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Abstract:

We investigate the turbulence induced by wave-breaking at the ocean surface. Two recent models use
a mechanism of direct depth injection of turbulent kinetic energy (TKE) by breaking waves. Those
models aim to reproduce the near-surface mean and turbulent properties, in particular the TKE
dissipation rates. Of critical importance are the injection depth of each breaking wave and the size
distribution of those breaking waves. The models by Sullivan et al. (2007) and by Kudryavtsev et al.
(2008) have very different parameterizations, and those differences are reviewed here and compared
to available observations. Using realistic parameterizations in these models leads to TKE injections
too shallow to compare to observations, in particular for developed seas. The near-surface turbulence
is thus still not well understood to the zeroth order. For instance, whether developed seas produce
deeper or shallower mixing than young seas is neither well understood nor well modelled. Additional
dedicated measurements as well as investigations of breaking non-breaking wave interactions are
needed.

Highlights

» Two models of the injection of turbulence by breaking waves are analyzed. » They differ mainly in
depth and size of their breaking waves. » They are inconsistent with observed wave statistics and
observed turbulence. » Further developments are needed for a coherent description of the surface
mixing.
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1. Introduction: direct injection of TKE

Surface waves are known to be responsible for enhanced turbulence in the upper ocean (e.g. Agrawal
et al., 1992), with strong expected effects on near-surface currents, temperature and other tracers
(e.g. Mellor and Blumberg, 2004, Rascle and Ardhuin, 2009 and Takaya et al., 2011). This is important
for many different applications, ranging from ocean remote-sensing to surface drift predictions and
modelling of air-sea interactions for climate studies (e.g. Alford, 2003).

Recent progress in wave modelling now allows a realistic estimation of the full wave spectrum from the
wind field alone. Such models include the dominant waves, that have been well modelled for some
time (e.g. Janssen, 2008 and Rascle et al., 2008), but also the shorter waves (with frequencies up to
0.4 Hz at least) that significantly contribute to the wave-induced (Stokes) drift and to air-sea fluxes of
momentum and energy (Ardhuin et al., 2009 and Ardhuin et al., 2010). Because such models are
constrained to reproduce both dominant and short waves in a wide variety of conditions, the fluxes of
energy in and out of the wave field that are provided by such models also have a fair chance of being
realistic.

Following those improvements of wave modelling and aiming to improve upper-ocean understanding
and modelling, the next issue is how to describe the wave-induced mixing in the upper-ocean and
which properties of the wave field should be used.

This wave-induced turbulence and mixing on the upper ocean is believed to occur via three
mechanisms: the breaking of waves (e.g. Agrawal et al., 1992 and Terray et al., 1996), the creation of
Langmuir circulations by interaction with the currents (e.g. Craik and Leibovich, 1976 and Harcourt
and D’Asaro, 2008), and perhaps a direct creation of turbulence by the orbital motion of non-breaking
waves (e.g. Babanin and Haus, 2009 and Dai et al., 2010), although contrary evidence exists (Beya,
2010). This paper will focus on the first mechanism, the mixing induced by wave-breaking, which is
most likely the dominant source of turbulence in the upper few meters of the ocean. For the sake of
simplicity, we will further refer to it as “the” wave-induced mixing.

The classical description for this wave-induced mixing
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comes with the model of Craig and Banner (1994), in whichas a result, the TKE injection is far too shallow compared to the
that mixing is taken into account by adding a flux of Turbulent TKE dissipation observations, especially for developed seas.
Kinetic Energy (TKE) at the ocean surface, coming from the The paper is organized as follows: the injection of TKE is
wave energy dissipation. In the near-surface region, the TKEescribed in section 2, and the corresponding TKE dissipation
diffuses downward and dissipates. Comparisons of this modehtes are shown in section 3. A discussion of the discrepancies
with observed dissipation rates lead Craig and Banner (1994nd uncertainties follows in section 4.

and following authors (Terray et al., 1996, 2000; Soloviev and

Lukas, 2003; Gemmrich and Farmer, 2004) to prescribe IargS Parameterizations of TKE injection

near-surface diusion (through values of the roughness length

of the order of the significant wave heigHt); otherwise the We adopt here a turbulence closure following the widely used
TKE does not penetrate deep enough. This description of wavenodel of Mellor and Yamada (1982), level 2.5. The equations
induced mixing has been widely used for diverse applicationgfor the TKE evolution (Craig and Banner, 1994; Kudryavtsev
ranging from mixed layer depth analysis (e.g. Noh, 1996; Mel-et al., 2008, eq. 3.7) may be written as

lor and Blumberg, 2004) to surface currents (Stacey, 1999; Ras-
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cle and Ardhuin, 2009) and turbulence (Noh et al., 2004). How- - - = |q_q_ +lg|=
ever the exact link between this surfac&sion and the sea ot 9z\ "Sm 0z 0z
state parameters (such as the significant wind-sea wave height) a b
is still not precisely known and remains the major uncertainty 9 3
. .. wou q wh

of this description. T, T tPT@. 1)

Contrary to the model of Craig and Banner (1994), the model —_— e

of Kudryavtsev et al. (2008) follows the idea of direct depth in-

jection of turbulence by breaking waves (Kitaigorodskii, 1984;where q is the turbulent velocity scale,= (q/Sm?/2 is the

Terray et al., 1996; Donelan, 1998; Sullivan et al., 2004). ThelKE, u is the mean velocity, z is the upward vertical coordinate,

near-surface TKE balance is then between this injection and tHds the mixing lengthlgSy/Sn is the eddy diusivity whereSy,

dissipation, with the dfusion only playing a minor role. Very andSq are model constants for which the conventional values

small near-surface ffusion is then possible in the model of are 0.39 and 0.2 (Mellor and Yamada, 1982).

Kudryavtsev et al. (2008). Physically, it means that the molec- Contrary to the model of Craig and Banner (1994) where the

ular viscous sublayer is disrupted by passing breakers but réKE input is at the surface, we add here the té?i(2), the

covers afterwards. Kudryavtsev et al. (2008) argued that thigolume injection of TKE by wave-breaking." is the vertical

description agrees with observations of TKE dissipation whilenomentum flux supported by the wave motion, which is in-

it also agrees with "cold skin” and viscous sublayer observacluded here for completeness but is unimportant because it is

tions at the surface. By getting rid of the large and poorlyassociated with a small TKE production.

constrained roughness length at the surface of the Craig and As discussed by Kudryavtsev et al. (2008), the TKE balance

Banner’s model, their model proposes a description of the neain the near-surface layer is primarily between dissipation (d)

surface turbulence based only on the size and spectral distriband the wave TKE injection (e), with a small role offdsion

tion of breaking waves. (a) (fig. 1). The TKE production by the work of the turbulent
A similar approach of direct depth injection of wave energymomentum flux on the current (b) and by the work of the wave

has been undertaken in the more sophisticated models of Suliromentum flux on the current (c) is smaller.

van et al. (2004) and Sullivan et al. (2007). Those models, in- Fig. 1

stead of using simplified TKE equations, aim to resolve most The TKE injection is distributed along phase speed and depth

breaking events and theiffects on the mean and turbulent as

properties of the flow. They use Direct Numerical Simulations wh

(DNS) or Large Eddy Simulations (LES) and resolve the depth 7 (@ = foC(Z)DE(C)dQ ()

injection of momentum by a distribution of breaking waves. As hereD is th lost by breaki ith oh
in the model of Kudryavtsev et al. (2008), the near-surface urVhere £(C) is the energy lost by reaxing waves with phase
eed betweento c+dc, and wheref¢(2) is a normalized func-

bulence only depends on the size and spectral distribution tion of depth, which represents the injection by each individual

breaking waves. greaking wave
Even though th f i Is follow th ‘
ven though the two aforementioned models follow the sam The profile of TKE injection depends on the choice of pa-

idea on a direct injection mechanism, they show largéedi terizati ¢ dofD
ences. We review here thosdfdrences and compare to avail- rameterizations ofc(z) and ofDe(c).
able observations. On the one hand the model of Kudryavtse{ 1. The vertical profile of monochromatic breakers

et al. (2008) injects TKE reasonably well compared to TKE dis- . . .
Each monochromatic breaker is supposed to inject TKE to a

sipation observations, but the depth reached by each breakin h ional o i | h d |
wave as well as the spectral distribution of breaking waves ar pth proportional to its wavelength. Kudryavtsev et al. (2008)

unrealistic, especially for developed seas. On the other hand gyiged a rectangular function fdy(2),
model of Sullivan et al. (2007) uses more realistic breakers, but prectiy) _ k for-1/k<z<0, 3
their spectral distribution is displaced towards small scales, and ¢ () = 0 below 3)
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tion profile (4) of Sullivan et al. (2004) and of the rectangular function (3) of
Figure 1: Balance of the TKE terms in a typical model calcutatiEach term  Kudryavtsev et al. (2008).
is normalized by the dissipation The model of Craig and Banner (1994) is
used with a roughness length aD08 m as in Kudryavtsev et al. (2008). The

wind is set to 10 m ' and the waves are fully developed. The TKE injection - : - :
uses the wind growtfip and the vertical profile ig[®°(2) (see further). Note spectral peak:p. With equalent resulté, we use in this pa

that difusion is generally small except immediately below the injection layer. P€r the complete spectral shape of Kudryavtsev et al. (1999) in
order to avoid this sharp cutfaatcy.

5. . , Kudryavtsev et al. (2008) applied to this energy spectrum the
wherek = g/c is the wavenumber. This correspondsto a linear,

X growth rate of Plant (1982), which may be written as
decrease of the TKE flux from its surface value to zero at a

depth of-1/k. U, \2
On the contrary, Sullivan et al. (2004) and Sullivan et al. B = Cﬁ(;) ’

(2007) proposed an analytical breaker momentum impulse

based on observed properties of breaking waves in laboratoyhereu, is the air-side friction velocity and; is a numerical

measurements (Melville et al., 2002). This analytical breaketonstant.

(6)

integrates in time and horizontal dimensions to (see also Rascle Fig. 3
etal., 2006) The figure 3a shows the energy (dotted line) and energy input
5 \2 5\2 (dashed line) spectra as function of the normalized phase speed
su 4227 3 (1+ 7) exp(—5(7) ) c/cp, for a 10-meter wind speed;o of 10 m s. The growth
o2 = for—1/5<z<0, (4) rate (6) predicts that the wind input is positive for waves ap-
0 below proaching the peak phase speed. This feature is valid for young

wave ages, but as waves get more developed, large waves ap-

A : : proach the speed of the wind/U10 ~ 1) and therefore do
Th||s |n]ecft_||on 3pr0ff'|?< (g’) is much Sh?"OZVé%%th?n tge rT:Ct'not experience any work from the wind. To take this into ac-

angular profile (3) of Kudryavisev et al. ( ) (fig. 2). For count, we need to apply the growth rate of Makin and Kudryavt-

instance, 80% of the energy is released above a depth of tr%%v (1999), which, neglecting the shelterirteet of Hara and
order ofkz ~ 0.35, i.e. z/A ~ 0.055. This profile is in agree- g | .her (2602) m'ay be written as

ment with the recent laboratory measurements of Drazen and

whered = 2r/k is the wavelength.

Melville (2009, their fig. 5 right), where most of the energy is U2 N
released at < z/4 < 0.075 within 3 wave periods after the Bvk = Cﬁ(?*) (1_ 1~3(u_m) ) 7)
breaking event, and only a few orders of magnitude less energy Buk =0.
reaches depths@5< z/1 < 0.15 after 12 wave periods.

Fig. 2 This predicts that the wind input drops to zero for waves ap-

proaching the speed of the wind/U1o =~ 0.95) contrary to the

2.2. The spectral distribution of breakers growth rate (6). For developed sea states (see fig. 3a color solid
2.2.1. In the model of Kudryavtsev et al. (2008) lines), the growth rate (7) induces a shift of the breaking waves

The spectral distribution of dissipation is usually chosen agowards smaller waves.
equal to the spectral distribution of the wind input,

DE(C) = ﬁwE(C), (5) 1\We also performed all the following calculations with a saturated ¢it-o
spectra as in Kudryavtsev et al. (2008) and found only smétrmdinces. The
whereg is the wind wave growth rate, is the radian frequency, reason is that this saturated cuf-spectra ha_s no energy at frequencies Io_wer_
and E(C) is the energy spectrum. than_the spgctral peak but compensates with higher energy _at fr'eguem;les.lm-
mediately higher the peak. Consequently, for the sake of simplicity, we will
Kudryavtsev et al. (2008) chose for the energy spectrum Bnly discuss here the results with the complete spectrum of Kudryavtsev et al.
simple saturation spectrum with a high-speed diitad the  (1999).
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Wave age c /u, As a result of this distribution, only small waves dissipate en-
.8 " m o o 8 > ergy through breaking (fig. 3b), with the dominant phase speed
10" == = ; ce around 01 - 0.4 times the peak phase spegg(see also
_Dg(c) with B, Sullivan et al., 2007, their fig. 3). In fig. 3b we take a Philips
D,(c) with B, . parameter = 0.2 for the high frequency cutfband value$, =
(2.196 1.86, 1.46,1.06) for wave agesp/u, = (31, 26,22 18)
as in Sullivan et al. (2007).

0
nN

Modelled E(c),D(c)
=
o

2.2.3. Inthe recent observations of breaking statistics
(b) & The exponential decay (8) was inferred from the airborne
D_(c) from SMMO7| observations of Melville and Matusov (2002). Additional ob-
- servations have been made more recently by Gemmrich et al.
: 5 ' (2008), Thomson et al. (2009) and Kleiss and Melville (2010).
——A(c) ¢’ from TGJO9 . . .
—a— steepness 00.12 ﬂ The latter two are reproduced in fig. 3c and fig. 3d, denoted
—v—steepness (10.05 as TGJ09 and KM10. A slope would be expected in the
equilibrium range (Phillips, 1985) but it is only approximately
found for larger waves (Kleiss and Melville, 2010).cAslope
would be expected in the saturation range. As waves get more
developed, the shift towards breaking waves smaller than the
peak waves seems to be confirmed by the data of Kleiss and
[ A & rom kN0 Melville (2010). That shift was absent from the analysis of
. ) .
— = Kudryavtsev et al. (2008) but appears if we correct their growth
10 Phase speed clc -0 rate withBuk (see fig. 3a). That shift is present in the model of
i Sullivan et al. (2007) but the whole dissipation occurs at much

Figure 3: Spectral distribution of energy dissipatba(c)dc in the phase speed SMaller scales (see fig. 3b).
space. Note the use of log scales, that the phase spieetbrmalised by the

peak phase speeg) on the x-axis and that each curve is arbitrarily shifted in

the y direction, i.e. only the relative distribution along phase speed is repre3. TKE dissipation rates
sented here. From top to bottom: (a) Energy spectéfm (black dotted line)

and energy input specti@g(c) calculated with the distinct growth rates (6) The TKE injection is calculated using (2) andtdrent verti-
of Plant (1982) (black dashed line) and (7) of Makin and Kudryavtsev (1999) . s Iy
(color solid lines). (b) Energy dissipatidde(c) (9) inferred from the statistical cal prOfIIESfC(Z) ofindividual breakers, dierent SpeCtraI distri

analysis of Sullivan et al. (2007), denoted as SMMO7. In (a,b) the wind is set tdutionsDg (k) of wave dissipation and flerent wave ages. The

10 m st and the wave age,/u. varies in the range 18 31. Black color indi-  results are then compared to observations of TKE dissipation
cates no wave age variation. (c,d) Fifth moment of breaking distribefiaic)

observed by (c) Thomson et al. (2009, their fig. 3b) and by (d) Kleiss an .

Melville (2010, their fig. 4c). In (c) the wave age is in the range &/u. < 15 d3'1' In the observations

but further partition is only estimated since Thomson et al. (2009) organized - Measurements of TKE by Terray et al. (1996), Drennan et al.
their data according to wave steepnatss. (1996), Anis and Moum (1995), Soloviev and Lukas (2003) and
Gemmrich and Farmer (2004) are shown in fig. 4, along with
2.2.2. Inthe model of Sullivan et al. (2007) wave age information when available. The first three sets of
Sullivan et al. (2007) did not use any consideration on thedata are consistent and show no wave age trend. Data collected

spectral distribution of energy or energy input. Instead, theyluring TOGA-CORE by Soloviev and Lukas (2003) show shal-

distributed the breakers along wavenumbers according to statigwer TKE, and data collected by Gemmrich and Farmer (2004)

tics of wave breaking crest lengths per unit area (the functioghows a more enhanced dissipation close to the surface.

A(c), see Phillips, 1985) observed by Melville and Matusov Fig. 4

(2002). Namely, they supposed that the probability density

P(c)dc of the breaking events decreases exponentially with thé.2. In the model of Kudryavtsev et al. (2008)

phase speedof the breaker, Fig. 5a shows the profiles of TKE dissipation obtained with

c the joint use of the rectangular functidii®®(z) and of the

P(C) o exp(—bzu—*), (8) growth rateBp, as made by Kudryavtsec\)/‘léet al. (2008) . The

whereb, is a numerical constant dependent on the wave agy_(E s inject(_ed quitg deeply (bI?Ck line) and compares well

and determined by considerations of the total energy and md’y'th observations (thick dashed line).

mentum wave to ocean fluxes. As the energy released by their

3-d|men§|opal breaker m_creaseg \M)‘Eh t_he spegtral d'St,”t?“' . ’Note that we did not suppose an equilibrium between injection and dis-
tion of dissipation associated with their breaking statistics issipation of TKE but that we computed the additionaffsion of turbulence

26 |
-4 . 31

Observed A(c) ¢®

10"

(Phillips, 1985, eq. 6.4) according to the model of Craig and Banner (1994) with a roughness length
of 0.008 m as in Kudryavtsev et al. (2008). Thaffdsion is generally small
De(c)dc o« P(c)cidc. (9) except immediately below the injection layer (see fig. 1).
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Figure 4: Observed TKE dissipation rates normalized by itgirtl over depth

®oc and Hg, as function of depth normalized bys. Data shown are taken
from Terray et al. (1996, 2000), Drennan et al. (1996), Anis and Moum (1995),
Soloviev and Lukas (2003) (with the 95% confidence interval shown in thin
dashed lines) and Gemmrich and Farmer (2004, their deployment Il). The thick
dashed line corresponds to thé fit of Terray et al. (1996). Colors indicate
the wave age, with black color for no wave age information.
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- E c

When the breaker injection profie® V() is used instead of 102 0°
the rectangular profile (3), the model dissipation distribution Dissipation & Hs/® .
gets accordingly shallower (purple solid line). Furthermore,
when the waves become developed, the growthgategrad- Figure 5: Modelled TKE dissipation rates normalized by itegmal over depth

ilv d rts fr nd shifts th ,br king waves toward ®oc andHs, as function of depth normalized ths. The wind is set to 10 m$
ually departs fronpge a S s the _ea 9 _a es towa Sand the wave age varies in the range 40cp/u. < 31. The thick dashed
smaller scales, as shown in the previous section. The resuline corresponds to the2 fit of Terray et al. (1996). (a) According to the
ing TKE dissipation becomes accordingly shallower (red solichnalysis of Kudryavtsev et al. (2008), the solid black line uses the rectangular

line), with dissipation rates 3 times less than the observation©file fe(2) and the growth ratgp. The black is used because there is no
variation with the wave age. Color solid lines use the injection prdfié(2)

fit of Terray et al. (1996)' . and the growth ratguk (eq. 7). (b) According to the analysis of Sullivan et al.
Fig. 5 (2007), denoted as SMMO07, color solid lines use injection prdﬁl&”(z) and

the statistical energy dissipation (9). Red dashed line shows the dissipation for

developed wavegf/u. = 26) but with an (unrealistic) breaker injection profile

3.3. In the model of Sullivan et al. (2007) 10 times deeper.

The figure 5b shows the profiles of TKE dissipation obtained
with the joint use of the profildS{(2) and with the statisti-

cal distributionDe(K) given by (9), as made by Sullivan et al ual breakers and from their spectral distribution, which imposes

AT - that only the very short waves contribute to the dissipation. As
(2007). The TKE injectionis very shallow (color solid line) and a striking illustration, the analysis of Sullivan et al. (2007) pre-

does not compare with observations (thick dashed line). .
. ; L dicts that turbulence reaches greater depth for young sea states
Indeed, with each monochromatic breaker injecting TKE to, s .
ST ... than for mature ones. This is not supported by the scaling of
a depthz ~ 1/k, depths of elevated dissipation rates scale W|thde th byHs in the dissipation measurements (e.g. Terray et al
cZ/g (see Sullivan et al., 2007, their fig. 11), whereas obser P y P 9 Y ¥

vations of Drennan et al. (1996) scale wugv g, which is 1 to tlu%iﬁfé\r’]\/:elcger:es:;g]nat (l)nutnhesczat;sservatlons, mature seas inject
2 orders of magnitude larger. The injection of turbulence with P young '

the statistical distribution (9) is thus extremely shallow, around

only 1 m for a wind speed of 15 nT5(see also Sullivan et al., 4. Discussion

2007, their fig. 4). When the waves are developed, we find

that the agreement is recovered with observed TKE dissipation The previous section highlights the uncertainties that remain

if each monochromatic breaker injects to a depth ofklig.  to physically describe the turbulence close to the surface, ac-

5D, thin dashed red curve), which is unrealistically more tharcording to the dferent observations of TKE dissipation, break-

10 times deeper than the injection (4) inferred from laboratoryng waves and momentum injection. Even in two of the most

measurements. recent models of near-surface dynamics, the impact of wave-
Although the spectral distribution of breakers chosen by Sulbreaking over depth is not known to the zeroth order and no

livan et al. (2007) is physically sound, with a shift of the break-consensus has been reached yet.

ing waves towards higher frequency as the waves develop, it Can we identify the source of discrepancy? Are the obser-

leads to a poor agreement with observed TKE dissipation ratesations of TKE dissipation reliable, even for developed seas?

This results both from the shallow injection depth of individ- What is the likely spectral distribution of breakers at the ocean

5



surface? Can the observations of individual breaker digeipat sensor technologies have been able to provide turbulence mea-
be extended to a spectral distribution of breakers using a sefurements within an active breaking wave due to high concen-

similarity hypothesis? tration of air-bubbles. Soloviev et al. (2012) have recently sug-
gested using high-resolution 3D sonar technology for estimat-
4.1. Measurements of TKE dissipation ing turbulence characteristics of breaking waves by measuring

the geometrical properties of bubble clouds in the edge detec-

The scatter remains large between th&edent measure- tion mode. This technology, however, has only been tested in
ments, and many reasons can be invoked. turbulent bubble-cloud wakes produced by surface ships.

First, the measurements by Terray et al. (1996) were ob-
tained from a fixed tower, whereas measurements by Drenngpy, Spectral distribution of breakers
etal. (1996) and Soloviev and Lukas (2003) were obtained from
ship-mounted devices. For measurements at fixed location, the AS discussed in section 2.2, there is a large uncertainty on
essential Taylor's frozen turbulence hypothesis to calculate th&€ main scale supporting energy dissipation. Melville and Ma-
turbulence wavenumber spectrum from the frequency spectruf#SOv (2002) observed the rapid decrease (8) of the breakers
is not satisfied, and the extension to unsteady advection (Lunirobability when their size increases. Those observations led
ley and Terray, 1983) brings additional uncertainties comparegullivan etal. (2007) to propose a spectral distribution of break-
to ship-mounted measurements. On the other hand, Gemmri€s Where the energy dissipation is supported mainly by the
and Farmer (2004) used direct spatial measurements with &inall waves¢/c, ~ 0.1 -0.4). More recent observations by
acoustic Doppler profiler mounted on a surface-following float Geémmrich et al. (2008), Thomson et al. (2009) and Kleiss and
and no transformation of a frequency spectrum into a wavenundVelville (2010) seem to show that the decrease (8) only occurs
ber spectrum was required. at scales around the spectral peak. As a result, even if most of

Second, the dissipation profile isfiirent whether the time-  the breakers occur at small scalegct, ~ 0.2 - 0.5), the actual
averaging is made at fixed location or with a surface-following8N€rgy transfer rather occurs at larger scatgep(~ 0.5 - 1),
reference. We can make a comparison with the case of the v&f the order of the dominant waves (see Thomson et al., 2009,
locity. In a fixed reference frame, the wave orbital velocitiestheir fig. 3).
average to zero everywhere below the wave through, and the Kleiss and Melville (2011), using two fierent image pro-
Stokes drift awkwardly appears between crest and trough. Aessing methods, were able to qualitatively reproduce the re-
natural description of the Stokes drift involves, before time av-Sults of Melville and Matusov (2002) and of Gemmrich et al.
eraging the orbital velocities, a coordinate change in the vertit2008), and argue in favor of the latter. Consistently, this study
cal direction (Mellor, 2003) or in vertical-horizontal dimensions highlights that the turbulence induced by the distributions of
(Andrews and Mclintyre, 1978; Ardhuin et al., 2008). If, on the Melville and Matusov (2002) and Sullivan et al. (2007) con-
contrary, the correlations between surface elevation and orbit#ladicts observations of TKE dissipation profiles, and furnishes
velocities are disregarded, the mean velocities obtained are uildirect evidence that such distributions of wave breaking might
related to the true Lagrangian Stokes drift. It should be embPe unrealistic.
phasized here that a similar description with coordinate change
would be natural as well for the near-surface turbulence, as #.3. Breaker injection profiles and self similarity hypothesis
appears also strongly correlated to the wave phase (Veron et al.

2009; Gemmrich, 2010). _Description_ in cqordinates Stre'[Chegeas and reveal shalloweffects of wave breaking, we are led
3?/ the wave_? r_mght po(sjsg) hI/ iee zizggszt?r:%nhof turb;lﬁnci_ b¥o guestion the fundamental assumption of breaker self similar-
Zoeoévaves (Teixeira and Belcher, » Ardhdin and Jen Inﬁty. The laboratory measurements of Melville et al. (2002) and
.)' . o . Drazen and Melville (2009) should not be valid for wave break-
Third, the profiles of TKE dissipation are scaled with theing at any scale. In particular, a wave of wavenunbshould
overall energy flux®oc from waves to Fhe ocean. _That €N" hot break in the same manner when it is the dominant wave as
ergy ﬂU).( 1S usually ob_tam_ed by estimating the wind input with ;e it hreaks around the crest of a longer wave. Additional
an empirical formulation like (7) (Terray et al., 1996; Drennan arameters including the wave slope (Melville and Rapp, 1985;

etal., 1996; Solqviev and Lukas, 2_003_; Gerr_lmrich_and Farme Banner and Peirson, 2007; Drazen et al., 2008) are necessary to
2004). The consistency of that estimation with the integral ove etermine the onset of wave breaking, and are likely to have an

depth of extrapolated observed dissipation profiles is.essehtia} pact on the TKE injection profile of the breakers.
Gemmrich (2010) recently noted that such extrapolation might

be erroneous in fixed frame measurements limited below the
trough level, since high turbulence levels were found highly in-5, Concluding remarks
termittent and localized essentially above the trough level.

Fourth, a significant fraction of the near-surface dissipation The recent models of Sullivan et al. (2007) and Kudryavt-
takes place in the breaking surface waves saturated by aisev et al. (2008) represent the wave-induced near-surface turbu-
bubbles. Soloviev and Lukas (2003) found up to 80% of tur-lence by an equilibrium between dissipation and direct volume
bulence dissipation missing, possibly due to removal of bubblénjection of TKE by wave breaking. MHusion of TKE only
distorted measurements. Unfortunately, none of the existinglays a minor role in the near-surface TKE budget.
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’Unless new dissipation measurements are made in developed



In this study, we review those models in terms of availableardhuin, F., Rascle, N., Belibassakis, K., 2008. Explicit wave-averaged primi-
measurements of turbulence induced by single breakers in the tive equations using a generalized lagrangian mean. Ocean Modelling 20 (1),

; PR 35-60.
Iaboratory, in terms of the_ observed spectral dlstrlbuthn OfArdhuin, F., Rogers, E., Babanin, A., Filipot, J., Magne, R., Roland, A., van der
breakers in the ocean and in terms of the observed profiles of westhuysen, A., Quteulou, P., Lefevre, J., Aouf, L., et al., 2010. Semiem-
TKE dissipation in the ocean. pirical dissipation source functions for ocean waves. part i: Definition, cal-
Good agreement was obtained by Kudryavtsev et al. (2008) ibration, and validation. Journal of Physical Oceanography 40 (9), 1917—

. . .. . . 1941.
with observations of TKE dISSIpatlon. We show here that thISBabanin, A., Haus, B., 2009. On the existence of water turbulence induced

agreement is weakened with regards to two properties: First, py nonbreaking surface waves. Journal of Physical Oceanography 39 (10),
their monochromatic breaker injects TKE two times deeper 2675-2679. _ _ -
than the laboratory measurements of Melville et al. (2002) anganner, M. L., Babanin, A. V., Young, I. R., 2000. Breaking probability for

; . dominant waves on the sea surface. J. Phys. Oceanogr. 30, 3145-3160.
Drazen and Melville (2009). Second, when wind-waves get URL http://ams.allenpress.com/archive/1520-0485/30/12/pdf/i1520-04

developed, observations (e.g. Banner et al., 2000; Gemmriasanner, M. L., Peirson, W. L., 2007. Wave breaking onset and strength for
et al., 2008) show that large waves at the spectral peak stop two-dimensional deep-water wave groups. J. Fluid Mech. 585, 93-115.

breaking, inducing a shift of the dissipation towards intermedi-Beyé' J., 2010. On the interaction of ocean waves and turbulence. Master's
! thesis, School of Civil and Environmental Engineering, University of New

ate shorter waves. South Wales.
On the other hand, the model of Sullivan et al. (2007) useS URL http://unsworks.unsw.edu.au/fapi/datastream/unsworks : 9758/S0U
a realistic monochromatic breaker, and uses a spectral distrib@+aig, P. D., Banner, M. L., 1994. Modeling wave-enhanced turbulence in the

: : : ocean surface layer. J. Phys. Oceanogr. 24, 2546-2559.
tion in which only very small waves break. As a consequence, URL http://ams.allenpress.com/archive/1520-0485/24/12/pdf /i1520-04

their_ TK_E injec_tion is far too shallow compared to observedcyaik, A. D. D., Leibovich, S., 1976. A rational model for Langmuir circula-
dissipation profiles. tions. J. Fluid Mech. 73, 401-426.
A complete and coherent description of the near-surface tuiai, D., Qiao, F., Sulisz, W., Han, L., Babanin, A., 2010. An experiment on

bulence is thus still missing. This study might however help 256';?]222‘;;';'9%S‘Eg)aczel'ggfgi'gguced vertical mixing. Journal of Physical

to foresee what the general picture will be in the near futur(':‘Donelan, M. A., 1998. Air-water exchange processes. In: Imberger, J. (Ed.),
For young sea states, energy dissipation is likely carried by the Physical Processes in Lakes and Oceans. American Geophysical Union,

dominant waves, leading to approximate agreement with TKE Washington, D.C., pages 18-36, iSBN 0-87590-268-5. .
dissipation profiles previously observed. For developed Waveé)razen, D., Melville, W., 2009. Turbulence and mixing in unsteady breaking
p p p y : p ' surface waves. Journal of Fluid Mechanics 628, 85-119.

energy dissipation likely shifts towards intermediate shorte€brazen, 0. A., Melville, W. K., Lenain, L., 2008. Inertial scaling of dissipation
waves, but evidence of a shift of TKE dissipation towards shal- in unsteady breaking waves. J. Fluid Mech. 611, 307-332.

lower depth is still missing. Drennan, W. M., Donelan, M. A., Terray, E. A., Katsaros, K. B., 1996. Oceanic

e - . . . . . turbulence dissipation measurements in SWADE. J. Phys. Oceanogr. 26,
Should that shift in dissipation fail to be confirmed in future g5 g1c P y 9

measurements, then it should be questioned whether anoth@émmrich, J., 2010. Strong Turbulence in the Wave Crest Region. Journal of
physical mechanism is missing to inject TKE much deeper for Physical Oceanography 40 (3), 583-595.

developed seas. Such mechanism could involve a revision &emmrich, J., Banner, M., Garrett, C., 2008. Spectrally resolved energy dis-
sipation rate and momentum flux of breaking waves. Journal of Physical

the breakers self-similarity hypothesis or a coupling between gceanography 38 (6), 1296-1312.
long unbreaking waves and short breaking waves. Gemmrich, J. R., Farmer, D. M., 2004. Near-surface turbulence in the presence
AcknowledgmentsCritical comments from V. Kudryavtsey  of breaking waves. J. Phys. Oceanogr. 34, 1067-1086.
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