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ABSTRACT

This paper is dedicated to wave-induced turbulence unrelated to wave breaking. The existence of such
turbulence has been foreshadowed in a number of experimental, theoretical, and numerical studies. The
current study presents direct measurements of this turbulence. The laboratory experiment was conducted by
means of particle image velocimetry, which allowed estimates of wavenumber velocity spectra beneath
monochromatic nonbreaking unforced waves. Observed spectra intermittently exhibited the Kolmogorov
interval associated with the presence of isotropic turbulence. The magnitudes of the energy dissipation rates
due to this turbulence in the particular case of 1.5-Hz deep-water waves were quantified as a function of the
surface wave amplitude. The presence of such turbulence, previously not accounted for, can affect the physics
of the wave energy dissipation, the subsurface boundary layer, and the ocean mixing in a significant way.

1. Introduction

Turbulence can be generated by a sheared fluid mo-
tion if a certain inertia-to-viscosity ratio limit is over-
come (e.g., Reynolds 1883). Although this should be
true in a general case, the motion due to surface water
waves is generally regarded to be irrotational (e.g.,
Young 1999) and thus does not produce shear stresses
and turbulence directly. The conjecture of irrotation-
ality in such theories is a consequence of the initial as-
sumption that the waves are free; that is, the waves have
no viscosity and surface tension and therefore cannot
cause shear stresses (e.g., Komen et al. 1994). Water
viscosity, albeit small and negligible from the point of
view of many applications, however, is not zero, and the
existence of the wave-induced turbulence has been sug-
gested (Babanin 2006). Here we show that such turbu-
lence does exist. In a laboratory experiment, wavenumber
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velocity spectra beneath surface waves of different
steepnesses, in absence of wave breaking, exhibited the
Kolmogorov interval associated with the presence of
isotropic turbulence. Furthermore, magnitudes of the
energy dissipation rates due to this turbulence in the
particular case of 1.5-Hz deep-water waves were quan-
tified as a function of the surface wave amplitude. The
presence of such turbulence, previously not accounted
for, can affect the physics of the wave energy dissipation,
the subsurface boundary layer, and the ocean mixing in a
significant way.

The turbulence injected by breaking waves is com-
monly perceived as one of the main means to transfer
wind momentum into subsurface waters and has been
broadly implemented in ocean circulation and ocean
mixing models (e.g., Craig 2005). In contrast, the notion
of a nonbreaking wave-induced turbulence is a new
concept, although it has been foreshadowed in a num-
ber of experimental (Yefimov and Khristoforov 1971;
Cavaleri and Zecchetto 1987; Gemmrich and Farmer
2004; Babanin et al. 2005; Gemmrich 2009, manuscript
submitted to J. Phys. Oceanogr.), theoretical (Thais and
Magnaudet 1996; Phillips 2001; Ardhuin and Jenkins
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2006), and numerical studies (Pleskachevsky et al. 2001,
2005; Qiao et al. 2004, 2008; Gayer et al. 2006).

The field experimental studies produce direct and
convincing evidence in favor of such turbulence.
Yefimov and Khristoforov (1971) provide detailed and
quantified data and parameterizations of wave-induced
turbulence. Although they did not explicitly account for
wave breaking, possible rates of breaking in their ex-
periments were found to be negligible (Babanin 2006).
The rest of the mentioned studies explicitly state that
wave-related turbulence was observed in absence of
wave breaking. In Babanin et al. (2005), in the second set
of Cavaleri and Zecchetto (1987) observations, and in
Gemmrich (2009, manuscript submitted to J. Phys.
Oceanogr.) consistent rates of turbulent energy dissi-
pation were observed in the definite absence of wave
breaking.

The numerical studies mentioned here provide indirect
support for the concept of wave-induced turbulence, as
they do not simulate the Navier—Stokes equation. Rather,
these works demonstrate that, unless such turbulence
exists and is accounted for, it is not possible to explain
observed physics both in the deep ocean and in the finite-
depth coastal areas. Pleskachevsky et al. (2001, 2005)
and Gayer et al. (2006) concluded that, unless they in-
troduce wave-induced turbulent stresses, they cannot
explain observed profiles of the suspended sediment at
the North Sea shelf and even the very fact of suspension
of the previously settled sediments. Qiao et al. (2004,
2008) introduced nonbreaking wave-induced stresses in
ocean circulation models coupled with surface waves
and achieved dramatic improvements in predictions of
the upper-ocean thermal structure and mixed layer
depth compared to the traditional mixing schemes.

The physical concept of the turbulence induced
directly by nonbreaking waves was originally suggested
as a hypothesis of wave amplitude-based Reynolds
number

a2

Re = T, (1)

which is meant to indicate a transition from laminarity to
turbulence for the wave orbital motion (Babanin 2006).
Here, a is the wave amplitude (radius of the wave orbit)
at the surface, w is the angular frequency, and v is the
kinematic water viscosity. Estimates of the critical wave
Reynolds number provided an approximate value of
Re.; = 3000, and various comparisons were conducted
to verify this threshold. The comparisons relied on the
ability of the turbulence, generated by wind waves, to
mix the upper ocean, and although very supportive, they
were still indirect. This article is dedicated to direct
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measurements of the turbulence induced by surface
waves in absence of breaking and wind forcing.

2. Experiment and results

The measurements were conducted in the Air-Sea
Interaction Saltwater Tank (ASIST) of the University of
Miami. The tank is of stainless steel and acrylic con-
struction with a working section of 15m X 1 m X 1 m.
It has a fully programmable wavemaker, able to produce
waves with a predefined spectral form, including mono-
chromatic waves. These waves are dissipated at the
opposite end of the facility by a minimum-reflection
beach.

In the present experiment, to avoid any ambiguity due
to wind-caused shear stresses and spectral wave super-
positions, a simple setup was realized. Unforced (no
wind) mechanically generated monochromatic deep-
water two-dimensional wave trains of 1.5 Hz were gen-
erated. Particle image velocimetry (PIV) measurements
were conducted at 5.1 m from the wavemaker in the
center of the tank, directly under the troughs of the
deepest waves—that is, always at the same distance from
the still surface level of 38.8 cm. The distance of 5.1 m
has been shown to be sufficiently far away from the
paddle for the wave shape to be well established but
shorter than required for intensive modulational insta-
bility to develop (Babanin et al. 2007). Measurements
were made after the first few waves passed the mea-
surement region but before there could be any reflec-
tions off the dissipative beach, which was 9.2 m from the
measurement region. The tank has a smooth acrylic
bottom and sidewalls that lead to a very thin wave
boundary layer (<0.005 m). Observations above the bed
and near the sidewalls under the wave conditions of
interest revealed no upward/outward eddy propagation
above the bottom/side boundary layers. Possible con-
taminations by wave-induced secondary circulations
(e.g., Groeneweg and Battjes 2003) were also investi-
gated. The PIV system was positioned to observe the
along-tank and cross-tank velocities in a horizontal
plane at a level just below the lowest wave troughs
(38.8 cm). Measurements of the cross-tank mean flow
for the 1.5-Hz waves studied showed that it was very
small (<2.5 mm s~ ') and spatially incoherent.

The PIV system employed here operated at a sam-
pling frequency of 15 Hz. It was a double-pulsed system
and the time between the image pairs ranged from 3 to
4 ms, depending on the wave amplitude. The tank was
seeded with 50-um polyamide seeding particle (PSP)
beads with a specific gravity of 1.06. A 1-megapixel
camera was positioned to look from the side of the tank.
The laser was projected from the bottom to provide an
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illuminated plane in the along-tank and vertical di-
mensions at the cross-tank center. The image size was
17 em (1600 pixels) along tank by 12 cm (1186 pixels)
in the vertical for the first series of measurements. In
the second set of measurements, the camera was set
farther back and the image size/pixel resolution was
correspondingly larger. Velocities were computed using
an adaptive correlation technique, in which the initial
interrogation area was 256 pixels X 256 pixels and in
three successive refinement steps, the final horizontal
resolution was 1.2 mm. Based on the image pixel size
and elapsed time between images, the uncertainty
of each velocity observation (Hyun et al. 2003) was
+0.03ms .

Fifteeen wave periods were recorded for each of the
wave trains whose wave amplitudes a ranged from 6
through 32.5 mm (at this amplitude, waves started to
break at and before the measurement point; therefore,
this measurement was not taken into consideration
here). Wave amplitudes were recorded at the measure-
ment location using a digital laser elevation gauge
(LEG). An argon-ion (488-nm wavelength, 150 MW)
air-cooled laser provided a vertical beam. The inter-
section of this beam with the surface was detected by a
digital line-scan camera at a rate of 100 Hz.

PIV measurements provided spatial distributions of
the u (horizontal, parallel to the axis of the tank) and w
(vertical) components of the two-dimensional velocity
and thus avoided the usual problem of converting
the frequency (w) velocity spectra into wavenumber (k)
spectra P(k) in absence of steady advective velocity
(Lumley and Terray 1983, Agrawal et al. 1992). If iso-
tropic turbulence is generated, the velocity spectra are
expected to exhibit a k> Kolmogorov interval at small
scales (high wavenumbers) k > k,, where k, character-
izes the source of energy in the dynamic system (e.g.,
Monin and Yaglom 1971). In our case of the mono-
chromatic wave, k, = k; sp, = 9.82 rad m ™ !; therefore,
the wavenumber scales of k = 20-2600 rad m ' resolved
by the PIV frame provided a sufficiently broad band.

The wave Reynolds numbers (1) for 1.5-Hz waves of
surface amplitudes a = 6-25.5 mm and the water of 20°C
ranged from 330 to 5900 and therefore the transition to
turbulence could be expected. The probability of this
transition depends strongly on distance z from the sur-
face because the Reynolds number was argued to decay
very rapidly as a function of z: Re ~ exp(—2kz)
(Babanin 2006). Measurements directly at the surface,
however, were not possible because to obtain the
wavenumber spectrum, the entire horizontal layer of
measured velocities has to be in the water. For consis-
tency of comparisons, the layer at 30 mm from the still
surface was chosen as a compromise, which was close
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FIG. 1. Velocity spectra exhibiting Kolmogorov interval are shown
as solid lines. The k> slope is also shown.

enough to the surface but below the wave troughs for all
recorded nonbreaking waves.

It was expected that the turbulence, subjected to peri-
odic forcing, will exhibit complex and modulated behav-
ior (e.g., Bos et al. 2007). Close to the critical Reynolds
number, the turbulence observed was also highly inter-
mittent in both the space and time domains. At the
surface wave amplitude of a = 22.5 mm at each of the 10
recorded phases of the wave period, the Kolmogorov
interval in the velocity spectra appeared from 0 to 3
times over a duration of 15 periods. Most frequently, it
was observed at the rear face of the wave profile, close to
the instant of zero down crossing, and therefore this
phase of the wave was chosen for further analysis.

Examples of the wavenumber spectra recorded during
the down crossing, with the turbulence, are demonstrated
in Fig. 1. Here, a few P, spectra exhibiting Kolomogorov
interval are shown. The spectra were obtained as Fourier
transform of the velocity space series across the 30-mm
layer, with averaging over four wavenumbers. Because
the size of the image is less than the wavelength, the
monochromatic orbital motion peak cannot be seen in
the spectrum. The spectra are distinctly different and
show clear Kolmogorov subintervals at k > 800 rad m "
as should be expected for small turbulence scales far
away from the energy source. The Kolmogorov-interval
slope is indicated with a straight line.

The level of the Kolmogorov interval contains infor-
mation about the volumetric kinetic energy dissipation
rate & (Veron and Melville 1999),

18/8\"°
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FI1G. 2. Dependence of kinetic energy dissipation rate & vs wave
amplitude a. Dependence (3) is shown with solid line. Data points
designated with asterisks and circles were obtained in two separate
experiments in the same facility. The X at the bottom axis indicates
the value of a, which corresponds to Re., = 3000. The vertical bars
show the standard deviations.

where a =~ 0.4 is the Heisenberg constant. Using (2) to
define &, a dependence on the wave amplitude was
observed (Fig. 2). Given the large confidence intervals
of the individual estimates and the highly intermittent
behavior of the observed turbulence, the experiment
was repeated to verify the consistency of the result. Data
points denoted with circles were obtained, for the same
experimental setup, a year later than the asterisk data
points.
Direct fit (solid line) provides the dependence

& =300a”. 3)

The values of € and a in this formula are dimensional
(see Fig. 2). Because of the scatter, the intercept (co-
efficient) of this dependence is statistically uncertain;
however, for the exponent p in (3), the 95% confidence
limit places it between 2 and 4: p = 3.0 = 1.0. This is close
to the expectation (Babanin 2006) that, because the
force due to the turbulent stresses is proportional to a?,
the energy dissipation rate should be & ~ a’.

3. Discussion

The waves observed were unforced (no wind), me-
chanically generated, deep-water, two-dimensional wave
trains; thus, sources of the shear production were care-
fully eliminated. Measurements were conducted at the
center of the tank, far away from the bottom and side-
wall boundary layers, whose effects were thoroughly
controlled. The wave trains were monochromatic—no
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microscale waves and microscale breaking were present.
Therefore, the turbulence observed must have been di-
rectly generated by the waves themselves. It should also
be pointed out that such turbulence production cannot
be attributed to Ardhuin and Jenkins (2006) or to similar
mechanisms of wave-current—turbulence interactions.
Such mechanisms are capable of explaining the transfer
of energy from mean orbital motion to the turbulence
but only provided that background turbulence already
exists. In our case, there was no background turbulence.

It should be emphasized again that the ¢ estimates
obtained are not sustained dissipation rates; they are in-
stantaneous values incurred intermittently at the rear-
face phase of the wave below the level of the wave trough.
Such intermittent turbulence does not reveal a threshold
value of wave amplitude, below which it does not occur
(i.e., the critical Reynolds number), and the data fit shows
the correlation of 89% for the dependence that goes
through zero. The value of a = 0.0182 m, which corre-
sponds to the critical wave Reynolds number Re., = 3000
for the 1.5-Hz wave, is marked in Fig. 2 with the “X”* at
the bottom axis. The lowest wave amplitude, at which
the turbulence was still observed (i.e., a = 0.012 m)
corresponds to Re = 1300. If approximately scaled to
the free surface z = 0 by assuming exp(—kz) attenuation
of the wave amplitude, the lowest turbulence-producing
Reynolds number would be Re = 2300. This is close to
the lower-margin estimate of the critical Reynolds
number of Babanin (2006). Such scaling, however, is
speculative for the measurements just below troughs of
the steep waves. Therefore, for the reference estimates,
we chose to show the fit going through the origin rather
than trying to produce a dependence based on an im-
posed threshold value for the amplitude.

The levels of the turbulent rates of ¢ ~ 10 > m* s> are
quite high and comparable with dissipation rates mea-
sured in presence of wave breaking (Agrawal et al. 1992;
Young and Babanin 2006). Thus, locally, the wave-
induced turbulence can be quite intensive, but its average
rates have to be scaled down over the wave period and
also due to the intermittency of the observed turbulence,
as described above. It is also worth mentioning that in a
recent study of turbulence and energy dissipation asso-
ciated with wave breaking (Gemmrich 2009, manuscript
submitted to J. Phys. Oceanogr.), it was found that
in absence of wave breaking, the turbulent dissipation
persists with energy dissipation levels of ¢ ~ 5 X 107
m?s . Such levels are in close agreement with
the wave-breaking onset levels measured in this study
(Fig. 2). Experimental approximation (3) is also con-
sistent with & ~ & dependence implied by Qiao et al.
(2004, 2008), who introduced additional wave-induced
turbulent mixing in ocean circulation models. The very
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significant advances in performance of such models can
be interpreted as an indirect support of the experimental
results and dependence (3) presented here.

Although generalizing the results obtained in a par-
ticular case of short and steep laboratory waves is not
feasible, this may still indicate a significance of the
nonbreaking wave-induced turbulence. When compar-
ing breaking and nonbreaking rates directly, our mea-
surements revealed close values: The instantaneous
dissipation rates of the a = 32.5 mm 1.5-Hz waves at the
rear face, where the nonbreaking turbulence was found
in this study, and at the front face, where the breaking-
in-progress turbulence develops, show magnitudes of
e~225x107°m’sand e ~ 14.6 X 107 m* s>,
respectively.
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