0.30 - - IV 

10 0.49 1.8 58 14.3 0.16 0.37 - - IV 

12 0.63 1.6 75 18.4 0.18 0.33 - - IV 

Table 1. Average properties of air flow and wind wave fields. All the parameters are derived 

from single-point probe measurements except the two last ones. Uref is the reference wind speed 

measured at the center of the air tunnel; u* is the air friction velocity at the water surface; fp is the 

dominant spectral peak frequency; p is the dominant wavelength derived from the spectral peak 

frequency and the mean longitudinal phase velocity estimated by a cross-correlation method 

using two wave probe signals; Ad and akd are the average dominant wave height and dominant 

wave steepness estimated by computing the respective wave elevation and total wave slope 

spectral peak energy between 0.5 and 1.5fp; Rmssd is the ratio of crosswise to alongwise mean 



square slope of dominant waves;im is the dominant wavelength derived from the abscissa of the 

first maximum of the average normalized auto-correlation function of the longitudinal wave 

profiles; Cmax is the level of this function at the first maximum, i.e. a quantity inversely 

proportional to the dominant spectral peak width: it might be seen as an indicator of the sine 

wave model relevance for describing such wave profiles of limited length and then, an indicator 

of the accuracy of the wavelength estimation method. 



List of figure captions 

Figure 1. Schematic view of the experimental arrangement and the instrumentation set up in the 

large Luminy wind wave tank for wave visualizations. 

Figure 2. a) Enlarged view of a typical image captured at 6 m fetch and 5.0 wind speed in which 

is reported the wave profile as obtained ultimately after smoothing by a gaussian filter ( = 

5); b) Contours extracted from this image by using a Canny edge detection method; c) Wave 

profiles as obtained immediately after a direct detection of the water surface contours (green 

line), after the correction of the small raw profile defects (blue bold line) and after 

smoothing by a gaussian filter of standart deviation 5 (red line). 

Figure 3. Longitudinal wave profiles observed in the large wind wave tank at 2.0 m fetch and 5.5 

m/s wind speed: a) Typical image viewed from the side by the camera, the wind blowing 

from left to right; b) Wave contours extracted from five successive realizations captured at 

66 ms time interval (time increases from bottom to top and the zero shift of each contour is 

given by the y-axis scale); c) Longitudinal wave slope of the respective numbered contours.  

Figure 4. Longitudinal wave profiles at 6 m fetch and 5.0 m/s wind speed: idem as Figure 1. 

Figure 5. Longitudinal wave profiles observed at 6 m fetch and 7.0 m/s wind speed: idem as 

Figure 1 except that the five images corresponding to the five wave contours given in b) 

are displayed in a). The arrows indicate the microbreaking wave crest. 

Figure 6. Longitudinal wave profiles observed at 13 m fetch and 6.0 m/s wind speed: idem as 

Figure 1 except that four images and the related four wave contours and longitudinal wave 

slope signals are given in a), b) and c). The arrows indicate the microbreaking wave crest. 

Figure 7. Longitudinal wave profiles observed at 13 m fetch and 8.0 m/s wind speed: idem as 



Figure 4. This particular plunging breaking wave has a wavelength of approximately 25 cm. 

Figure 8. Snapshots of a spilling breaking wave recorded by the fast-speed video camera at 26 m 

fetch and 12.0 m/s wind speed, and captured at the respective times: a): 0 ms, b): 3.75 ms, 

c): 7.75 ms, d): 10.75 ms, e): 13.75 ms, f): 17.75 ms. This particular breaking wave has a 

wavelength of approximately 75 cm. 

Figure 9. a) Wavetrain-averaged wavelength of parasitic capillaries versus wavelength of the 

individual dominant carrier wave as observed for one series of 300 images captured at 5 m/s 

wind speed and 6 m fetch. The solid line corresponds to the resonant wave-wave interaction 

condition for free waves; b) Wavetrain-averaged wavelength of parasitic capillaries versus 

dominant carrier wave steepness; c) Dominant carrier wave steepness versus dominant 

wavelength; d) Wavetrain-averaged steepness versus wavetrain-averaged wavelength of 

parasitic capillaries. The histograms of these various wave quantities are also reported in the 

respective figures (dot-dashed lines). The back dots and the dashed lines indicate the 

average quantity values estimated for this set of images.  

Figure 10. Variation of the rms slope of dominant waves with dominant wavelength, as observed 

for various wind and fetch conditions in the large Marseille-Luminy wind wave tank. The 

legend gives the wind speed values in m/s. 

Figure 11. Dominant wavelength versus fetch diagram showing the conditions for which the 

different wave types and wave dissipation processes are observed in the water tank: I: 

capillary-gravity waves dissipated by molecular viscosity; II: gravity-capillary waves 

dissipated by generation of capillaries; III: gravity-capillary waves dissipated by generation 

of capillaries and microscale breaking; IV: short gravity waves dissipated by macro- and 

microscale breaking. The legend gives the wind speed values in m/s.  

 



Figure 12. Evolution with fetch of the total potential energy (J.m
-2

) of dominant waves as 

observed in the water tank for various wind speeds (the speed values in m.s
-1

 are given in the 

legend box). The red lines delimite the four regimes of wave dissipation: I: capillary-gravity 

waves dissipated by molecular viscosity; II: gravity-capillary waves dissipated by generation 

of capillaries; III: gravity-capillary waves dissipated by generation of capillaries and 

microscale breaking; IV: short gravity waves dissipated by macro- and microscale breaking. 

Appendix 

Figure A1: Typical longitudinal profiles of wave elevation , longitudinal wave slope x and 

wave curvature xx/a with a = (1+x
2
)
3/2

. The characteristic wavelength d and height hd of 

an individual dominant wave as reported in Figure 9 are indicated in the plot as well as the 

characteristic scales of parasitic capillaries (the wavetrain-averaged ripple wavelength <c>, 

i.e. here 3<c> = 3c, and the individual ripple steepness c). 

 



List of animation captions 

 

Animation 1. Gravity-capillary waves with parasitic capillaries developping at the crest 

wavefront as visualized by the fast-speed video camera at 26 m fetch and 2.5 m/s wind 

speed. The width of the field of view is approximately 23 cm and the frame rate 400 Hz. 

Waves are around 6 cm long. The sequence displays 90 images at a rate of 5 images per 

second. 

Animation 2. Gravity-capillary waves as observed at 26 m fetch and 3 m/s wind speed by a fast-

speed video camera using a frame rate of 400 Hz. The width of the field of view is 

approximately 23 cm and the wavelength 10.5 cm. The sequence displays 100 images at a 

rate of 5 images per second. Microbreaking event can be seen at time 14 s after the start of 

the sequence. 

Animation 3. Gravity-capillary waves as observed at 26 m fetch and 4 m/s wind speed by the 

fast-speed video camera using a frame rate of 400 Hz. The width of the field of view is 

approximately 23 cm and the wavelength 17.5 cm. The sequence displays 130 images at a 

rate of 5 images per second. A well-developed microbreaking event starts to develop at time 

4 s. 

Animation 4. Short gravity waves as observed at 26 m fetch and 7 m/s wind speed by the fast-

speed video camera using a frame rate of 400 Hz. The width of the field of view is 

approximately 23 cm and the wavelength 30 cm. The sequence displays 100 images at a rate 

of 5 images per second. A micro-plunging breaking event starts to develop at time 5 s. 

Animation 5. Macroscale spilling wave breaking with a succession of fluid ejections and 

splashes-up at the wave crest as observed at 26 m fetch and 12 m/s wind speed by the fast-



speed video camera using a frame rate of 400 Hz. The width of the field of view is 

approximately 23 cm and the wavelength 75 cm. The sequence displays 90 images at a rate 

of 5 images per second. 
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