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Abstract Spilling breaking waves in the presence of light-wind and surfactants are studied experimen-
tally in a wind-wave tank. The breaking waves are mechanically generated with a single wave maker motion
that produces a weak spilling breaker in clean water without wind. Separate experiments are performed
with the same wave maker motion at different low wind speeds in clean water and in water with various
concentrations of Triton X-100 (soluble surfactant). The crest profiles of the waves along the center plane of
the tank are measured with a laser-induced fluorescence (LIF) technique that utilizes a high-speed camera.
In clean water with wind speeds lower than 2.3 m/s (the minimum wind speed of wind-generated waves for
clean water in our tank), the breaking of the waves is initiated with a similar bulge-capillary-waves pattern
on the forward face of the wave crest as reported in Duncan et al. (1999). When the wind speed is above
3 m/s, wind waves are generated. The wind waves strongly affect the breaking process of the mechanically
generated waves. It is found that the bulge-capillary-waves pattern is independent of the wind, but is dra-
matically affected by surfactants. The slope of the back face of the wave crest decreases with increasing
wind speed. At the moment of incipient breaking, the distances between the leading edge of the bulge
(called the toe) and the highest point of the wave crest in all cases are linearly proportional to the surface
wind drift. After the fluid in the bulge slides down the front face of the wave, the maximum horizontal dis-
tance of the toe away from the crest increases as the wind speed increases.

1. Introduction

Both experiments and numerical calculations have shown that the characteristics of short-wavelength weak
spilling breaking waves in clean water are dominated by surface tension, see Ebuchi et al. [1987], Duncan
et al. [1994a, 1994b, 1999], Longuet-Higgins [1992, 1996, 1997], Yao et al. [1996], Tulin [1996], Longuet-Higgins
and Dommermuth [1997], Fedorov et al. [1998], Ceniceros and Hou [1999], Tsai and Hung [2007], and the
review by Duncan [2001]. In the early stages of these breaking events, a bulge forms on the forward face of
the crest and capillary waves appear upstream of the leading edge (called the toe) of the bulge [see Liu and
Duncan, 2006, Figure 1]. Particle-image velocimetry measurements [Qiao and Duncan, 2001] indicate that
the transition to turbulence occurs when the flow separates as it attempts to negotiate the highly curved
free surface at the toe. Subsequent to the initial separation, the fluid in the bulge appears to slide down the
front face of the wave, creating a near-surface shear layer [Okuda, 1982; Lin and Rockwell, 1994, 1995;
Coakley, 1997; Dabiri and Gharib, 1997; Qiao and Duncan, 2001] that contributes to the generation of ripples
on the crest [Longuet-Higgins, 1994]. These ripples initially move at the speed of the crest but quickly slow
down and are left behind the crest.

The water surfaces in nature are typically contaminated by surfactant films that reduce the surface tension
and create surface elasticity and viscosity. Through a numerical simulation of the Navier-Stokes equations
and the surface advection-diffusion equation of surfactants, Ceniceros [2003] found that surfactants accumu-
late in the crest region of the weak spilling breakers when the diffusion of surfactant on the water surface is
weak. The size of the bulge and the amplitude and wavelength of capillary waves mentioned above are
greatly reduced in the presence of surfactants. Similar results were obtained by Liu and Duncan [2006] in an
experimental study of the effects of surfactants on mechanically generated spilling breakers. Liu and Duncan
[2006] also showed that at moderate surfactant concentrations, some geometrical characteristics of the
bulge-capillary-ripples pattern scale with the viscoelastic properties of the surface. At surfactant conditions
above the Critical Micelle Concentration (CMC), the wave behaves qualitatively and quantitatively as if it
was breaking in a pure liquid with the low surface tension of the surfactant solution [Liu and Duncan, 2007].
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Under some specific surfactant
conditions, the wave breaking is
initiated with a formation of a
small plunging jet that issued
from the front face of the wave
at a point below the wave crest.
The jet projects forward entrap-
ping a pocket of air upon
impact with the front face of
the wave [Liu and Duncan,
2003].

The effect of wind on the break-
ing of mechanically generated

waves has been rarely studied. Kharif et al. [2008] experimentally and numerically investigated the influence
of strong winds on extreme wave events that were generated by a group of short waves due to the disper-
sive focusing of a longer frequency-modulated wave train. They found that the wind shifts the focusing
point downstream and increases the time duration of the extreme waves. Laboratory studies of the effects
of wind on the breaking of shoaling waves were given by Douglass [1990] and King and Baker [1996], who
showed that offshore winds delay the moment of breaking and cause plunging waves whereas onshore
winds induce early spilling breakers.

When wind blows over a wave surface, a thin surface drift layer is produced [Wu, 1975; Siddiqui and Loewen,
2007]. A direct numerical simulation of air turbulence flowing over waves given by Yang and Shen [2010]
shows that instantaneous air flow separations happen intermittently around the lee side and the trough of
the surface wave. They found that the surface wind drift can cause a phase shift of the air turbulence inten-
sity in the downstream direction. The surface wind drift affects wave breaking by changing the occurrence
of a stagnation point in a frame of reference moving with the wave [Banner and Phillips, 1974; Phillips and
Banner, 1974]. The wind also produces a temporal and spatial variation of stress distribution along the wave
surface. A laboratory measurement given by Okuda et al. [1977] showed that skin friction increases continu-
ously at the windward wave surface toward the crest and decreases suddenly just past the crest. The
detailed structure of the aqueous surface sublayer flow immediately adjacent to the wind-driven air-water
interface has been experimentally investigated by Banner and Peirson [1998]. They found that prior to the
formation of wind waves, the tangential stress contributes the entire wind stress. As the wave field devel-
ops, the mean tangental stress decreases slowly with increasing wind speed while the total wind stress
increases significantly. The wind stress may be reduced by surfactants as much as 20–30% because of the
reduction of short wind waves [Uz et al., 2002].

In this paper, the dynamics of spilling breakers occurring in the presence of both light-wind and ambient
surfactants were studied experimentally. Experiments were performed in a tank of clean water and water
that was mixed with a soluble surfactant (Triton X-100) at various bulk concentrations. Spilling breakers
were generated mechanically with a dispersive focusing technique. The crest-profile histories of the break-
ers were measured using a photographic technique that employs a laser light sheet, fluorescent dye, and a
high-speed movie camera. The geometric characteristics of the crest profiles were correlated with the wind
and surface dynamical properties to gain insight into the combined effects of wind and surfactants on the
breaking process.

The remainder of this paper is organized as follows. The experimental setup and measurement techniques
are described in section 2. The results of the wave measurements are presented in section 3 and discussed
in section 4. Finally, the conclusions are given in section 5.

2. Experiment Details

2.1. Wind-Wave Tank
The experiments were performed in a wind-wave tank that is 12 m long, 1.22 m wide, and 2.1 m deep with
a water depth of 0.91 m (Figure 1). Waves were generated mechanically with a vertically oscillating wedge
located at one end of the tank. The motion of the wedge was controlled by a computer using a position

Figure 1. Schematic showing the tank, wave maker, wind tunnel, light sheet, and carriage.
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sensor in a feedback control loop. The wave reflections at the opposite end of the tank from the wave
maker were damped by a tilted beach that is covered with 10.2 cm. thick porous horse hair mats. A wind
tunnel above the water surface is formed by the side walls of the tank and a clear Acrylic ceiling positioned
0.78 m above the mean water level. The wind-tunnel ceiling ends about 1 m before the end of the tank to
allow the air to exit. The air flow in the tunnel was driven by two 5.6 kW fans that are mounted to the ceiling
of the laboratory. An entrance section that consists of two sets of turning vanes, three screens, and a honey-
comb is positioned in front of the wave maker to condition and direct the air flow away from the wave
maker. The bottom of the entrance section of the wind tunnel is 10.2 cm above the mean water level. This
gap allows waves generated by the wave maker to enter the tank. The area between the wave maker and
the back of the wind tunnel is sealed with flexible material in order to minimize reverse air flow under the
entrance section. Further details about the wave maker and wind tunnel can be found in Duncan et al.
[1999], Liu and Duncan [2006], and Diorio et al. [2009].

Prior to the wave measurement, the mean wind velocity profile in the wind tunnel (U(z), where z is the verti-
cal distance from the mean water level) was measured with a Pitot tube as baseline data. The Pitot tube
was mounted on a vertical traverser and positioned in the vertical center plane of the tank in the middle of
the stream-wise location where the waves broke. The wind profile measurements were performed with the
wave maker turned off. A differential pressure transducer (Type 120, MKS, Inc.) was connected to the Pitot
tube. The signal from the transducer was recorded on a 16 bit analog-to-digital conversion system (National
Instruments, Inc.). Figure 2a shows plots of U versus z for each of four fan speeds. As can be seen from the
figure, all the wind profiles are similar to each other and the maximum wind speed (U0) in each profile was
found at z � 0.65 m for all four cases. The mean wind velocity profiles scaled by their own maximum wind
speeds are given in Figure 2b and all data points fall in one curve which forms a linear-logarithmic profile.

0 500 1000 1500 2000

0

2

4

6

8

10

Fan Speed (rpm)

U
0 (

m
/s

)

2 4 6 8 10
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

U(z) m/s

z 
(m

)

10
−2

10
−1

10
0

0.55

0.6

0.65

0.7

0.75

0.8

0.85

0.9

0.95

1

z (m)

U
(z

) 
/U

0

 

 

U
0
 =  4.54 m/s

          6.11 
          7.64
          9.16

(a)

(b) (c)

Figure 2. (a) The vertical wind profiles with four fan speeds in the wind tunnel at the location of wave measurements, (b) the vertical wind
profiles with four fan speeds after scaled by its own maximum value (U0), and (c) the maximum wind speed (U0) versus the fan speed.
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The wind profiles at heights between approximate 0.1 and 0.65 m can be fitted with a logarithmic function
as follows

UðzÞ=U05K ln z1D; (1)

where K5 0.0527 is the slope of the straight line in Figure 2b and D is a constant related to the surface
roughness (z0). Using the logarithmic law UðzÞ5 u�

j ln ð zz0Þ with the Von Karman constant j5 0.41 yields the
wind friction velocity

u�50:0216U0: (2)

Equation (2) shows that the wind friction velocity is about 2.16% of the maximum wind speed in the tank. A
plot of the maximum wind speed (U0) in the wind velocity profile against the fan speed is given in Figure 2c,
showing a linear relationship between the two variables. In the remainder of this paper, the wind speed for
each experimental condition is denoted by U0, though the fan speed was recorded.

2.2. Wave Generation and Measurement
Waves were mechanically generated with a dispersive focusing technique [Longuet-Higgins, 1974; Rapp and
Melville, 1990]. The wave-maker-motion parameters were identical to those described in Duncan et al. [1999].
The waves broke at a fetch about 4.0 m in the wind tunnel. Only one wave-maker motion with an average
wave packet frequency f05 1.15 Hz and a nondimensional wave amplitude, A=k050:0505 (where A is the
overall amplitude and k05g=ð2pf02Þ is the wavelength of the average frequency according to linear wave
theory) was used in this study.

The profiles of the breaking waves were measured photographically with a laser-induced fluorescence (LIF)
method that employs a high-speed digital camera (Phantom V9, Vision Research) with a frame rate of 250
images per second. The camera was oriented to view the waves from the side with a look-down angle of
about 58 from the horizontal. The camera was mounted on an instrument carriage that rides on oil-film
bearings above the tank. The carriage is towed along the tank by a wire rope that is in turn driven by a
servo motor. The same computer that controls the wave maker motion controls the carriage motion via a
feedback loop employing a 7.6 m long position sensor. The starting time relative to the wave maker motion,
acceleration, and final speed of the carriage were set by trial and error so that the field of view of the cam-
era was centered on the wave crest (the highest water elevation) as it broke. The final carriage speed in the
present study was U5 1.23 m/s. The wave crests were illuminated with a light sheet from an Argon-Ion laser
operating at 7 W. The laser was mounted next to the tank, and a system of mirrors mounted to the tank
was used to redirect the beam horizontally along the center plane of the tank at the height of the carriage.
Mirrors mounted on the carriage and lenses mounted to the tank and the carriage were used to convert the
beam into a vertical light sheet that translated along the tank with the carriage illuminating the breaking
wave crest (see Figure 1). The light sheet was 1 mm thick at the mean water level. Fluorescein dye was
mixed into the tank water and the dye fluoresced where the light sheet impinged on the water surface. A
long-pass optical filter was placed in front of the camera lens to reject the specular reflections of laser light
from the water surface while accepting the light from the fluorescing dye. With this illumination, the inter-
section of the light sheet and the water surface (wave profile) along the centerline of the tank could be
seen in each image. The wave profiles were extracted from the digital images using gradient-based meth-
ods as described in detail in Liu and Duncan [2006].

2.3. Water Treatment and Surfactant Solutions
A similar water treatment procedure as described in Liu and Duncan [2006] was used in the present study.
At the beginning of the experiment, the tank was filled with filtered tap water and hypochlorite was added
at a concentration of 10 ppm to neutralize organic materials. Low winds were used to blow surfactants and
floating dust particles to the end of the tank farthest from the wave maker where they were collected by a
surface skimmer. The water from the skimmer went through a diatomaceous earth filter and then back into
the wave tank at the end near the wave maker. Just before the wave-breaking experiments began, the free
chlorine level in the tank was reduced to less than 3 ppm by the addition of an appropriate amount of
hydrogen peroxide. A fluorescein dye was then mixed with the water for the LIF crest profile measurements.
The reduction in chlorine level was necessary to preserve the dye. It is important to realize that, even with
the above water-treatment procedures, these experiments were not performed with solutions of pure water
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and Triton X-100. The water in the tank was not distilled and the dye and the surfactants added to the tank
water probably contained other surfactants. Additional surfactants may have entered the tank by various
paths. Periodically during the experiments, water samples were taken from near the breaker location using
a carefully cleaned beaker and the ambient surface tension of the water sample was measured with a Whil-
helmy plate tensiometer (ST9000, manufactured by NIMA Technology). The tank water samples were
obtained when the wave maker and wind tunnel fans were off.

All the Triton X-100 solutions were made using a single tank of water over a period of 3 days. On the first
day of the measurements, with zero bulk concentration of Triton X-100, the measured ambient surface ten-
sion of the water in the tank was 73 mN/m. The crest-profile histories of the breakers at various wind speeds
were measured (the data are denoted CLEAN). After these measurements, 25 mL of Triton X-100 was added
and mixed to the water. On the following day, the ambient surface tension was measured first and then a
set of breaking wave profile measurements at various wind speeds was taken (data set TX25). This proce-
dure (adding additional 76 mL of Triton X-100 at the end of the day and taking measurements on the fol-
lowing day) was repeated one more time to obtain another data set, denoted TX101. The bulk
concentrations of Triton X-100 in the TX25 and TX101 solutions were 2.5 and 10.3 lmol L21. The ambient
surface tensions of these two solutions were 58 and 45 mN/m, respectively. Our previous work [Liu and Dun-
can, 2006] and laboratory measurements with pure water and Triton X-100 by Fainerman et al. [2009] have
shown that the surface-to-bulk-diffusion time constant is of the order of 100 s at these low concentrations
of Triton X-100. Therefore, the surfactant can be considered as insoluble during the wave breaking time
scale, which is about 1 s.

3. Results

3.1. The Effects of Light-Winds on Wave Breaking in Clean Water
Figure 3 shows two columns of four photographs of wave crests from the high-speed LIF movies of two
waves crests breaking in clean water. In the left column of photographs (Figures 3a–3d) the wind speed is
zero while in the right column of photographs (Figures 3e–3h), the wind speed is U05 2.3 m/s. Figure 4
shows crest profile histories extracted from the movies of these two breaking events. As described in sec-
tion 2, the profiles are measured (and shown here) in a reference frame moving with the crest of each
breaker at U5 1.23 m/s (the horizontal speed of the highest water elevation). As can be seen from the pro-
file histories, the wave breaking processes in clean water under these two wind conditions are qualitatively
similar. In the case with no wind, Figure 4a and the left column of photographs in Figure 3, the breaking
process starts with a bulge formation on the forward (left) face of the crest and capillary waves upstream of
the leading edge of the bulge (called the toe). This bulge-capillary-wave pattern is similar to that reported
in Duncan et al. [1999] and Liu and Duncan [2006, 2007]. A short time later, see Figure 3b, the toe begins to
move rapidly down the wave’s forward face. During this early upstream toe motion, a train of ripples
appears between the toe and the crest, see Figure 3c, and this train of ripples is swept downstream. Later,
the toe’s speed relative to the crest decreases and the toe eventually reaches a maximum distance away
from the wave crest before moving back toward the crest, see Figure 3d. The horizontal maximum distance
(Lext) of the toe away from the crest shown in Figure 4a is discussed in a later part of the present paper (see
section 4.4). This breaking process is nearly the same for 0 � U0 � 2:3 m/s. With a wind speed of
U05 2.3 m/s (Figure 4b and the right column of Figure 3), which is found to be the minimum wind speed
for the appearance of wind-generated waves in our tank, very weak wind waves are generated on the for-
ward face of the wave crest. The amplitude of these wind waves is less than 0.5 mm. The wind waves have
little effect on the formation of the bulge-capillary-waves pattern mentioned above (see Figure 3f). How-
ever, the ripples generated after the toe spills down the wave face for U05 2.3 m/s are more violent than
those in the case of no wind (compare Figures 3c and 3d with Figures 3g and 3h). The elapsed time
between the bulge formation (Figure 3e) and the moment when the toe reaches the maximum distance
from the crest (Figure 3h) is about 0.55 s for U05 2.3 m/s and about 0.37 s (from Figures 3a–3d) for
U05 0.0.

When the wind speed is above U05 2.3 m/s, the wind-generated waves become larger and have a dramatic
effect on the breaking process of the mechanically generated waves. Figure 5a shows the crest-profile his-
tory of a mechanically generated spilling breaker in clean water with a wind speed of U05 3.0 m/s, and
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Figure 5b shows a profile history of wind waves at the same wind speed, but without the mechanically gen-
erated waves. The two profile histories in Figure 5 are shown in a reference frame moving with the speed of
the crest of the mechanically generated wave, i.e., the same carriage speed was used in obtaining both pro-
file histories. Lines connecting various features of the waves from profile to profile in Figure 5b are straight
and parallel; their slopes indicate that the speed of the wind waves relative to the instrument carriage is
0.88 m/s from left to right, or 0.35 m/s from right to left in the laboratory reference frame. Also, analysis of
the profiles indicates that the maximum amplitude of the wind waves is aw5 2 mm and their average
wavelength is kw5 4 cm. As can be seen from Figure 5a, in this reference frame, as the wind waves propa-
gate from left to right toward the crest of the gravity wave, lines connecting wind wave features from one
profile to another, steepen slightly indicating that they slow down relative to the crest. These waves also
steepen. When a wind wave reaches the crest region of the mechanically generated wave it can trigger
breaking or strongly affecting the spilling process. As can be seen from the profile history, when each wind
wave reaches the toe of the breaking region, a large ripple is formed that then propagates downstream
over the crest of the breaker. This interaction between the wind waves and the spilling process can be seen
clearly in the three photographs in Figure 6 which were taken from the high-speed image sequence corre-
sponding to Figure 5a. As shown in Figure 6a, a wind wave (marked by 1) appears on the forward face of
the gravity wave while a weak breaking event is occurring downstream (to the right) of the wind wave at

Figure 3. Images of wave crests in clean water (left column) without wind and (right column) with a wind speed of U05 2.3 m/s. Each
image shows a 13.2 3 6.6 cm section near the wave crest and the waves move from right to left. (a) tc5 0 s and (e) tw5 0 s, the bulges
and toes are just beginning to form; (b) tc5 0.112 s and (f) tw5 0.108 s, the toe motions are about to start; (c) tc5 0.256 s and (g)
tw5 0.304 s, ripples appear between the toe and crest; (d) tc5 0.372 s and (h) tw5 0.548 s, the toes spill down with the maximum distance
away from the crest and the crests appear to be fully turbulent.
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the crest of the mechanically generated wave (the time of this photograph is designated as t5 0 ms). In Fig-
ure 6b, t5 40 ms, the wind wave moves relatively toward the breaking wave crest where the breaking
water is tumbling forward. Later (Figure 6c, t5 80 ms), the crest of the wind wave collides with the forward

Figure 4. Two crest profile histories of spilling breaking waves in clean water under different wind conditions. (a), U05 0 m/s (no wind)
and (b) U05 2.3 m/s. The waves and wind propagate from right to left. Each plot includes 110 profiles and each successive profile is
plotted 1.0 mm above the previous profile for clarity. The profiles are shown in a reference frame fixed with respect to the wave crest. In
this reference frame, the mean fluid motion is from left to right. The time between profiles is 0.4 ms.

Figure 5. Profile histories of (a) a mechanically generated spilling breaking wave crest and (b) wind waves in clean water; the wind speed
is U05 3.0 m/s in both cases. Each plot includes 110 profiles and each successive profile is plotted 1.0 mm above the previous profile for
clarity. All the waves propagate from right to left in the laboratory reference frame. The profiles are shown in the reference frame of the
instrument carriage which is moving with the crest of the mechanically generated wave, at a speed of U5 1.23 m/s. In this reference
frame, wind waves move from left to right because the carriage speed is greater than the phase speed of wind waves.
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tumbling water from the breaking region,
resulting in a violent splashing motion in the
breaking region (d in Figure 5). Another wind
wave (marked by 2) appears in the image
window.

3.2. The Combined Effects of Light-Wind and
Surfactants on Wave Breaking
Figure 7 shows three rows of two photographs of
wave crests taken at the moment of incipient
breaking in solutions TX25 (left column, Figures 7a,
7c, and 7e) and TX101 (right column, Figures 7b,
7d, and 7f) under three wind conditions (top row:
U05 0.0, middle row: U05 1.5 m/s, and bottom
row: Uo5 2.3 m/s). As can be seen from Figures 7a
and 7b, in the presence of surfactants without
wind, the breaking processes in both TX25 and
TX101 still begins with the formation of a bulge-
capillary-wave pattern on the forward face of the
wave crest similar to that in the CLEAN case. How-
ever, in the presence of surfactants, the bulge
shape is modified and the bulge size generally
decreases with increasing surfactant concentra-
tion. Compared with the CLEAN case, all geometri-
cal features of the capillary waves, including their
number, amplitude, and length, become smaller,
even at the lowest concentration of surfactants.

The wave crest shape at incipient breaking is
significantly changed by light-wind. As can be
seen from Figure 7c, the addition of wind with
a speed of U05 1.5 m/s to the wave in solution
TX25 causes the bulge shape to become round,
similar to that in clean water, see Figures 3b
and 3f. Both the amplitude and length of the
capillary waves become greater compared with
those in the TX25 solution without wind, see

Figure 7a. In contrast, the small bulge observed in solution TX101 with no wind, Figure 7b, becomes larger
and flatter for U05 1.5 m/s, Figure 7d. The capillary waves upstream of the toe in this surfactant solution
are nearly the same under both wind conditions. It is interesting to note that the shapes of the bulge and
capillary waves upstream of the toe in solution TX101 with U05 1.5 m/s (Figure 7d) are very similar to those
in solution TX25 without wind (Figure 7a). In fact, as shown in the comparison of the two measured wave
crest profiles taken from images a and d and shown in Figure 8, they are nearly identical. Note that the sur-
factant bulk concentration of the TX101 solution is about 4 times higher than that of the TX25 solution. The
similarity between these two wave crest profiles may indicate that the light-wind in TX101 reduces the sur-
face concentration of surfactants by forcing the surface layer downwind faster than the surfactant is
adsorbed onto the free surface from the bulk concentration in the water below. Thus, the surface dynamic
properties of both solutions may be nearly the same. This hypothesis would indicate that the dynamical sur-
face tension, for instance, of the TX101 solution under the wind condition of U05 1.5 m/s is approximately
the same as the measured ambient surface tension without wind in solution TX25, i.e., r05 58 mN/m.

As the wind speed increases (U05 2.3 m/s), the average back-face slopes of the wave crest in both the TX25
and TX101 solutions decrease (Figures 7e and 7f). The number of the capillary waves in TX25 under this
wind condition increases (Figure 7e). The number of capillary waves in TX101 with U05 2.3 m/s (Figure 7f)
does not change very much compared with that of the TX101 solution with U05 1.5 m/s (Figure 7d). How-
ever, the locations of the toe and capillary waves relative to the wave crest in TX101 with U05 2.3 m/s

Figure 6. Photographs from a high-speed movie of the crest of a spill-
ing breaker in clean water at a wind speed U05 3.0 m/s. Each image
shows a 13.2 3 6.6 cm section near the wave crest and the waves
move from right to left. (a) A wind wave (marked by 1) appears on the
forward face of the breaking wave crest. t5 0 ms. (b) The breaking
water tumbles forward and the wind wave (label 1) approaches the
breaking wave crest. t5 40 ms and (c) the crest of wind wave collides
with the forward tumbling water, resulting in a big water splash (d in
Figure 5). Another wind wave (label 2) appears in the image. t5 80 ms.
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become lower and the size of the bulge becomes larger compared to the case with U05 1.5 m/s in the
same solution.

Figure 9 shows four crest profile histories of spilling breakers in two surfactant solutions (TX25 and TX101)
without wind (left column) and with the wind speed of U05 1.5 m/s (right column). The profile history of

the spilling breaker shown in Figure 9a
(TX25 without wind) is similar to that
shown in Liu and Duncan [2006,
Figure 5]. Since the spatial resolution
of the present data is 3 times higher
than that in Liu and Duncan [2006],
detailed features can be more easily
observed in the present data set and
are discussed in the following. As can
be seen from Figure 9a, a little while
after the formation of the bulge-
capillary-wave pattern (the first wave
profile at the bottom of the figure), the
toe starts to move rapidly down the
front face of the wave (the motion is
marked by A in the figure). During this
toe motion, small ripples with wave-
length of about 4 mm (measured from
tough to trough) form just down-
stream (to the right) of the toe. After
this first set of ripples is generated, the

Figure 7. Images of wave crests at the moment of incipient breaking in solutions (left column) TX25 and(right column) TX101 under vari-
ous wind conditions. Each image shows a 6.53 3.25 cm section near the wave crest and the waves move from right to left. (a and b)
U05 0 m/s (no wind); (c and d) U05 1.5 m/s; (e and f) U05 2.3 m/s.

Figure 8. The comparison of wave crest profiles at instant that the toe starts to
move in the TX25 solution without wind and the TX101 solution with U05 1.5 m/s.
The profiles are plotted in the coordinate aligned at the toe point to allow a better
comparison.
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toe motion slows down. The ripples last a very short time (about 28 ms). When the toe begins to move
down the wave face again (marked by B), a new train of larger ripples with wavelength of about 7 mm is
generated just downstream of the toe. The ripples propagate with a speed a little less than that of the crest
and disappear in about 48 ms. After this point, the toe again moves downslope (marked by C) and a
third set of ripples with wavelength of about 12 mm appears. This set of ripples lasts a little longer time
than those mentioned above and eventually disappear. It is interesting to note that following each set
of ripples, large ripples that dominate the entire breaking region are generated. These ripples slow
down and propagate backward over the crest in a manner similar to that of the clean-water case.
Another feature shown in this figure is the straight trajectory of the trough of the first large ripple to
the left of the crest in the beginning stage of the wave breaking (marked by D in the figure). This
straight line with a positive slope indicates that the first trough has a constant velocity that is a little
slower than the crest speed.

As more surfactants were added into the tank and the ambient surface tension was reduced to r05 45 mN/m
(solution TX101), the aforementioned features of thewave breaking are dramatically changed (see Figure 9c). First,
the speed of the toe decreases when itmoves down thewave face during the second and third toe-motion cycles,
i.e., after the first toe motion (label A), becoming closer to the wave crest speed (see labels B and C in the figure)
and the ripples generated during each toe motion become weaker. This indicates qualitatively that the intensity
of wave breaking decreases with increasing the surfactant concentration though, as was shown by Liu and

Figure 9. The crest profile histories of spilling breaking waves in two surfactant solutions (left column) without wind and (right column) at
a wind speed U05 1.5 m/s. (a) TX25, U05 0 m/s (no wind); (b) TX25, U05 1.5 m/s; (c) TX101, U05 0 m/s (no wind); (d) TX101, U05 1.5 m/s.
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Duncan [2006], if the Critical
Micelle Concentration is reached
the breaking intensity increases
dramatically. Second, the trajec-
tory of the trough of the first
large ripple to the left of the crest
has a finite radius of curvature at
all points (D in the figure). The
shape of the curved trajectory
indicates that the velocity of the
first trough decreases as the
wave breaking continues.

The aforementioned features of
the wave breaking shown in the
profile history are changed when
a light-wind (U05 1.5 m/s) is
applied on the water surface
(Figures 9b and 9d). As can be
seen from Figure 9b, the toe
motion relative to the wave

crest in TX25 with U05 1.5 m/s becomes more complicated than that in the no-wind case. The toe makes at
least four turns before it reaches the maximum distance away from the wave crest and a more violent ripple
pattern is generated. The maximum distance of the toe away from the wave crest is greater than that in the
same surfactant solution without wind. Similar results are also found in the solution TX101 (comparing Figures
9c and 9d). It has been shown in Figure 8 that the bulge-capillary-wave pattern formed at the beginning of the
wave breaking in TX101 with U05 1.5 m/s is very similar to that in TX25 without wind. A comparison of Figure
9d with Figure 9a shows that the profile histories in these two cases are quite similar (comparing the features
marked by the A, B, C, and D in both figures). The detailed structures of the ripples generated between the toe
and wave crest vary slightly between these two cases. The similarity of the crest-profiles histories between
TX101 with U05 1.5 m/s and TX25 without wind indicates that the initial geometry of the bulge-capillary-wave
pattern may characterize the entire breaking process.

4. Discussion

Based on the above results, various aspects of the physics of the breaking process are discussed below in
four subsections. Characteristics of the crest profile at the instant the toe starts to move down the wave
face (the moment of incipient breaking) are discussed in sections 4.1–4.3. In these subsections, the effect of
wind on the crest profiles in clean water and in water mixed with surfactant is discussed in sections 4.1 and
4.2, respectively, and a separate discussion of the effects of wind and surfactants on the length of the first
capillary waves upstream of the toe is given in section 4.3. Finally, in section 4.4, the wave profile data are
used to explore the effect of wind and surfactants on the size of the breaking zone of the waves, i.e., the
maximum distance the toe moves away from the wave.

To quantitatively investigate the effects of wind and surfactants on the bulge-capillary-waves system, the
complex shape of the crest profile must be represented by a small number of geometrical parameters. For
this purpose, the parameters used in Duncan et al. [1999], Liu and Duncan [2006], and Diorio et al. [2009] are
discussed herein. These parameters include the length of the first capillary wave upstream of the toe (kc1),
the crest height (ym) and two bulge lengths (Lm and Ls). The length Lm is the distance from the toe to the
highest point on the wave profile, while the length Ls is the distance from the toe to the surface profile
along the crest following the tangent to the smoothed water surface upstream of the toe. This smoothing
was accomplished by fitting a fourth-order polynomial to the profile data in this region in order to eliminate
the capillary waves, see Figure 10.

Figure 10. Schematic showing the nomenclature for the breaking wave profile.
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4.1. The Crest Profile at the Moment of Incipient Breaking in Clean Water
Wave crest profiles taken from the images like those shown in Figures 3b and 3f in clean water (CLEAN)
with various wind speeds are plotted in Figure 11a in a coordinate system with y5 0 at the mean water sur-
face. For comparison purposes, the horizontal positions of these wave profiles were adjusted to bring them
closer together in the plot, but without changing their relative order in position along the tank. (The actual
distance from the left peak to the right peak is about 250 mm instead of 25 mm as depicted in the plot.) As
can be seen from the figure, as the wind speed increases incipient breaking occurs closer to the wave maker
(the wave propagates from right to left), indicating that the wave breaks earlier in time in the tank. Both the
crest height and toe height decrease at the instant the wave starts to break. To allow better comparisons of
the profile shapes, the crest profiles in Figure 11a are plotted again in Figure 11b, but with the origin for
each profile shifted to the toe. As can be seen from Figure 11b, the slopes of the front faces of the waves
and capillary waves upstream of the toe are nearly the same, indicating that this bulge-capillary-waves pat-
tern is independent of the wind. However, the back face of the wave crest, where the surface curvature is
almost zero, is markedly affected by the wind. As the wind speed increases, the slope of the back face of
the wave crest decreases and the front-rear asymmetry of the wave crest increases.

The decrease of the toe height at the instant of incipient breaking with increasing wind speed is likely due
to surface wind drift and may be explained qualitatively by the leaky-capillary-jump theory proposed by
Longuet-Higgins [1996]. The theory applies to a steady wave without wind and postulates that the toe posi-
tion is located at the place on the wave profile where the flow speed along the surface in the reference
frame of the crest equals the minimum phase speed of capillary-gravity waves in still water, i.e.,

ut5cmin51:414

�
g0
r0
q

�1=4

; (3)

where ut is the local flow speed, r0 is the ambient surface tension, q is water density, and g05gcos a2ju2t is the
apparent local gravity, with a and j being the local surface tilt angle and curvature, respectively. Since the mean
slopes ðm5tan aÞ of the wave surfaces and the surface curvatures upstream of the toe at the point of incipient
breaking are nearly the same for wind speeds less than or equal to 2.3 m/s, see Figure 11b, g0 is the same and
the flow speeds (ut) near the toe have to be identical, according to equation (3). Using the experimental data
obtained in our laboratory, Diorio et al. [2009] have shown that for the waves with wavelengths ranging from 10
to 120 cm, the flow speed at the toe position just prior to breaking correlates strongly with the wave surface
slope at the toe. This surface slope is a function of the wave phase speed and the average growth rate of the
wave amplitude before breaking starts. The values of ut and a for the wave without wind used in the present
paper are 38.2 cm/s and 56.38, respectively. For a steady wave without wind, the magnitude of the surface flow
velocity (us) in the reference frame of the wave crest increases along the front face of the wave as the vertical
distance relative to the highest point of the wave crest increases [Longuet-Higgins, 1996]. As the wind blows
over the water surface, a wind drift with a magnitude of q is generated in the opposite direction of us, as shown

Figure 11. Crest profiles at the instant the waves start to break in clean water with various wind speeds. (a) In the coordinate relative to
the mean water surface. (b) In the coordinate aligned at the toe point. The waves move from right to left.
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in Figure 10 and the surface flow speed
becomes us – q. In order to retain the flow
speed ut5 38.2 cm/s at the toe in the pres-
ence of wind, the underlying flow speed of
the wave at the toe position must satisfy
us5 ut1 q, indicating that as q increases, us
increases at the toe position, thus the toe
height decreases. Also, the surface wind drift
increases the steepness of the front face of
the wave, thus the 56.38 surface tilt angle of
the wave occurs earlier in time in the tank
and the location of incipient breaking is
shifted upstream (upwind). Since the wave
has not reached the focusing point in the
tank yet (see below), the crest height of the
wave at the instant of incipient breaking
decreases. This decrease of the crest height is
consistent with the experimental result given
by Yao and Wu [2005], who showed that a
current with a positive shear, which is very
similar to a wind-driven current on the water
surface, reduces the steepness (the ratio of
wave height to wavelength) of incipient
breaking waves.

The upstream shift of the bulge-capillary-
waves pattern should be distinguished from
the downstream shift of the focusing point
reported by Kharif et al. [2008] and others.
The bulge-capillary-waves pattern is an indi-

cator for the onset of spilling breakers. The experiments of Kharif et al. [2008] investigated the effects of strong
wind on the formation of rogue waves. The wave elevations at various locations were measured by capacitive
wave gauges. An amplification factor was used to describe the ratio of the maximal height between two con-
secutive crests and troughs in the wave group at various locations to that at a fetch of 1 m from the wave-
maker. As the waves propagate in the tank, the amplification factor increases until its maximum at the focus-
ing point and then decreases. The wind shifts the focusing point downstream and sustains high values of the
amplification factor for a longer period of time after the focusing point. Since this amplification factor was not
measured in the present study, Figure 12 shows the evolutions of the highest point of the wave crest without
wind and with various wind speeds after the moment of incipient breaking (t5 0). As can be seen from the
figure, the maximum wave amplitude (focusing point) of the wave without wind occurs at the same instant of
the incipient breaking, i.e., t5 0. In the presence of wind, the maximum wave amplitude occurs after the
moment of incipient breaking. The time difference between the incipient breaking and the maximum wave
amplitude increases as the wind speed increases, indicating that the onset of wave breaking and the focusing
point occur at different locations in the tank. In the presence of wind-generated waves (Case U05 3.0 m/s in
Figure 12), this time difference increases significantly.

The reduction of the crest height at the moment of incipient breaking with increasing wind speed may be
used to calculate the surface wind drift. In a theory studying the effect of a surface wind drift on the incipi-
ent breaking condition in steady waves, Banner and Phillips [1974] predicted that the breaking wave ampli-
tude (nmax) is given by

nmax5
C2

2g
12

q
C

� �2
; (4)

where C is the wave phase speed, g is the acceleration due to gravity, and q is the magnitude of the surface
wind drift at the mean water level. In experiments with hydrofoil-produced waves in the presence of surface
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Figure 12. The evolutions of the highest point of the wave crest without
wind (U05 0) and with various wind speeds after the moment of incipient
breaking (t5 0). The focusing point of the waves corresponds to the maxi-
mum crest height for each curve. For the case with U05 3.0 m/s, wind
waves with an average wavelength of 4 cm and amplitude of 2 mm were
present in the tank whereas no visible wind waves were observed for the
others.

Journal of Geophysical Research: Oceans 10.1002/2015JC011200

LIU ET AL. BREAKING WAVES WITH WIND AND SURFACTANTS 13



wakes, Miller et al. [1999] found that
the breaking condition has the same
functional form as equation (4) but
was reached when the flow speed at
the crest was 50% of the wave speed.
While the wave in the present study is
clearly unsteady and to our knowl-
edge, there is no theoretical work
matching our experimental conditions,
equation (4) is used here in an attempt
to gain some understanding of the sur-
face flow created by wind. In equation
(4), the wave phase speed C is the car-
riage speed U5 1.23 m/s since the car-
riage moves with the same speed of
the wave crest. Using the equation (4)
and the wave amplitudes measured
from Figure 11a yields the surface
wind drift versus the wind speed U0

and the result is shown in Figure 13. As can be seen from the figure, the surface wind drift q increases as
the wind speed increases. The magnitude of q is a little less than 2% of the wind speed (U0) while the wind
friction velocity is about 2.16% of U0 as shown in equation (2). Previous field and laboratory measurements
by Phillips and Banner [1974], and Wu [1975, 1983] for a large range of wind speeds and fetches gave wind-
induced surface drift currents a little larger than this, approximately 3.1–3.3% of the wind speed. In term of
the aforementioned limitations in using equation (4) and rather different wind and fetch conditions, the
present calculation of the surface wind drift is probably reasonable.

In an effort to explore the physical mechanisms that control the variations in bulge shape, plots of the
lengths Lm and Ls at the instant the waves start to break versus the wind drift (q, as determined from
the crest height measurements and theory) in CLEAN water are given in Figures 14a and 14b, respectively.
The standard deviations of each point in the figure were obtained from three consecutive images (just
before the moment the toe starts to move) in three repeated runs. The standard deviations in the measure-
ments of both Lm and Ls increase with wind speed due primarily to the effect of the small-amplitude wind-
generated ripples on the crest shape. This increase is more dramatic for the Lm measurements due primarily
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Figure 13. The wind drift (q) versus the wind speed U0 in the tank.

0 0.01 0.02 0.03 0.04 0.05
0

2

4

6

8

10

12

14

16

18

q (m/s)

L m
 (

m
m

)

0 0.01 0.02 0.03 0.04 0.05
0

2

4

6

8

10

12

14

16

18

q (m/s)

L s (
m

m
)

(b)(a)

Figure 14. The variations of two bulge lengths (a) Lm and (b) Ls with the wind drift q in clean water. The solid line in Figure 14a is Lm5sq1
Lm0 with s5 0.117 s and Lm05 8.0 mm.
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to the effects of the ripples on the horizontal location of the height of the highest point on the profile. As
can be seen from Figure 14a, the data follow a nearly linear relationship. A least squares fit of the equation
Lm5 Lm01 s0q to the data yields the line with a slope s05 0.117 s and intercept Lm05 8.0 mm plotted in
the figure. The value of Lm0 is very close to the value of Lm observed under the no-wind condition. It is also
noted that the slope s0 is close to the formation time of the bulge, which was determined from the LIF mov-
ies to be in a range from 0.108 to 0.14 s and is not a function of the wind speed. (The variation of the forma-
tion time is due to the uncertainty in selecting the movie frame when the bulge is first visible.) This
measured bulge formation time is consistent with the value 0.1/f0 reported by Duncan et al. [1999] for
waves in clean water without wind. The reason for the linear relationship between Lm and q is not known;
however, it is thought to be due to the downward shifting of the toe along the front face of the wave, as
mentioned above.

As can be seen by comparing Figures 14b with Figure 14a, the length Ls increases more slowly with increasing
q than does Lm (Ls increases from 8.5 mm at q5 0 to 10 mm at the highest q). In our previous work [Diorio
et al., 2009], it has been shown that at the moment of incipient breaking Ls depends primarily on the slope of
the front face of the smoothed wave profile just upstream of the toe. In the present data, the slopes of the
front face upstream of the toe in the CLEAN case with various wind speeds are nearly the same, thus the small
change in Ls is consistent with Diorio et al. [2009]. Since Ls depends on the slope of the front face of the wave
upstream of the toe (see its aforementioned definition) and intersects the wave crest profile substantially
upstream of the peak of the profile, this parameter mainly describes the front face features of the wave while
Lm, which depends strongly on the horizontal position of the peak of the profile, considers the entire shape of
the wave crest. The different behaviors of Lm and Ls versus q are consistent with the fact that the effect of the
wind on the back face of the wave crest is much stronger than that on the forward face and causes the slope
of the back face to decrease while moving the peak backward horizontally relative to the horizontal position
of the toe. The difference between the effects of the wind on both sides of breaking wave crest may be
increased at high wind speeds due to air flow separation from the wave crest [Reul et al., 1999; Veron et al.,
2007]. The weak effect of the wind on the forward face of the wave crest may be explained by the capillary-
roller theory of Longuet-Higgins [1992]. In the theory, Longuet-Higgins has shown that the capillary-roller
system is self-sustaining and the effect of the wind stress on the system is negligible compared to the
capillary-wave stress. The energy of the system is supplied by the gravity wave.

4.2. The Crest Profile at the Moment of Incipient Breaking in the Triton X-100 Solutions
Figure 15 contains plots of the wave crest profiles for the two surfactant solutions, TX25 and TX101, with
various wind speeds. These profiles were obtained from the images shown in Figure 7. The wave crest pro-
files in solution TX25 under three different wind conditions are given in Figure 15a while the crest profiles
in solution TX101 under the same wind conditions are shown in Figure 15b. For comparison purposes, the

Figure 15. Crest profiles at instant the waves start to break in the surfactant solutions with various wind speeds. (a) TX25 and (b) TX101.
The profiles are aligned at the toe point and the waves move from right to left.
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wave crest profile in clean water at the wind speed U05 1.5 m/s is also plotted in Figure 15a. As can be
seen from the plots, the shapes of the profiles upstream of the point A in Figure 15a and point B in Figure
15b are quite similar in each plot (except for the length of the capillary waves, which are discussed in the
following subsection), indicating that the mean surface slope upstream of the bulge, the toe, and the por-
tion of the bulge in the vicinity of the toe are not strongly affected wind. Downstream of points A and B,
the shapes of the wave crest change dramatically with the wind speed and the concentration of Triton X-
100. In the TX25 solution, the flat bulge that occurs under the no-wind condition becomes round as the
wind is applied while the vertical distances from the toe point to the maximum height of the wave crest
remain nearly the same for all wind conditions. It should also be noted that this vertical distance is much
greater in the TX25 cases than it is in the CLEAN case. In contrast to the behavior in the TX25 solution, in
the TX101 solution, as the wind speed is increased, the bulge becomes flatter and the vertical distance from
the toe point to the maximum elevation increases monotonically.

Figure 16 shows the bulge lengths Lm (a) and Ls (b) versus the wind drift speed (q, taken from Figure 13) in
the TX25 and TX101 solutions. As can be seen in Figure 16a, the values of Lm for the four cases with nonzero
wind drift follow a nearly linear relationship like the CLEAN case (Figure 14a). Using a least squares fitting of
the equation Lm5 Lm11 s1q to this data yields s15 0.13 s and Lm15 13.4 mm. The corresponding bulge for-
mation times are given in Table 1 and it can be seen that the three values for the nonzero q cases are con-
sistent with the slope of the fitted line, in agreement with the CLEAN case discussed above. It is noted that
for the case with q5 0, the Lm value is about twice as high as the value from the fitted line and the bulge
formation time is about half of the values for nonzero q. In the TX101 case, using a least squares fitting of
the equation Lm5Lm21s2q to the data of yields s25 0.42 s and Lm25 15.4 mm. Unlike the TX25 data, the
measured values of the time interval of the bulge formation in TX101 (from 0.048 to 0.072 s, see Table 1)
are much smaller than the slope of the line fitted to the Lm data.

It is difficult to explain the high value of Lm in the case of TX25 without wind, and the small values of the
bulge formation time s in the case of TX25 without wind and s2 in all three cases of the TX101 solution.
However, it is thought that Lm is strongly influenced by other surface dynamic properties, in addition to the
surface tension [Liu and Duncan, 2006]. In the presence of surfactants, a surfactant monolayer is formed on
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Figure 16. The lengths (a) Lm and (b) Ls versus the wind drift q in TX25 and TX101. The straight lines are the least squares fits to the data
points for each solution.

Table 1. The Time Intervals From the First Visible Bulge to the Instant That the Toe Starts to Move Under Various Surfactant and Wind
Conditions

TX25 TX25 TX25 TX25 TX101 TX101 TX101

U0 (m/s) 0 1.2 1.5 2.0 0 1.5 2.3
s (s) 0.06 0.116 0.13 0.112 0.048 0.06 0.072
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the water surface. This surfactant mono-
layer is a compressible surface film that
lowers the surface tension and creates
surface elasticity and also surface viscos-
ity [see for example, Edwards et al., 1991].
The surface elasticity supports longitudi-
nal flow motion in the water surface [Liu
et al., 2007]. As the wave propagates in
the tank, a high concentration of surfac-
tants was found in the bulge-capillary
region, as shown by the numerical simu-
lation by Ceniceros [2003]. Thus, the sur-
face tension in the bulge-capillary region
is lower than that in the surrounding
area, and surface tension gradients form.
It is conjectured that surface tension gra-
dients weaken the surface flow upstream
of the toe while enhancing the surface
flowon the back face near thewave crest
in the reference frame of the wave crest.
This results in a change of the shape of

the wave crest and a relatively slow motion of the highest point of the crest profile in the laboratory reference
frame. In addition, the unknown surface fluid longitudinal motion that is supported by the surface elasticity may
affect the bulge length Lm. In the presence of wind, the surface dynamics of surfactant solutions and the shape of
thewave crest profile are evenmore complex. Therefore, a further study is expected.

Figure 16b shows that the length Ls in the TX25 solution slightly increases linearly from approximately 13 to
15 mm with increasing surface wind drift, similar to that in the CLEAN case. However, the length Ls in the
TX101 solution increases linearly at a substantially higher rate with increasing wind speed.

4.3. The First Capillary Wave and Dynamic Surface Tension
Figure 17 shows a plot of the length (kc1) of the first capillary wave upstream of the toe (at the moment of
incipient breaking) versus the wind speed (U0) in the CLEAN, TX25, and TX101 solutions. Each data point in
the figure is the average from three or four separate experimental runs. As can be seen from the figure, the
values of kc1 for the CLEAN case are approximately the same (very close to their mean value of 3.5 mm) for all
wind speeds, showing that the capillary wave system is not affected by wind. In the TX101 case, kc1 increases
as the wind speed increases. The increase of kc1 with increasing wind speed is likely due to the reduction of
surfactants on the water surface. In the presence of wind, the surfactants on the water surface are blown to
the end of the tank, away from the location where the wave breaks. As the wind speed increases, the reduc-
tion rate of surfactants on the water surface increases. Meanwhile, surfactants from the bulk are adsorbed
onto the free surface to compensate the reduction of surfactants due to the wind. However, the adsorption
rate of surfactants onto the water surface is controlled by the bulk concentration of surfactants, which is the
same for all wind conditions. Thus, the surface concentration of surfactants decreases as the wind speed
increases, resulting in an increase of surface tension at the air-water interface [Edwards et al., 1991]. Since the
wind has minimal effects on the capillary wave and the wavelength of capillary waves is dominated by surface
tension, the surface tension of surfactant solutions in the presence of wind may be determined by

r05
kc1
m

; (5)

where m5 0.043 m2 N21 according to Liu and Duncan [2006].

Figure 17 also shows that kc1 in the TX25 solution increases with increasing wind speed until U05 1.5 m/s,
but beyond this wind speed, kc1 has nearly the same value as that in the CLEAN case. The behavior of kc1 in
the TX25 solution indicates a relatively clean water surface for a wind speed higher than 1.5 m/s. This clean
water surface is likely caused by a higher wind-induced reduction rate of surfactants on the water surface
than the absorption rate of surfactants onto the free surface from the bulk.
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Figure 17. Lengths of the first capillary waves upstream of the toe (kc) versus the
wind speed U0 in clean water and two Triton X-100 solutions. The horizontal line
is the average wavelength of the first capillary waves in CLEAN case (3.5 mm).
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4.4. The Maximum Horizontal
Distance of the Toe Away From the
Wave Crest
Figure 18 shows the maximum horizon-
tal distance (Lext) of the toe away from
the crest varying with the wind speed
in the clean water. As can be seen from
the figure, the distance Lext increases as
the wind speed increases in a nonlinear
fashion. In general, this behavior indi-
cates that the turbulence generated
during the wave breaking at the wave
crest is enhanced by the wind.

Figure 19 shows the ratio of the maxi-
mum distance of the toe away from the
wave crest (Lext) to the bulge length
(Lm) at the moment of incipient
breaking as a function of the wind
speed in three solutions (CLEAN, TX25,

and TX101). As can be seen from the figure, the data points are divided into two groups. The first group of
data points in the upper half of the figure (Lext/Lm> 3) is obtained from the all of the CLEAN water experi-
ments and the TX25 experiments with high wind speeds, where the lengths of the first capillary waves
upstream of the toe are nearly the same as that in clean water (see Figure 17), indicating that the local surface
tension is close to that in clean water. The second group (Lext/Lm< 3) is obtained from surfactant solutions
where the value of kc is less than that in clean water (the low-wind-speed TX25 experiments and all of the
TX101 experiments), indicating that the local surface tension is reduced (equation (5)). Both groups of data
show that the ratio Lext/Lm increases with increasing wind speed. However, the slope of the fitting line for the
first group of data set is little greater than that in the second group. Also, the ratio Lext/Lm in the first group is
almost 2 times greater than that in the second group. It is likely that these differences coincide with the reduc-
tion of water surface tension.

Laboratory experiments performed by Banner and Peirson [1998] show that, prior to the formation of wind
waves, the tangential viscous shear stress beneath wind-driven air-water interfaces contributes the entire
wind stress. The data shown in Figure 19 were measured when no visible wind waves appeared in the tank.

Thus, the increase of Lext/Lm with
increasing wind speed is likely an indi-
cation that the tangential stress
induced by wind interacts with the tur-
bulence generated during the wave
breaking at the wave crest and trans-
mits the atmospheric wind stress into
the wave turbulence.

5. Conclusions

The crest profiles of spilling breakers in
the presence of light-wind and ambient
surfactants were investigated experi-
mentally. The waves were generated
with a wave maker motion that pro-
duces a weak spilling breaker in clean
water without wind. In clean water with
a wind speed lower than the minimum
wind speed of wind-generated waves,
the breaking process described in
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Figure 18. The maximum horizontal distance (Lext) of the toe away from the wave
crest versus the wind speed U0 in the CLEAN water.

Figure 19. The ratio of Lext/Lm versus the wind speed U0 in CLEAN, TX25, and
TX101 solutions. The straight lines are the least squares fits to each set of the data
points.
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Duncan et al. [1999] changes quantitatively with the wind speed. The breaking process starts with a formation
of a bulge on the forward face of the wave crest and the appearance of capillary waves upstream of the lead-
ing edge (toe) of the bulge. It is found that the capillary waves do not change with wind speed, but the length
of the bulge (from the toe to the highest point of the wave crest) increases linearly with the surface wind drift.
As the wind speed is above 3.0 m/s, wind waves were generated in the tank. These wind waves steepen up as
they approach the front face of the crest of the mechanically generated waves and strongly affect the spilling
process. In the presence of surfactants, the breaking process described in Liu and Duncan [2006] changes both
qualitatively and quantitatively. At low concentration of surfactants, the flat bulge obtained in surfactant solu-
tion without wind become round as the wind speed increases in the tank. The amplitude of the capillary waves
becomes larger. The wavelength of the capillary waves increases with the wind speed until the value similar to
that in clean water is reached. At high concentration of surfactants but below the Critical Micelle Concentra-
tion, the small bulge observed in surfactant solution without wind becomes larger and flatter as the wind
speed increases. The capillary waves change slightly with the wind. It is found that the length of the bulge in
surfactant solutions increases linearly with the surface wind drift as well. After the flow in the region of the
wave crest transitions to turbulence, the maximum horizontal distance of the toe away from the crest increases
as the wind speed increases.

To better understand the dynamics of spilling breakers in the presence of wind and surfactants, several
aspects of this flow require further investigation in both laboratory and the field. First, the spatial variations
of the surface drift of the fluid flow before and after the moment of incipient breaking should be pursued in
laboratory because the nonuniformity of surface fluid velocities along the wave crest profile may be a signif-
icant source of surface shear stress. Peirson and Banner [2003] have performed a laboratory study in which
flow velocity measurements were made within a few hundred micrometers of the surface of microscale
breaking wind waves, by using flow visualization and particle image velocimetry techniques. In the pres-
ence of surfactants, a surfactant monolayer is formed on the water surface. It would be very difficult to mea-
sure the surface drift within this monolayer for spilling breakers over a wide range of wavelengths and
breaking intensities. Second, because surfactants have strong effects on surface-tension-dominated spilling
breakers, the surface dynamics of surfactants in the presence of wave breaking are clearly important, but
have received little attention. Third, details of wind forcing (pressure and shear stress) on the top of the
bulge-capillary-waves pattern should be further investigated [Banner and Song, 2002]. Finally, where possi-
ble, detailed experiments should be extended to spilling breakers with high winds, in which the breaking of
large waves will be drastically affected by wind-generated waves (see section 3).

The effects of wind and surfactants on air-water heat and gas transfer have been investigated by Zappa et al.
[2004], while the effects of surface tension on wave dissipation have been studied experimentally by Stagonas
et al. [2011]. To apply the present laboratory results to the field, more realistic ocean conditions should be con-
sidered, including, for example, three-dimensional short-crest waves on various wind, current, and surfactants
backgrounds. The effects of wave directionality on breaking wave energy loss have been highlighted by Wu
and Nepf [2002]. A number of experiments investigating the effects of various currents on the breaking of
mechanically generated waves have been given by Yao and Wu [2004, 2005] andWu and Yao [2004]. Since the
temperature and salinity of water have little effect on surface tension, it is unlikely that those factors are impor-
tant to the formation of the bulge-capillary-waves pattern of spilling breakers. However, both of these factors
have significant effects on the population of the bubbles generated by wave breaking [Callaghan et al., 2014],
resulting in drastic effects on the wave turbulence. Further examination on this issue is highly desired.
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