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1 Introduction

Breaking waves play an important role at the air-sea
interface, contributing to the surface hydrodynamic
roughness, producing air bubbles into the water and
sea spray in the atmosphere. Bubbles and foam alter
the spectral reflectance and roughness of the ocean
surface, with a strong signature in remotely sensed
ocean properties [Reul and Chapron, 2003].

Wave breaking is also the main sink of the wave en-
ergy balance equation used in spectral wave models.
Whereas early parameterizations essentially treated
dissipation as a tuning knob for adjusting the wave
model results, recent developments are striving to
establish the parameterizations on physical grounds
[see WISE Group, 2007, for a review]. Tolman and
Chalikov [1996], introduced a separation of the dis-
sipation source term into swell dissipation Sg, re-
sulting in the effects of friction at air-sea interface
[Ardhuin et al., 2009] and dissipation from breaking
waves Sp,. Here we investigate the parameterization
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of the breaking wave dissipation term, that we split
into a spontaneous breaking: waves that are steep
enough to break by themselves, and an ’induced’
or ’cumulative’ breaking term. This decomposition
is similar to that proposed by Young and Babanin
[2006]. The cumulative term should include both the
effect of modulations of short waves which can be
made steep enough to break, and the wiping out of
the short waves by longer breaking waves [Banner
et al., 1989]. Here we only consider explicitly this
second effect.

After discussing two parameterizations already used,
in section 2, we will present in section 3 some mod-
ifications to the parameterization by Filipot [2010]
with the objective to make it more realistic and self-
consistent. In section 4 these parameterizations are
used to estimate whitecap statistics in a realistic
hindcast of the global ocean, using the foam time
persistence model of Reul and Chapron [2003]. Con-
clusions and perspectives follow in section 5.



2 Previous parameterizations
2.a Spontaneous Breaking:
Parameterizations that are local in frequency

Banner et al. [2000] propose a wave group break-
ing probability as a function of wave steepness at
spectral peak e defined as ¢ = Hpk,/2, where H, =

4,/f01_'73£f’ Fys(f).df and Fys is the wind sea spec-

trum. An empirical fit of dominant breaking prob-
ability Pg as function of wave steepness at spectral
peak was found by the author such that Pg(e) =
22.0(e — 0.055)%01,

In the same way, van der Westhuysen et al. [2007]
proposed to use a direction-integrated saturation
spectrum B(k) and a threshold value B, to estimate
an isotropic breaking wave dissipation Sy,.(k) such
that:

P/2
} (1)

with B, = 1.2 x 1073 and p depended on wind
friction velocity wu, and the degree of saturation
B(k)/B;.

B(k) = J;" KF (8,000, Sy ~ [ 5

Following in this direction, Ardhuin et al. [2010] re-
moved the strong wind speed dependence that was
used in van der Westhuysen et al. [2007], based on
the idea that the breaking is dominated by the wave
geometry and that the wind plays a minor role [Ban-
ner et al., 2000]. Ardhuin et al. [2010] also included
a direction-dependent saturation in order to repro-
duce better the observed directional spreads, and a
the combination of a spontaneous and an induced
breaking dissipations, which is necessary in order
to reproduce the balance in the tail [see also Ban-
ner and Morison, 2010]. Here we will use the "TEST
4410’ parameterization,as defined by Ardhuin et al.
[2010], in the WAVEWATCH IIT model version
4.05, which is in development and built on the nu-
merical concepts and code by Tolman [2008].

The spontaneous breaking dissipation Spisp is es-
timated using a saturation B’(k,6) partially inte-
grated over directions

ZFAY) C

B'(k,0) = / k% cos?(6 — 0" )F(k,0)=2d6’
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B(k) = max{B'(k,0),0 < [0,2r[} (2)

with Ay = 80. The breaking probability is not zero
when the saturation spectrum exceed and threshold
value B, = 0.0009, and the spontaneous dissipation

is defined as a weighted combination of an isotropic
dissipation and a direction-dependent term,

sat

csp
Shisp(k,0) = o Bd; {64max[B(k) — B, 0]+

(1 —6q4) max[B'(k,0) — B0’} (3)

where &4 is the isotropy parameter which allows
some control on the spectral directional spreading,
here §q = 0.3. Cygear is adjusted to 2.2 x 1074,

2.b Spontaneous Breaking:

parameterization based on wave scales

Because the saturation level varies rapidly with fre-
quency around the peak, the parameterizations by
van der Westhuysen et al. [2007] and Ardhuin et al.
[2010] give a strongly varying dissipation rate that
is not physical. Indeed, as underlined by Phillips
[1984], most energy in a breaker is lost in a frac-
tion r of the wave period, hence the spectral width
of the dissipation compared to the carrier wave fre-
quency should be proportional to 1/r, which means
a relatively broad distribution.

In order to be closer to the physical process of break-
ing, Filipot [2010] defined wave scales with finite
frequency bandwidths, and estimated the heights
of waves from a convolution of the wave spectrum
Filipot et al. [2010]. This approach is consistent
with observed Breaking Wave Height Distributions
(BWHDs). Following Thornton and Guza [1983], the
BWHD was parameterized as the product of the
Rayleigh distribution of all wave heights (breaking
or not) Pr(H) times a weight function W (H) which
the integration over wave height should provide the
breaking probability for the wave field.

These breaking probabilities were then used to es-
timate a spectral dissipation rate [Filipot, 2010].
The benefit of that approach, among others, is
that it allowed a natural transition from deep wa-
ter ‘whitecapping’ into shallow water ‘depth-induced
breaking’. The parameterization adjusted to both
surf zone and global scales is called here 'TEST
500’. Several wave scales are defined with a mov-
ing of a rectangular window Ugec,s.(f), applied
over the direction-integrated spectrum FE(k). For
each wave scale, Filipot [2010] defined representa-
tive wave heights Hy , wavenumber Efc» Rayleigh
distributions Pg . and weight functions Wy, . For
each wave scale the dissipation rate €y, is given by
the integral of ey, (H) over the distribution of wave
heights H. Therefore, spontaneous breaking dissipa-



tion Sk sp, . for wave scale defined by f. is

Stcsp.p. = / Wy (H) Py (H)e . (H)TL dH (4)

with II;, = k/(2rAj) an estimation of the crest
length by unit area in each rectangular windows.

The breaking dissipation Sy sp, s, is then distributed
over the wavenumber contained in the wave scale ac-
cording with the energy distribution into the wave
scale to obtain Spksp,r. (k). Due to the overlap of
the filtering windows, each spectral component par-
ticipates in several scales and the final spontaneous
breaking dissipation Spksp(k) for the waves with
wavenumber k is an average of the Spk gp,r.(k) ob-
tained for the wave scales involving k. A distribution
consistent with the directional distribution of energy
for each wavenumber component is then applied to
obtain a directional spontaneous breaking dissipa-
tion.

2.c Induced Breaking Parameterization

Here we consider that short waves are induced to
dissipate when they are run over by a large-scale
breaker. In other words, this dissipation term repre-
sents the smoothing of the surface by big breakers
with celerity ¢’ that wipe out smaller waves of phase
speed c. The theoretical model of Ardhuin et al.
[2009] is briefly described here. The relative veloc-
ity of the crests is the norm of the vector difference,
A, = |c— |, and the dissipation rate of short wave
is simply the rate of passage of the large breaker
over short waves, that is, the integral of A.A(c)dc,
where A(c)dc is the length of breaking crests per
unit surface that have velocity components between
c and ¢x+dcy, and between cy and ¢y +de, [Phillips,
1985].

Ardhuin et al. [2010] estimated the breaking prob-
abilities from the empirical fits proposed by Ban-
ner et al. [2000]. Estimating that the dominant
wave steepness of Banner et al. [2000] is e(k,0) =
1.64/B'(k,0), and correcting for the difference be-
tween spectral and zero-crossing analysis, the break-
ing probability is

Pg(k,0) = 28.4max[B’(k,0) — B,,01*>  (5)

Breaking probability is the ratio of breaking waves
to the total number of waves. With this approach
the authors defined the spectral density of the crest
length (breaking or not) per unit surface I(k, 6) such
that [ I(k,6)dkd6 is the total length of all crests per

unit surface, with a crest being defined as a local
maximum of the elevation in one horizontal direc-
tion. Thus, they obtain the spectral density of the
breaking crest length per unit surface.

A(k,0) = U1(k,0)P(k,0) (6)

with
I(k,0) =1/(27°) (7)

This induced dissipation instantly removes all the
energy of waves with frequencies fshort > Tbk,cuflongs
where fiong is the frequency of the longer wave that
is breaking spontaneously. then the induced dissi-
pation rate is simply given by the rate at which
these shorter waves are taken over by larger breaking
waves times the spectral density,

Sbk,cu (kv 9) =
Tbk,cuf 27
x / AA(f,0)d0'df
f'=0 0
(8)

Cbk,ch(ka 9)

As a result the effect of breaking waves accumu-
lates from the low to the high frequency and this
effect is similar to the cumulative dissipation used
by Young and Babanin [2006]. Unfortunately there
is no direct link between this cumulative term which
is used in the TEST441b and TEST500 parameteri-
zation and their respective parameterizations for the
spontaneous dissipation.

3 Induced Breaking Dissipation from

BWHD

This inconsistency is the reason why we propose
here a cumulative term estimated from the same
ideas, namely eq. (8), but in a way consistent with
the spontaneous dissipation introduced by Filipot
[2010] in TEST500, namely his parameterization of
the breaking probability Pg. A first adjustment of
this parameterization is proposed here and will be
called TEST558.

3.a Academic test case

We consider here an uniform infinite deep ocean
with an uniform 10 ms~! wind. The model is started
from rest. The spectrum is discretized using thirty
two frequencies and twenty four directions. The Dis-
crete Interaction Approximation [Hasselmann et al.,



1985] is used to compute nonlinear interactions be-
tween spectral components. The model was run
with parameterizations TEST441b, TEST500 and
TEST558 for 48 hours.

Breaking probabilities given by the integration of
BWHD (with TEST558) are higher at large scales
compared to those estimated from the saturation
(with TEST441b). As a result, the cumulative
breaking term is much larger with TEST558 com-
pared to TEST441b. This effect was compensated
in TEST558 by reducing the cumulative coefficient
Cey in eq.(8) from —0.4 to —0.2, this provides realis-
tic spectral levels in the tail, with a roll off between
f~*and f75 (figure 2).
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Increasing this cumulative dissipation term leads to
lower spectral levels at the tail, and, because of the
wave-supported stress dependence in the wind in-
put [Janssen et al., 1992], lower levels also at the
peak. Compared to TEST500, this effect was com-
pensated by decreasing the spontaneous dissipation
term via the breaking probability coefficient which is
reduced from 0.185 in TEST500 to 1.5 in TEST558.
The wind wind input coefficient By, was increased
to 1.8, which finally gives values of the input source
term similar to WAM Cycle 4 (figure 1). For both
TEST441b and TEST558, computed spontaneous
breaking probability for Ujg/c, ~ 1 are presented
in figure 3. Contrary to TEST441b and TEST500,
the dissipation in the spectral tail with TEST558 is
dominated by the cumulative breaking source term.

— TEST441
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— TEST558
— — -~ WAM cycle3
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Fig. 1 : Sources term and spectrum for academic test case over a uniform deep ocean with a uniform
10 m s~! wind starting from rest, after 8h of integration. Source term balances are given by the
parameterization TEST441b, TEST500 and TEST558.



0.01

0.008 -

0.006 -

k) [1]

D 0,004}

—+—TEST441
——TEST500
—6— TEST558

- ¢ -~ WAM cycle3

; T
0 02 04 06 08 1 12 14 16 18 2
k [rad.s"]

0.002 -

Fig. 2 : Saturation spectra obtained for an uniform
infinite deep ocean with an uniform 10ms~! wind
after 48 hour of run, when Uso/cp ~ 1.

Time integrated source terms are shown in figure
1. Because of breaking probabilities from integra-
tion of BWHD are computes for overlapped wave
scales, TEST500 and TEST558 have smoother spon-
taneous breaking source term than breaking dissi-
pation from saturation spectrum (TEST441b). Al-
though TEST441b and TEST500 had similar values
for all source terms, the wind input in TEST558 is
significantly larger, and balances a large dissipation
term. This also leads to a faster growth of young
waves (Uro/cp < 1).
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Fig. 3 : Spontaneous breaking probabilities from
saturation spectrum (TEST441b,left plot) and ones
from BWHD integration (TEST558,right plot)
obtained for an uniform infinite deep ocean with an
uniform 10ms~! wind after 48 hours of run, when
U10/Cp ~1

3.b Global hindcast

We also compare model runs with the different pa-
rameterizations to satellite altimeter data from En-
visat, Jason 1 and Jason 2 for whole 2009 year (fig-
ure 4), using the Globwave cross-calibrated satel-
lite database [Queffeulou and Croizé-Fillon, 2010].
The TEST558 run gives slightly larger errors than
TEST441b, and may be improved by further adjust-

ment. However, the results are still more accurate
than using either WAM-Cycle 4 or the parameter-
ization by Bidlot et al. [2005]. As expected from
the faster growth of young waves, the low bias of
TEST441b along east coasts is reduced in TEST558,
giving lower errors. More problematic is the high
bias for very large waves. Given that high wind
speeds are generally underestimated in ECMWF
analyses, using other wind fields, such as NCEP
analyses or the CFSR reanalysis will produce even
larger biases [Ardhuin et al., 2011].

H, NRMSE [%]

hon,

L. TEST500

Fig. 4 : Comparison between significant wave
height fields produced by parameterizations in
WAVEWATCH III " and wave height fields
derived from altimeter observation for entire 2009

year.

So far, the three parameterizations, TEST441b,
TEST500 and TEST558, produced fairly similar re-
sults in spite of very different source terms, with,
in particular, opposite ratios of spontaneous and cu-
mulative breaking. Because the distribution of wave
breaking crest lengths A is directly link to breaking
probabilities, we now use use observed distributions



of A, and other breaking statistics, to test the real-
ism of the different parameterizations.
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Fig. 5 : Bias, NRMSE and Satter Index for each
parameterization in same condition as figure 4.

4 Whitecap Proprieties

We investigate in this part the modeling of whitecap
proprieties. The parameterization TEST500 consid-
ers two opposite dissipations for spontaneous break-
ing and cumulative effect. Because of this incon-
stancy, this parameterization is not investigated fur-
ther and we focus on TEST441b and TEST558.
For TEST441b, breaking probabilities are extracted
only from the direction-dependent saturation used
to compute cumulative effect.

4.a Breaking Crest Lenght Distribution

Consistent with cumulative effect, Breaking Crest
Length Distribution is defined by Eq. 6. Model

runs starting from rest over uniform infinite deep
ocean described above forced by 5ms™!, 10ms~' and
15ms~! wind speeds. Spectrum and Breaking Wave
Front Distribution A(c) are shown on figure 6 for
young and developed sea state. Both parameteri-
zations show decreasing breaking crest length with
sea state development. TEST441b produces a dis-
tribution shape equal to the saturation shape ; over-
saturated smallest wave scales involve high break-
ing wave length densities. Density exponentialy de-
creases to the longer waves. The local increasing
of breaking crest length density around the peak is
consistent with observations of saturation spectrum
by Banner et al. [2002]. Distributions are consistent
with ones modeled for a sea state at statistical equi-
librium [Phillips, 1985, Reul and Chapron, 2003].

The step around the peak is also produced by
TEST558 on young sea state, but smoothed by
wave scale analysis, and disappears on developped
sea. However, this paraterization produces a BCLD
with a distinct shape. First, it allows breaking of
waves longer than peak wavelength, where satura-
tion is under the threshold used in TEST441b. On
the other hand, increasing of breaking crest length
density with shorter waves is limited by an asymp-
totic value. Shapes of A(c) distributions are consis-
tent with wind-driven empirical models reported by
Melville and Matusov [2002], but values are higher
for a factor 10, corresponding to too high breaking
probabilities.

4.b Whitecap coverage

Whitecap coverage is the fraction of sea surface af-
fected by active breaking and static foam . The
growth and decay rate of unsteady whitecaps were
studied by several authors in terms of the temporal
evolution of the area covered at the surface by in-
dividual whitecaps. Works by Kennedy and Snyder
[1983] and Koepke [1984] give support to a mono-
tonic increase of the whitecap size during stage A
and an exponential character of foam field decay in
stage B was clearly measured by Sharkov [1995] from
analysis of time patterns of individual foam spot
dissipation. Sea surface affected by each stage can
be writen as the product of the length of breaking
front times a fraction of the wavelength [Reul and
Chapron, 2003]. These fractions can also be inter-
preted as the persistence time of each stage normal-
ized by the wave period.
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Fig. 6 : Top: spectrum function of non dimensional parameter k/k, for 5ms—! (black), 10ms~! (blue) and

15ms~!

(red) wind speed for ¢, /Usg < 1 (dotted line) and ¢, /Uy ~ 1 (thin line). Bottom: corresponding

modeled BCLD A(c) function of non dimensional parameter ¢/c,,.

In this work, we propose to group the two stages
using a mean whitecap width L,,,

Ly, = k), (9)
consistent with a mean time persistence 7,
Tp = I{Tb, (].0)

where A\, and 7} are wavelength and period of the
breaker, respectively. The area covered by foam from
each breaking event is the length of the associated
breaking times the mean whitecap width defined
above.

Length of breaking front generated by waves with ve-
locities within the range ¢ to c+dc is A(c)dc. There-
fore, the global whitecap coverage W produced by
all breaking waves, is

W = /0 Tp(c)cA(c)de (11)

_ /O T (@A (O)de, (12)

In deep water, wavelength are proportional to the
square of phase speed (A(c) = 2mc?/g) and white-
cap coverage from breaking wave with velocities in
the range ¢ to ¢ 4 dc is proportional to the second
moment of A(c) [Reul and Chapron, 2003].

k is taken to give whitecap coverage in the range of
observations. We propose x = 0.35 for TEST441b
and k = 0.15 for TEST558. Fig. 7 shows the wind-
dependence of modeled coverage for global 1-degree
model on the entire year 2010. TEST441b implies
a linear wind-dependence of the whitecap coverage,
whereas TEST558 is proportional to Uf,, in agree-
ment with Monahan and Woolf [1989]. For both pa-
rameterizations, low values of coverage are computed
for wind speeds under 5ms~!. The high breaking
probabilities that we modeled in TEST558 may ac-
count for the low value of k. TEST441b show a linear
wind-dependence whereas TEST558 exhibits a de-
pendence in U}, in consistency with Monahan and
Woolf [1989].
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Fig. 7 : Whitecap coverage modeled in deep water

with TEST441b (top) and new TEST558 (bottom)

parameterization on 12/02/2010. Some wind-driven
empirical fits are also plotted.

4.c Mean Foam Layer Thickness

Using model of the average vertical thickness of
foam-layers proposed by Reul and Chapron [2003]
(Fig.3, Eq.5), we propose an estimation of the mean
thickness of the foam-layer. Time evolution of the
average vertical thickness of foam-layers is split into
stage A and B of breaking. During active breaking
(stage A), vertical thickness grows linearly (equa-
tion 13) to reach a maximum value 0. Then, foam
thickness exponentially decreases with an exponen-
tial time constant 7/ (stage B) to become infinites-
imal (equation 14). Following Reul and Chapron
[2003], the persistence time of active breaking is set
to 0.87}, and global persistence of a foam-layer, in-
cluding stage A and B is set to 5T} with T} the pe-
riod of the breaker. Time evolution of foam thickness
6(c,t) for a wave with phase speed c is estimated for
0 <t < 0.87} using

d(c,t) = Bt (13)
and for 0.8T}, < t < 5T} using

5(0’ t) = 6max(/\b) €exXp (_t_O/STb> (14)

T

where the relaxation time 7’ is equal to 3.8 (salt
water). Time evolution of vertical thickness is in-
tegrated over the foam time persistence to obtain
mean foam thickness A(c) of individual breaking

events. Integration of the whitecap coverage pro-
duced by each scale times its mean foam thickness
over all wave scales gives a global mean foam thick-
ness

Z:/O A(c)rMp(c)A(c)de, (15)

with

Hs [m]

Fig. 8 : Mean foam thickness modeled in deep
water with TEST441b (top) and new TEST558
(bottom) parameterization on entire year 2010.

Opposite wavelength distributions of breakers pro-
vide modeled mean foam thickness in TEST558
larger than in TEST441b by a factor 10. TEST441b
leads to a dependence of the mean foam thickness in
UZ, whereas TEST558 leads to a dependence in U3,.
Moreover, breaking of shortest waves in TEST441b
generates a important scatter at low wind speed
and spreading decreases at stronger winds whereas
breaking of wave around the peak induces an impor-
tant dependence on wave age with strong winds.

5 Conclusion and Perspectives

Compared to the two previous parameterizations,
TEST558 that is presented here accounts for the
physical relation that intrinsically links sponta-
neous breaking and cumulative effect. In addition,
the modeled whitecap properties are now closer
to the observed ones. However, comparison with
SHOWEX campaign data (not shown here) shows
that TEST558 produced spectra overly narrow,



which is certainly due to the use of isotropic dis-
sipation rate. Moreover, TEST441b provided a bet-
ter fit with measured significant wave heights and
spectral directional spreading. Performance at global
scale of TEST441b implies that breaking dissipation
is anisotropic, which could be due to an anisotropic
distribution of breaking events. However, previous
validations could only control the net source term
Stot = Sin + Sn1 + Spr and there are likely compen-
sating errors in TEST441b. In particular, it is well
known that S is not well parametrized by the DIA
[Banner and Young, 1994, Ardhuin et al., 2007].

Finally, if breaking event induces an energy sink by
turbulence, it also causes a modification of sea sur-
face, which corresponds in the spectral domain to a
redistribution of the energy. This effect is probably
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