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ABSTRACT

New parameterizations for the spectra dissipation of vgaderated waves are proposed. The rates
of dissipation have no predetermined spectral shapes arfdractions of the wave spectrum and wind
speed and direction, in a way consistent with observatiaveot breaking and swell dissipation proper-
ties. Namely, the swell dissipation is nonlinear and prtipoal to the swell steepness, and dissipation
due to wave breaking is non-zero only when a non-dimensgpedtrum exceeds the threshold at which
waves are observed to start breaking. An additional sourshart wave dissipation due to long wave
breaking is introduced to represent the dissipation oftskaves due to longer breaking waves. Several
degrees of freedom are introduced in the wave breaking anditid-wave generation term of Janssen
(J. Phys. Oceanogr. 1991). These parameterizations angimednand calibrated with the Discrete In-
teraction Approximation of Hasselmann et al. (J. Phys. @geal985) for the nonlinear interactions.
Parameters are adjusted to reproduce observed shapesdaifatial wave spectra, and the variability
of spectral moments with wind speed and wave height. The waeegy balance is verified in a wide
range of conditions and scales, from gentle swells to majaid¢anes, from the global ocean to coastal
settings. Wave height, peak and mean periods, and speateshtk validated using in situ and remote
sensing data. Some systematic defects are still presdrthédparameterizations yield the best overall
results to date. Perspectives for further improvement lagegiven.

1. Introduction where the Lagrangian derivative is the rate of change of
the spectral density when following a wave packet at its
| group speed in physical and spectral space. The source
a. On phase-averaged models functions on the right hand side are separated into an at-

Spectral wave modelling has been performed for t ospheric source functiofi,,,, a nonlinear scattering
last 50 years, using the wave energy balance equat [MSh1, an ocean sourc,., and a bottom sourcs;.
(Gelci et ] [1957). This description radiation of the spec-
tral density of the surface elevation variar¢distributed
over frequencieg and directiong can be putin the form

This separation, like any other, is largely arbitrary. For
example, waves that break are highly nonlinear and thus
the effect of breaking waves that is containedsip is
dF(f,6) intrisically related to the non-linear evolution term con-
D G (f, 0)+Sui(f,0)+Soc(f,0)+She(f,0), tained inSy. Yet, compared to the usual separation
de 1 of deep-water evolution in input, non-linear interactions
@ and dissipation, it has the benefit of identifying where
Corresponding author addresdzabrice Ardhuin, Service Hydro- the. en?rgy and momentum is going to or coming from,
graphique et Océanographique de la Marine, 29609 Bresncer which is a necessary feature when ocean waves are used
E-mail: ardhuin@shom.fr to drive or are coupled with atmospheric or ocean cir-
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culation models (e.d. Janssen ét[al. 2d04; Ardhuin et phrameterization of the form proposed [oy Komen ¢t al.
p0o08b). (£98%) have produced a family loosely justified by the

Satm, Which gives the flux of energy from the atmoso-called ‘random pulse’ theory of (Hasselmann 1974).
spheric non-wave motion to the wave motion, is the suihese take a generic form
of a wave generation ter§),, and a wind-generation term )
Sous (Often referred to as negative wind input, i.e. a k k
wind (output). The nonlinear gcattering temfl repre- Soc (f,0) = Casg™ k" H 51/4_ + 02 (k:_) ] ,
sents all processes that lead to an exchange of wave en- " " @
ergy between the different spectral components. In degp , . . . .
and intermediate water depth, this is dominated by cul V.Vhr']Cthds IS a negative anSt%m]g. amgj |fs an err:ergy- :
interactions between quadruplets of wave trains, whi elgtte meg\[? yvat\r/]enu_m _?_r (telne r:o'mh': ? ﬁﬂt're
quadratic nonlinearities play an important role in shalloﬁpelC rurrgl, Ia? ts IS the stlgr_n |<i_an W?r\]’ef ﬁ'g - r('j f_e_
water (e.g[WISE Grogip 20D7). The ocean soufice te_ary an ags parameterizations, the following defini-
may accomodate wave-current interactfpasd interac- ion was use
tions of surface and internal waves, but it will be here Fone 27 1/r
restricted to wave breaking and wave-turbulence interac- ;. _ E/ / KE (f,0)dfde 3)
tions. " H2 ), o ’ ’

The basic principle underlying equatioﬂ (1) is that
waves essentially propagate as a superposition of almegterer is a chosen real constant, typicatly= 0.5.
linear wave groups that evolve on longer time scales as alhese parameterizations are still widely used in spite
result of weak-in-the-mean processes (f.g. Komen|et @l.inconsistencies in the underlying theory. Indeed, if
f1994). Recent reviews have questioned the possibility whitecaps do act as random pressure pulses, their aver-
further improving numerical wave models without changage work on the underlying waves only occurs because
ing this basic principle[(Cavalgfi 2006). Although thi®f a phase correlation between the vertical orbital veloc-
may be true in the long term, we demonstrate here thaitit field and the moving whitecap position, which travels
is possible to improve model results significantly by inwith the breaking wave. In reality the horizontal shear
cluding more physical features in the source term paraig-likely the dominant mechanism (Longuet-Higgins and
eterizations. The main advance proposed in the preséudtner|[1974), but the question of correlation remains the
paper is the adjustment of a shape-free dissipation furs@me. For any given whitecap, such a correlation cannot
tion based on today’s knowledge on the breaking of ragxist for all spectral wave components: a whitecap that
dom waves|(Banner etlal. 2000; Babanin ¢f al. P001) ati@vels with one wave leads to the dissipation of spec-
the dissipation of swells over long distances (Ardhuiiial wave components that propagate in the same direc-
et al.[2009p). The present formulations are still semfion with comparable phase velocities waves propagating
empirical, in the sense that they are not based on a deone direction will give (on average) a zero correlation
tailed physical model of dissipation processes, but théyr waves propagating in the opposite direction because
demonstrate that progress is possible. This effort opdh¢ crest of those waves relative to that of the whitecap are
the way for completely physical parameterizations (e.gompletely random. As a result, not all wave components
Filipot et al.[200B) that will eventually provide new ap-are dissipated by a given whitecap (others should even be
plications for wave models, such as the estimation of s@generated) and the dissipation function cannot take the
tistical parameters for breaking waves, such as whitecigsm later given by Komen et hl[ (1984). This is also true
coverage and foam thickness. Other efforts, less emgipr all waves shorter than about 1 m wavelength, which
ical in nature, are also under way to arrive at better parovide a significant portion of the dissipation and do not
rameterizations (e.§. Banner and Mor|gon 32006; Babarfiroduce whitecapping (e.§. Longuet-Higgins 1990; Jes-
et al.J200}7[ TsagarHii 20D8), but they yet have to produsep et al] 1997; Tulin and Landrjji 2Q01).
a practical alternative for wave forecasting and hindcast-In particular, a strict interpretation of the pressure puls

ing. model gives a zero dissipation for swells in the open
ocean because the swell wave phases are uncorrelated
b. Shortcomings of existing parameterizations to those of the shorter breaking waves. There is only

egligible dissipation due to short wave modulations

Lo L n
All wave dissipation parameterizations up to the yvo_rg swells and preferential breaking on the swell crests
of yan der Westhuysen et|a]. (2007) had no quantitatiy p$ [1968;[Hasselmahn 1971; Ardhuin and Jefkins
relationship with observed features of wave d|SS|pat|0| 005). Still, the] Komen et &l] (19B4) type dissipation
e

and the parameterizations were generally used as s s are applied to the entire spectrum, including swells,
tuning knobs to close the wave energy balance. T{gmnout any physical justification.

: In spite of its successful use for the estimation of the
1In the presence of variable current, the source of energyhier

wave field, i.e. the work of the radiation stresses, is gélyehaden s_|gn|f|cant wave .helthS anc.l peak period’, these
when the energy balance is written as an action balanceKergen et fixed-shape dissipation functions, from Komen et al.

al. 1994). (1984) up td Bidlot et gl.[(200Fa), have built-in defects.
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Most conspicuous is the spurious amplification of windy Makin and Stajn[(2003), but it does not produce accu-
sea growth in the presence of swell (e.g. van Vledder arate results in moderate sea stafes (Lefevre|ét al.[2004).
Hurdle[200R), which is contrary to all observations (DolPolnikov and Inocentihil(2008) have also proposed new
son et al] 1989 Violante-Carvalho ef hl. 2D04; Ardhuisource term formulations, but the accuracy of their re-
et al.|200]7). Associated wih that defect also comes anlts appears generally less than with the model presented
underestimation of the energy level in the inertial rangbere, in particular for mean periods.
making these wave models ill-suited for remote sensingConsidering the observed strong wave height gradi-
studies, as will be exposed below. ents in rapidly varying curren[s Phill p84) proposed
Also, these parameterizations typically give a decreas-dissipation rate proportional to the non-dimensional
ing dissipation of swell with increasing swell steepnesspectrum, also termed ’'saturation spectrum’. Banner
contrary to all observations frojn Darbyshile (1]958) tet al. (200D) indeed found a correlation of the direction-
[Ardhuin et al. [2009b). This effectis easily seen by takntegrated saturatioB with the breaking probability of
ing a sea state composed of a swell of enelgyand dominant waves. IN particular they found that break-
mean wavenumbek; and a windsea of energly; and ing occurs whenB exceeds a threshol®,.. Alves and
mean frequency:;, with k2 > k;. The overall mean Banner [2003) proposed to define the dissipaignby

wavenumber is B/ B, to some power, multiplied by a Komen-type dis-
. sipation term. Although this approach avoided the in-
ky = (k1 E1 + k2 Es) /r /(E1 + E»), (4) vestigation of the dissipation of non-breaking waves, it

imported all the above mentionned defects of that pa-
and the low frequency dissipation for a given value aameterization. Further, these authors used a value for
k is proportional tok?:5(E; + E»). Now, if we keep B, that is much higher than suggested by observations,
k1, k2 an E, constant and only increase the swell energyhich tends to disconnect the parameterization from the
E,, the relative change in dissipation is proportional tobserved effectg (Babanin and van der Westhulyser] 2008).
3.5[(k1/kr)" —1]/r + 2. Forr = 0.5, as used in BAJ,  The use of a saturation parameter was taken up again
andk, /k, < 0.51, this is negative (i.e. the dissipationby an der Westhuysen etlal. (2007), hereinafter WZB,

decreases with increasing swell energy). For equal eho integrated the saturation spectrum over directions,
ergy in sea and swell, this occurs whep/k, < 0.3, giving
which is generally the case with sea and swell in the
2w

increasing swell steepness is reduced when the model fre- B(f)= / E*F(f,0)C,/(2n)dd'. (5)
guency range is limited to m_aximum frequency of 0.4 Hz, 0
in which case the lowest winds (less than 5 m/s) are UBrom this, they defined the source function
the value ofk,. to relatively small values. B(f)

An alternative and widely used formulation has been S 0) = —C/ak
proposed by Tolman and Chalifdv (1996), and some of oewz (1,6) 9% 7B,
sipation formulations for high and low frequencies, withvhereC' is a positive constani3,. is a constant saturation
a transition at two times the wind sea peak frequendfreshold and ang is a coefficient that varies both with
Whereag Janssen ef gl. (1994) introduced the use of tilie wind friction velocityu, and the degree of saturation
different balances in high and low frequency parts of tHeor non breaking waves, when~ 0, the dissipation is
spectrum, they still had a common fixed coefficiéntin  too large by at least one order of magnitude, making the
[fTolman and ChalikdV (1996) these two dissipation ternpgrameterization unfit for oceanic scale applications with
ear in the spectrum and proportional to wind friction vefArdhuin and Le Boy&f 2006). Further, the increase of
locity u,, the high frequency part is also linear and prowith the inverse wave age, /C, tends to increasé,. at
portional tou2. In this formulation the frequency de-high frequency, and was needed to obtain a balance with
by the wind, based on numerical simulations of the aitmportant, such as the directionality of the waves (Ban-
flow above waves| (Chalikov and BeleJi¢th 1P93), hener et al]|2002). Other observations clearly show that the
notedS,;. At relatively short fetches, these source termareaking rate of high frequency waves is much higher for
et al. (1994), which was found to produce important biwhich the longer waves are modifying the dissipation of
ases in wave growth and wave directions at short fetshorter waves.
(Ardhuin et a]] 200[7). Another successful set of parame-Banner et al.[(1989) an[d Melville et]al (2002) have

ocean. This erroneous decrease of swell dissipation with
able to produce a realistic wind sea level, hence limiting
p/2

e
its features are worth noting. It combines two distinct dis-
terms,k and &2 in eq. (2), in order to match the veryB(f)/B, with, in particular,p ~ 0 for B(f) < 0.8B,.
are completely distinct, the low frequency part being linvave heightsin the Atlantic underpredicted by about 50%
pendence of the two terms is also prescribed. Tolméme Su, term in equati0n|]1). This indicates that, be-
and Chalikov - 6) further included swell attenuatiosides the value of the saturatiéfy, other factors may be
are typically a factor 2 to 3 smaller than those of Janssamgiven value of3, probably due to cumulative effects by
terizations, for high winds conditions, is the combinatioshown how breaking waves suppress the short waves on
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the surface, and we will show here that a simple esg008[200p), hereinafter WWATCH, including modifica-
mation of the dominant breaking rates based on the dimns of the source terms described here, and, for some
servations by Banner et|al. (2000) suggests that this ebastal simulations, the the use of advection schemes on
fect is dominant for wave frequencies above three timesstructured grid{ (Rola}{d 2908). In all cases ran with
the windsea peak frequendy. Young and Balahin (2008)WATCH, the source terms are integrated with the fully
arrived at the same conclusion from the examination whplicit scheme of Hargreaves and Anhadn (J000), com-
wave spectra, and even proposed a parameterizationifored with the adaptative time step and limiter method of
Sec. Yet, their estimate was only obtained for a singlgolmar [200R), in which a minimum time step of 10 s is
wind-forcing condition (quite strong). Further, their inused. The diagnostic tail, proportionalfo® is only im-
terpretation of the differences in parts of a wave recopbsed at a cut-off frequengy, of 10 times the mean fre-
with breaking and non-breaking waves implies an undeguencyf,,=1/T,,01. Heref. is generally above the max-
estimation of the dissipation rates because the breakingum model frequency that we fixed at 0.72 Hz. Hence
waves have already lost some energy when they are the high frequency tail is left to evolve freely and the lim-
served and the non-breaking waves are not going to breggt on wind-wave growth is almost never activated. Some
right after they have been observed. Also, since the speemparison tests are also done with other parameteriza-
tra are different, nonlinear interactions must be différertions using a lower value of,., typically set at 2.5f,,

even on this relatively small time scale (e.g. Young an@idlot et all[2007a). In such calculations, the net source
van Vleddel 1993, figure 5), and the differences in speterm may be non-zero even if there is no spectral evolu-
tra may not be the result of dissipation alone. tion due to the imposed tail.

Finally, the recent measurement of swell dissipation by ) ) )
[Ardhuin et al. [2009a) has revealed that the dissipation@f Nonlinear wave wave interactions

non-breaking waves is essentially a function of the wave aj| the results discussed and presented in this section

steepness, and a very important process for ocean baginsgpained with the Discrete Interaction Approximation
larger than 1000 km. Because of the differencesin coaxg:. asselmann et h[. (1985). The coupling coefficient that

and larger scale sea states (¢.g. Long and Resiq 2007);{t<he magnitude of the interactiongis,. Based on

is paramount to verify source function parameterizatio ®mparisons with exact calculatiofis, Komen gt[al. (1984)
at all scales, in order to provide a robust and comprehelyj sted the value df, to 2.78 x 107, which is the value
sive parameterization of wave dissipation. used by[ Bidlot et g1.[(2005). Here this constant will be
It is thus time to combine the existing knowledge ogllowed to vary slightly. This parameterization is well
the dissipation of breaking and non-breaking waves @ own for its shortcomings (Banner and Yoling 1994),
provide an improved parameterization for the dissipatiqfhd the adjustment of other parameters probably compen-

of waves. Our objective is to provide a robust parangates for some of these errors. This matter will be fully
eterization that improves existing wave models. Furthgfscussed in Part I1I.

work will be needed to replace the arbitrary choices made
here with physically-motivated expressions. We will firsy, Swell dissipation
present one general form of the dissipation terms that can ) o ) )
be made consistent with observed wave dissipation feaObservations of swell dissipation are consistent with
tures, and the impact of the different parameters on tHe effect of friction at the air-sea interfage (Ardhuinkt a
resulting wave spectra. The degrees of freedom in t88098), resulting in a flux of momentum from the wave
parameterization will then be used to adjust the resufte!d to the wind .E”JG); We thus write the swell
ing wave parameters to observations using field expé¥Ssipation as a negative contributisp,: which is added
iments and a one year hindcast of waves at the gloB@ISin to make the wind-wave source ter,. _
and regional scale, in which all possible wave measure-Using the method qf Collard etjal. (2409), a systematic
ments are considered, with significant wave heights rarﬁ:ﬁaWS'S of swell observations y Ardhuin e} al. (2009a)
£
5

ing from 0 to 17 m. The model is further validated wittfhowed that the swell dissipation is non-linear, possibly
independent data at regional and global scales. Tests &l@ted to a laminar-to-turbulent transition of the oseill
verification in the presence of currents, and using a md@dy boundary layer over swells. Defining the boundary

realistic parameterizations of wave-wave interactiors wReynolds number Re 4uqrpaorb/va, Whereuos, and
be presented in parts Il and II1. aorp, are the significant surface orbital velocity and dis-

placement amplitudes, amng is the air viscosity, we take,
2. Parameterizations for Re less than a critical value Re

Several results will be presented, obtained by a nu- _ Pa /o~
merical integration of the energy balance. Because nu- Sout (f,6) = ~Casy Pw {% 21/0} F(f0), @

merical choices can have important effects (e.g. Tol-

man[199P] Hargreaves and Anpan 3000), a few detaildiere the constartss, is equal to 1 irf Dofe[(1978)'s
should be given. Most calculations are performed witlaminar theory.

the WAVEWATCH 11I™ modelling framework[(Tolman ~ When the boundary layer is expected to be turbulent,




JuLy 2009 5

for Re>Re., we take 35
SOUt (fv 9) = _;)_a {16f602uorb/g}F(f, 9) (8) 3k

+4t ¥
‘

A few tests have indicated that Re- 10° provides rea- g
sonable result, although it may be a function of the wingd 25 V. e+
speed. Here we shall uge;s, = 1.2, but the result are e
not too sensitive to variations in the range 0.8 to 1.5. 2t +5 0 1
The parameterization of the turbulent boundary layer & ‘ RS
a bit more problematic, and in the absence of direct meg- Ssell
surements in the boundary layer, leaves room for sp?-l's’
ulations. From the analogy with an oscillatory bound-
ary layer over a fixed botton] (Jensen ef|al. 1989), the 1} * % i
values off. inferred from the swell observations, in the + w
range 0.004 to 0.013 (Ardhuin et|al. 20P9b), correspond ‘ ‘ ‘ ‘ ‘
to a surface with a very small roughness. Because, we’00 6000 7000 8000 9000 10000

1 syste
i

also expect the wind to influencg, the parameteriza- Distance along great circle (km)
tion form includes adjustable effects of wind speed on 35 : : : : : :
the roughness, and an explicit correctionfpf This lat- v + SAR ENVISAT
ter correction takes the form of a Taylor expansion to first 3| .
order inuy /Uorh, 2 o V' WW3 TEST437
= 231 . = = = No dissipation
UK 5}
Jfe=51 .fe,GM + [|53| + s2 COS(9 - ou)] N C) I * +:-
Uorb =
where f. ¢ is the friction factor given by Grant andg L5p AN
Madsen’s (1979) theory for rough oscillatory boundars 1l \‘; -
layers without a mean flow. Adequate swell dissipatiog S. o ;i
is obtained with constant values ¢f in the range 0.004 | BhanCT TR
to 0.007, but these do not necessarily produce the best
results when comparing wave heights to observations. ¢

0 2000 4000 6000 8000 10000 12000 14000

Based on the simple idea that most of the air-sea momen- ) .
Distance along great circle (km)

tum flux is supported by the pressure-slope correlations
that give rise to the wave field (Donellan 1P98; PEIrquG' 1. Comparison of modelled swell significant heights, feileg

and Bannef 2003), we have taken the surface rOUghnﬂ?‘n'éspropagation of the two swells shown by Ardhuin et al. @00ith
z(, to be a fixed small proportion,, here set to 0.04, peak periods of 15 s and high and low dissipation rates. Kriviases
of the roughness for the wind. We thus give the mor@the level 2 data have been corrected following Collard.e2909).

generic equatior[kg) fof., with f. g of the order of

0.003 for values o1,/ 2, of the order of 2 10°.

_ The coefficients; ands; of the O(u. /uo) correc- ¢, with a ratiol, /C > 0.8 for random waves (Tulin and
tion have been adjusted to -0.018 and 0.015, respectivelyndrini[200[L;[ Stansell and MacFarlphe 2002; Wu and
the former negative value giving a stronger dissipatiqlepf[200P). It is nevertheless difficult to parameterize
for swells opposed to winds, whems(0 — 6,) < 0. the breaking of random waves, since the only available
This gives a range of values ¢f consistent with the ob- guantity here is the spectral density. This density can be
servations, and reasonable hindcasts of swell decay (F@lated to the orbital velocity variance in a narrow fre-
), with a small underestimation of dissipation for steeguency band. Yet, a proper threshold has to be defined
swells. An increase of, from 0.8 to 1.1 produces nega-or this quantity, and the spectral rate of energy loss as-
tive biases ol of the order of 30% at all oceanic buoyssociated to breaking has to be defined. Also, breaking
(40% for a partial wave height estimated from a spectruintricately related to a complex non-linear evolution of

restricted to periods around 15 s), so that the magnitugfe waves (e.d. Banner and Peit§on 2007).

of the swell disspation cannot be much larger than chose B : . .
here. Further discussion and validation of the swell disﬁ;:'hese difficulties will be ignored here. Following the

e . . . “ore detailed analysis presented in Filipot at[al. (2009),
ganon is provided by the global scale hindcasts in Sect|W shall parameterize the spectral dissipation rate di-

rectly from the wave spectrum, in a way similar to WZB.
Essentially we distiguish between spontaneous and in-
duced breaking, the latter being caused by large scale
Observations show that waves break when the orbitaleakers overtaking shorter waves, and causing them to
velocity at their crest/, comes close to the phase speele dissipated. For the spontaneous breaking we param-

c. Wave breaking
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eterize the dissipation rate directly from the spectrum,
without the intermediate step of estimating a breaking
probability.

We started from the simplest possible dissipation terrg
formulated in terms of the direction-integrated spectr
saturations (f) given by eq. [(5), with a realistic thresh- &
old By, = 1.2 x 103 corresponding to the onset of waveS
breaking [Babanin and YoulJg 2405). This saturation p&:

0.1

rameter corresponds exactly to theparameter defined 0.01¢ : &
by [Phillip$ (195B). The valu, = 8 x 10~3, given by o1 02 0.3 od 05 0%
Phillips, corresponds to a self-similar sea state in which f (Hz)

waves of all scales have the same shape, limited by the ‘ Data

437 Ceu=1, su=0
B 441 Ccu=0.4, su=1
v
A

breaking limit. 60
This view of the sea state, however, ignores comg 45
pletely wave directionality. Early tests of parameteri-; 30
zations based on this definition ¢f indicated that the © 5
spectra were too narrow (Ardhuin and Le Bayer 2006)?3 0
This effect could be due to many errors. Because B&f
banin et alJ20Q1) introduced a directional width in their -15f
saturation to explain some of the variability in observed -30
breaking probabilities, we similarly modify the definition
of B. Expecting also to have different dissipation rates in_ 70
different directions, we define a saturatiBthat would 60
correspond, in deep water, to a normalized velocity vari= 50
ance projected in one direction (in the caBe= 2), with
a further restriction of the integration of directions con-
trolled by Ay,

eg)

442 Ccu=0.4, su=1

dBa= 1, Br = 0.0012
443 Ccu=0.4, su=1

dpq =0, Br = 0.0009

deg

dir. spread
w
S

0+Ag C
B'(f,0) = / K3cos™ (6 — 0') F(f,6)=2d¢’,
0—Ag 2m FIG. 2. Wave spectra on 3 November 1999 at buoy X3 (fetch 39 km,
(10) wind speed/;p = 9.4 m s~1), averaged over the time window 1200-
Here we shall always usfty = 80°. As a result, a sea 1700 EST, from observations and model runs, with differeatieh pa-

state with two systems of same energy but opposite @[neterizations (symbols): BAJ stands ffor Bidlot gtfal Q2. (a) En-

. . . S ' gy, (b) mean direction directional spread. This figaranalogue
rection will typically produce much less dissipation thag ine figures 10 and 11 {ﬁ (2h07), the modelifgrand
a sea state with all the energy radiated in the same direetting are identical. It was further verified that halvihg tesolution
tion. from 1 km to 500 m does not affect the r%gt . rameter8AJ,

S al

: : P : ST441 and TEST443 are listed in tal Al A2. Inputmara
We flna".y define our dllsﬂwkm as the sum ers for TEST443 are identical to those for TEST441, ancri)TIZrEPS
the saturation-based term[of Ardhuin e} BI. (2008a) andifers from TEST441 only in its isotropic direct breakingstn, given

cumulative breaking termiypy cu, by sB= 0, Ay = 180°, and B, = 0.0012. It should be noted that
’ the overall dissipation term in TEST443 is made anisotroipie to the
cumulative effect, but this does not alter much the undienesion of

Soc(f,0) = UCE; [501 max {B (f) — B,,0}" directional spread.
+ (1-064) max{B'(f,0) — B, 0}2} F(f,6)
Sircu(f.0) + Seu 9). 11) thresholdB,. = 0.0012) produces very narrow spectra,
+ bioea(/,0) + Starn(/, ) (11) even though it is known that the DIA parameterization for
where nonlinear interactions tends to broaden the spectra. The

same behaviour is obtained with the isotropic parameter-
B(f) = max{B'(f,0),0 € [0,27[}. (12) ization by]van der Westhuysen el §!I. (2007), as demon-
strated by Ardhuin and Le Boye}f (2406). Further, using
The combination of an isotropic part (the term thain isotropic dissipation at all frequencies yields an en-
multiplies 64) and a direction-dependent part (the terrargy spectrum that decays faster towards high frequencies
with 1 — ¢4) was intended to allow some control of thehan the observed spectrum (FI];. 2.a). On the contrary, a
directional spread in resulting spectra. This aspect is flilly directional dissipation term (TEST443 withy = 0)
lustrated in figureﬂz with a hindcast of the November §ives a better fit for all parameters. Wiz = 2, we re-
1999 case during the Shoaling Waves Experiment (Arduce B, to 0.0009, a threshold for the onset of breaking
huin et al[200[7; Zhang etfl. 2J09). Clearly, the isotroptbat is consistent with the observations/of Banner bt al.
saturation in the TEST442 dissipation (with the origingP000) and Banner et h[ (2402), as discussed byBabanin
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—— Kahma-Calkoen (unst.) ence of swell, already displayed[in Ardhuin e} fl. (4007).
q 437 Whereas the 1 m swell causes an unrealistic doubling of
D 441 the wind sea energy at short fetch in the BAJ parameter-
442 ‘ + ization, the new parameterizations, just like the one by
443 Y van der Westhuysen et|a]. (2007), are by design insensi-
O BAJ tive to swell (not shown).
1001 ; ;’:é 3\‘]’};‘:3‘[‘) g ‘ ] The dissipationS;,,;, due to wave-turbulence interac-
. 0DS.

: ’ tions is expected to be much weaker (Ardhuin and Jenk-
o g ins-) and will be neglected here.

Finally, following the analysis b Filipot et hl. (20009),

g = ES ' 8 the thresholdB,. is corrected for shallow water, so that
B’/ B, in different water depths corresponds to the same
§ ratio of the root mean square orbital velocity and phase

Non-dimensional energy E* (wind sea)

speed. For periodic and irrotational waves, the orbital ve-
locity increases much more rapidly than the wave height
‘ as it approaches the breaking limit. Further, due to non-
10° 10¢ linear distortions in the wave profile in shallow water,
Non-dimensional fetch X* the height can be twice as large as the height of linear
waves with the same energy. In order to express a rele-
FiG. 3. Fetch-limited growth of the windsea energy in as a fumcti vant threshold from the elevation \./arla.nce’ we consider
of fetch on 3 November 1999, averaged over the time windowpa20the slopek Hy;, (kD) of an hypothetical linear wave that
1700 EST, from observations and model runs, with differeatietpa- has the same energy as the wave of maximum height. In

rameterizations (symbols): BAJ stands jor Bid D). This  deep waterk Hi, (00) = 0.77, and for other water depths
figure is analogue to the figure 8 jn Ardhuin €ef al.

. , theded 2
forcing and setting are identical _All p eters for BAESIT441 We_ thus correcB, t_)y a factor(k Hyy, (kD Hlin(oo)) :
and TEST443 are listed in tabIAl :@“AZ. Input parametars fUsing streamfunction theory (Dalrympe 1974), a poly-
TEST443 are identical to those for TEST441, and TEST442wiff nomial fit as a function ot = tanh(kD) gives

from TEST441 only in its isotropic direct breaking term, eiv by
sB= 0, Ay = 180°, andB;- = 0.0012.

10"

B, = B,Y [MyY? + M3Y? + MoY + M. (13)

and van der Westhuyseh (2008).
The dissipation constarf5** was adjusted t@.2 x

10~* with the input constant3,., in order to give

such thatB! = B, in deep water. The fitted constants
are My = 1.3286, M3 = —2.5709 , My = 1.9995 and
acceptable time-limited wave growth and good dire My = ()_.21_128. Althoughthis_be_haviouris_consistent with
tional fetch-limited growth as described ta Fle_varlatlon_ of the depth-limited breaking parameter
(B0DT). As noted in this previous work, although Sim erived empirically by Ruessink et|al. (2003), the result-
. ' ing dissipation rate is not yet expected to produce realisti

ilar fetch-limited growth are possible with almost aNYesults for surf zones because no effort was made to ver-

value of G,.x, @ reasonable mean direction in slantin - . . . .
fetch conditions (Fig.[|2.b) essentially selects the rang ttr? éssii%eec(t).f'{# elsgfetsheenttc’g;%g]; ongoing work, outside

of possible values of,,... Here the mean directions at . .
the observed peak frequency are still biassed by about' "€ cumulative breaking termy .. represents the
25° towards the alongshore direction with parameteﬁ-rf‘oom'”_g of the surface by big breakers with celerity
zations proposed here, which is still less that thé 56 that wipe out smaller waves of phase spéedue to
obtained with_the weakdr Tolman and Chalikv Glggé?ngertalntles in the estimation of this effect in the obser-
source terms|[(Ardhuin et . 2407, figure 11). A rela/ations of Young and Babafif (2406), we use the theoret-
tively better fit is obtained with the parameterization bifal model of| Ardhuin et g1.{(2009b). Briefly, the relative

idlot et all (200p), hereinafter BAJ. This is likely duevelocity of the crests is the norm of the vector difference,
due to efther the stronger wind input or the weaker digc = |C — C'|, and the dissipation rate of short wave is
sipation at the peak. It is likely that both features of themPply the rate of passage of the large breaker over short
BAJ parameterization are more realistic. waves, i.e. the integral ah¢oA(C)dC, whereA(C)dC

An equilibrium sea-state, achieved by most models & thel length of breaking crests per unit surface that have
long durations with steady wind and infinite fetch, any€!0City components betwe&n, andC; + dC, and be-
often compared with thE Pierson and Moskdw{tz (1965g\1/een0y andC, + dC, (Phillip§]198p). Because there
spectrum, is largely controlled by the balance betweén 0 COnsensus on the form &f{Gemmrich et 4f 2098),
the non-linear flux of energy to low frequencies and th¥e Prefer to linkA to breaking probabilities. Base2d on
wind output term, as discussed below. Figlgre 3 shows tRanner et al. (2000, figure &y = 22 (e — 0.055)%),
fetch-limited growth in wave energy of various parameand taking their saturation parameteo be of the order
terizations. We repeat here the sensitivity test to the-presd 1.6,/ B'(f,6), the breaking probability of dominant
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waves waves is approximately This generic form of the source terms produces
markedly different balances for both mature and fully de-

P —56.8 (max{ B'(f.0) — @, 0})2' (14) velopped seas. For mature seas, without cumulative ef-

However, because they used a zero-crossing analysis, fo spectra E(f) and normalized source terms M(f)* S(f)
a given wave scale, there are many times when waves art i i

not counted because the record is dominated by anothe
scale: in their analysis there is only one wave at any given %[
time. This tends to overestimate the breaking probability o[
by a factor of 2 |(Filipot et dl] 2009), compared to the 0'[
present approach in which we consider that several waves -0-2|
(of different scales) may be present at the same place ant
time. We shall thus correct for this effect, simply dividing

0.2f

Pby?2. 0.2

With this approach we define the spectral density of 0.1f
crest length (breaking or not) per unit surfd¢k) such of S 0
that [ I(k)dk,dk, is the total length of all crests per -0.1} A SR

unit surface, with a crest being defined as a local max- -0.2f Ceu=0,suy=0] T
imum of the elevation in one horizontal direction. In the
wavenumber vector spectral space we take

0 0t2 0t4 0:6 0.8
Frequency H z)

I(k) = 1/(27°k) (15) 7] S — e

H H . . O A St : “““““““““““
which is equivalent to a constant in wavenumber- | , ;

direction spacd(k,0) = 1/(2x*). This number was | SASIoA

obtained by considering an ocean surface full of unidirec- _; , + Ccu=1, syu=0 r’—*ﬂ\&@
tional waves, with one crest for each wavelerjthik; for ;ou ;

each spectral intervalk = k, e.g. one crest correspond- 0 02 0.4 0.6 0.8
ing to spectral components in the range 8.5 1.5k. ’ ’ '
This potential number of crests is doubled by the direc-
tionality of the sea state. These two assumptions have
not been verified and thus the resulting valud (&) is
merely an adjustable order of magnitude.

Thus the spectral density of breaking crest length per -
unit surface isA(k) = I(k)P(k). Assuming that any
breaking wave instantly dissipates all the energy of all
waves with frequencies higher by a factqr, or more, 02
then the cumulative dissipation rate is simply given by 01
the rate at which these shorter waves are taken over by 0
larger breaking waves, times the spectral density, namely -0.1

-0.

-0.1F
0.2

Sticen(f,0) = —CeuF (1,6) / AcAK)dK, 0 52 57 5 28

f'<reuf
. . . ‘ (16) . FIG. 4. Academic test case over a uniform ocean with a uniform
wherer., defines the maximum ratio of the frequenciego m s-! wind starting from rest, after 8 hours of integration, when
of long waves that will wipe out short waves. Cp/U1o =~ 1. Source term balances given by the parameterization

i i g i BAJ, and the parameterizations proposed here with the ssigeentro-
We now obtainA by EXtrapO|atlng €q. 4) to hlgherduction of the cumulative breaking and the wind shelterifigcts with

frequencies, gives the source term, the parameter§’., ands,. For BAJ, a diagnosti¢f > tail is applied
£ oz above 2.5 the mean frequency. In order to make the high freeyue

S 0) = —C..F @) [Fend [T 28.4 balance visible, the source terms are multiplied by the watination
biecu(f,0) ek (1:0) Jo (U function M (f) = pwC/(pa E(f)oUro). The result with the parame-

« max {\/B(T,H’) B \/B_T, 0}2 -%,—,CdH'df', terization of Tolman and Chalikov (1996) is also given fderence.
-9
(17) fect, figure [h) shows that a balance is possible that gives
roughly the same energy level and wind input term up to
We shall taker., = 0.5, andC,, is a tuning coefficient 0.4 Hz as the BAJ parameterization. However, the bal-
expected to be of order 1, which also corrects for erroasice in the tail results in energy level decreasing slower
in the estimation of. than f~* as the dissipation is too weak compared to
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1

the input, and thus the nonlinear energy flux is reversed,
pumping energy from the tail to higher frequencies.

The introduction of a strong cumulative term 05
(TEST437) allows a balance at roughly the same energy
level. However, with the present formulation this will & Of
lead to too strong a dissipation at high frequency forg
higher winds. The introduction of the sheltering effect —-05}
via the parametey,, (details in sectio@d) is designedto &
get a balance with a weaker cumulative effect. Clearly?” _
for relatively young waves the energy levels at the speg’
tral peak are lower withks,, = 0.4 (TEST441) thanin o 1
other runs, this is largely due to a reduced feedback of?
t% wave age on the wind stress via thg/T term in eq. S o5l
(R9). N

The most important qualitative feature is the lack of af ol
regular predefined shape for the normalized dissipatiofs
term So.(f)/E(f). Whereas the shape given by +  — 5
(1 — 6)k* is clearly visible in BAJ (with extremely high =~ Ceu=0, s3=0
dissipation rates if one considers high frequencies), an : : : : ’
the low to high frequency dissipation transition af2is | R 01 02 03 04 05 06 07 8
evident in TC, the shape of the new dissipation rates are
completely dictated by the local spectral saturation level®
This leads to a relatively narrow peak of dissipation right
above the spectral peak, where saturation is strongest.

This feature helps to produce the realistic spectral
shapes near the peak, with a steeper low frequency side
and and a more gentle high frequency side, contrary to the
backward facing spectra produced by BAJ and TC. How-
ever, this localized strong relative dissipation is hard to = 0T 02 03 02 05 08 07 )
reconcile with time and spatial scales of breaking events ; ; ;
of the order of the wave period and a fraction of the wave- bcu=0.4, su=1
length: each single wave that breaks contains the same 05} R
spectral components over a frequency range that is in-
versely proportional to its lifetime. There is no physical 0
reason why a breaking event would take much more en-
ergy, relatively speaking, from the spectral bantl to 05
1.2f, than from 1.2 to 1.3,. The factor 2 difference in 2
the relative dissipation rates found here thus appears un-
realistic. This strong relative dissipation at the pealeg50 1t 4K
higher than in BAJ) is one important factor that gives a
slower growth of the wave spectrum in TEST441 com-  of
pared to BAJ.

Now considering the fully developped conditionsillus- 1
trated by figureﬂS, a reasonable balance is obtained for
Cew = 1. Compared to the source term balance withG. 5. Same as figure[l(4) but after 48 h of integration and without

; ; ; ; rmalization of the source terms. Source term balancendiy the
BAJ. Flgure[b shows that the nonlinear interactions rSngrameterization BAJ, and the parameterizations propoasedwith the

much smaller at high freguenc% essientially because fiRcessive introduction of the cumulative breaking andutinel shel-
spectrum approachesfa* shape, for whichS,,; goes tering effects with the parametef&., ands,,. For BAJ, a diagnostic

to zero, whereas it decreases even faster tfiahwith  f~° tail is applied above 2.5 the mean frequency.

BAJ when the tall is left to evolve freely. However, for

strongly forced conditions, the dominant waves break fre-

quently, and’,, = 1 reduces the energy level in the tail

below observed levels. This effect can be seen by con-

sidering satellite-derived mean square slones @ig, &), wipe out much smaller waves. Instead, and because the

high moments of the frequency spectrum derived fromind to wave momentum flux was apparently too high in

buoy data. high winds, we chose to introduce one more degree of
That effect can be mitigated by decreasitig, or in- freedom, allowing a reduction of the wind input at high

creasingr.,, So that dominant breaking waves will onlyfrequency.

0T 02 03 04 05 08 07 08
Frequency (Hz)

05}

ol ¢

Ccu=1, Su=0

| Tolman & Chalikov (1996)
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0.012

An important part of the parameterization is the cal-
culation of the wave-supported stregs which includes
6 Cous0,5020 the resolved part of the spectrum, as well as the growth
Ceu=1.,5u=0 | , Z ' : of an assumed —® diagnostic tail beyond the highest fre-
0-008F -+~ Ceu=0.4, su=1|_ . Zehilipg? 38)..—.—| quency. This parameterization is highly sensitive to the
' ' : : high frequency part of the spectrum since a high energy
level there will lead to a larger value of andu,, which
gives a positive feedback and reinforces the energy levels.
In order to allow a balance with the saturation-based
dissipation, an ad hoc and optional reductiom.ofs im-
plemented in order to allow a balance with a saturation-
. . . based dissipation. This correction also reduces the drag
02 03 04 05 06 o7 o8 coefficient at high winds. Essentially, the wind input
Frequency (Hz) is reduced for high frequencies and high winds, loosely
following [Chen and Belchp{ (20D0). This is performed
FiG. 6, Values of the spectral saturati@, for the cases presented in by replacingu* is eq. ) with a frequency-dependent

—©—BAJ
0.01}F |- €~ BAJ no tail

(=] A
m0.00G' g I e R
0.004F ‘ O se b CF) T - S Guy= g

0.002f .

figure|$. u! (f) defined by
(u)? = u?(cosfy,sinb,)
d. Wind input k p2m /
SinI%9) (0059, 5in 0) df'do
The wind input parameterization is thus adapted from ~ [0l o Jo C (cos 0, sinf) df'dd,
Janssgn| (1991) and the following adjustments performed 23)
y[Bidlot et al. [200pB}, 2007a). The full wind input source
term reads where the sheltering coefficief#,| ~ 1 can be used to
) tune the stresses at high winds, which would be largely
S (f,0) = S™(f,0) + Pa Pmax 7 4 (&) overestimated fos, = 0. Fors, > 0 this sheltering
" puw K2 C is also applied within the diagnostic tail, which requires

x max {cos(f — 6,,),0}* o F (f,6(18) the estimation of a 3-dimensional look-up table for the
high frequency stress. The shape of the new wind input
wheres,,.x is @ non-dimensional growth parameter (coris illustrated in figureﬂ? for fully developped seas.
stant), x is von Karman’s constant. In the present im-
plementation the air/water density ratio is constant. Tl Consequences of the source term shape

power of the cosine is taken constant with= 2. We de- o o acence of a cumulative dissipation term allows a
fine the effective wave agg = log(u) wherep is given

0 . - ifferent balance in the spectral regions above the peak,
ggl)’ and corrected for intermediate wafglo g o equilibrium range with a spectrum proportional

to f~* develops [Long and Rekjo 2007), and in the high
_ _ frequency tail were the spectrum decays Ifke’ or pos-
Z =log(kz1) + K/ [c03 (0 = Ou) (us/C + 2a)] - (19) sibly a little faster. The spectral level in the range 0.2
where z; is a roughness length modified by the wave© 0.4 Hz was carefully compared against buoy data, and
Supported stressm andza is a wave age tuning paramewas found to be realistic. In partlcular we have investi-

ter. z; is implicitly defined by gated the systematic variation of spectral moments
fc
U = “log (_) (20) ma(f) = [ FUE(AS (24)
K zZ1
- with n = 2,3 and 4, and cut-off frequencies in the range
Zop = min {ao—, Zo,max} (21) 0.2to 0.4 Hz. Such moments are relevant to a variety of
applications| Ardhuin et al] (2009b) investigated thecthir
2 = A (22) moment, which is proportional to the surface Stokes drift
1—7w/T in deep water, and found that buoy data are very well rep-

resented by a simple function, which typically explains

x 1074

The maximum value ot, was added to reduce the un95% of the variance,

0.5 1.3
0.0015 is equivalent to setting a maximum wind drag com3(fc) = (27)3 1.25-0.25 (f) ]
efficient of 2.5 x 1073, For the TEST441 parameteri-

realistic stresses at high winds that are otherwise given

by the standard parameterization. For exampl&,ax = 5.99U10

zation, we have adjusted, = 0.006 and Bpax = 1.52 min {Uy,14.5} + 0.027 (H, — 0.4),
(Fig. |']'). (25)

X
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the high frequency part of the spectrum can be simply
converted to a wavenumber spectrum, using linear wave
theory. This is not exactly the case as demonstrated by
Banner et gl.[(1989). Also, there is no consensus on
the nature of the spectrum modelled with the energy bal-
ance equation but, since non-resonant nonlinearities are
not represented, the modelled spectra are expected to be
more related to Lagrangian buoy measurements, rather
: : : : than Eulerian measurements. This matter is left for fur-
—o.+z =0.006 | ther studies, together with a detailed interpretation of al
timeter radar cross sections. Although it covers much less
data, the analysis aofi, obtained from buoy heave spec-
tra produces results similar to figLI]e 8.

=]
[}

o

(f) or 10000 S(f)

)
o

e
- +8=1

R - D —
, o162

0.15E

N _v_+som N N N N
0 01 02 03 04 05 06 07
Frequency (Hz) 5

6

T T T
Modeled
| Bdbtetal (2005)

FiG. 7. Incremental adjustements to the wind-wave interaciiource 4 -]
term Satm, going from the BAJ form to the one used in TEST441. The§ s311|§ .®
effect of modifying a new parameter are clearly seen. Theatoh of <~ - ;XA"
zo from 0.011 to 0.006 strongly reduces the low frequency inwhich & nil
is probably overestimated in BAJ when average (20%) levegusti- g

ness are considered: now the wind input goes to zerg fer 0.13,
which corresponds t6'/Uig = 0.83, whereas it is still significant at
that wave age in the BAJ parameterization. As a result thehrfoveer
input level need a readjustment, bu increasihg.x to 1.52. Yet, this
high value of3max produces very high wind stress values and thus a
very strong high frequency input. This is where the shelgetierm

sy = 1 allows a decent balance at high frequency. Finally, the ad-
dition of the air-sea friction term that gives swell disgipa produces

a significant reduction of the input to the widn seafat= 0.25 Hz.

It is questionable whether this mechanism also applieséarptesence

of the critical layer for those waves. This matter clearlguiees more

theoretical and experimental investigation. )
]
g

3

[\

Modeled »"
FCcu=04 ,55= 1 ] Hu g

—
]

wheref, is in Hertz,U; is in meters per second, aiff, 2 HF - &
is in meters. ¢

This relationship is well reproduced in hindcasts us-
ing Cey = 0.4 ands,, = 1, while the BAJ source terms . g, variation of the surface mean square slope estimatetes e
give almost a a constant value of; when H, varies 0.64/0¢ using the C-band altimeter on board JASON-1, after the cor-
and Uy is fixed {Ardhuin et §||| 200$b). Here we alsgection of a 1.2 dB bias in the JASON data, or by integratiomofi-

: - : elled spectra from 0 to 0.72 Hz, with either the, = 0.4 ands, =1
.ConSIder t.he fourth moment, which, for linear Wav.es’ éaameterization (TEST441) or the parameterization by. B&3d mod-
is proportional to a S_Ufface mean square slope f_||ter d values a constant 0.011 is added to account for théwhoes that
at the frequencyf.. Figure[ shows that for any givencontribute to the satellite signal and that are not resoiuatie model.
wind speed mss increases with the wave height (Gourl' g)ueﬁ%tg‘:'iéisng?”lsﬁtzeggg't%mtgmgg
ron et al)' Wher_eas this is not th_e Casmfm sampled at 0.5 Hz and 'averaged over 10 s, namely 58 km along the
the BAJ parameterization, or, for very high winds, wheghteliite track. The same averaging is applied to the wawgetmesult,
C., is too strong. In the case of BAJ, this is due to theving the 393382 observations reported here, for the fattyrear of
(k/k)? part in the dissipation term (ef]. 2), which plays907:
a role similar to the cumulative term in our formulation.
ForC., = 1_andsu =0, the cumula_tlve e_ffect gets too4. Verification
strong for wind speeds over 10 m's in which caseny
starts to decrease with increasing wave height, whereas$n order to provide simplified measures of the differ-
for high winds and low (i.e. young) waves, the high freence between model time seri&s,,q and observations
guency tail is too high angh4 gets as large as 6%, whichX s we use the following definitions for the normalized
is unrealistic. It thus appears, that the high frequendy taioot mean square error (NRMSE),
for s, = 0, responds too much to the wind, hence our use 5
of s, = 1inthe TEST441 combination. Xobs — X
u NRMSE(X) _ \/Z( obs mod)

This interpretation of the model result assumes that X2

(26)
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the normalized bias, The structure of the large bias, also seen in model re-
sults with BAJ, is reminiscent of the observed pattern in

NB(X) = > Xobs — Ximod 27) iceberg distribution observed _lISy Tournadre atfal. ( 008).
- S Xobs ’ These observed iceberg distributions are enough to give

a cross-section for incoming waves of the order of 1 to

and Pearson’s linear correlation coefficient, 10% for a 250 km propagation length. Taking icebergs
- e into account could actually reverse the sign of the bias.

2 (Xobs — Xobs) (Xmod — Xinoa) ’ This matter will be investigated further elsewhere.

)2 )2 Also noticeable is a significant negative bias in the

\/Z (Xobs = Xobs) " (Ximod = Ximoa) og) €quatorial south Pacific, amplified from the same bias ob-
where the overbar denotes the arithmetic averag(e ) tained with the BAJ parameterization. It is possible that
The normalisation of the errors allows a quamit_he_maskmg of subgrid |sla_r103_) introduces
tative comparison between widely different sea Sta?l bias by neglecting shoreline reflections. This model de-
&ct could be exacerbated in this region by the very large

regimes. Because previous studies have often used (nl%ﬂ' . L :
. ; 10 of shoreline length to sea area. This will also require
normalized) RMSE we also provide RMSE values. | rther investigation. Finally, the negative biases

addition to the coastal fetch-limited case of SHOWE n mid-latitude east coasts are reduced but still persist. |

presented above, the parameterizations are calibrate PWell known that these areas are also characterized by
at the global scale and validated in two other cases. strong boundary currents (Gulf Stream, Kuroshio, Ag-
ulhas ...) with warm waters that is generally conducive
to wave amplification and faster wind-wave growth (e.g.
We present here results for the entire year 2007, Wéandemark et 4l. 2001). Neither effect is included in the
ing a stand-alone 0°5esolution grid, covering the globepresent calculation because the accuracy of both mod-
from 80° south to 80 north. The model has actually beerelled surface currents and air-sea stability parameteriza
adjusted to perform well over this data set, but the vetipns are likely to be insufficient (Collard et/al. 2008; Ard-
large number of observations (over 2 million altimetenuin et al]200f7).
collocation points) makes the model robust, and an inde-The reduction of systematic biases clearly contributes
pendent validation on 2008 gives identical results. The the reduction of r.m.s. errors, as evident in the equa-
interested reader may also look at the monthly repottsrial east Pacific (Fig.|].1). However, the new param-
for the SHOM model (e.g. Bidldt 20p8), generated aaterization also brings a considerable reduction of scat-
part of the model verification project of the IOC-WMOter, with reduced errors even where biases are minimal,
Joint Commission on Oceanography and marine Metadch as the trade winds area south of Hawaii, where the
orology (JCOMM), in which the TEST441 parameteriNRMSE for H, can be as low as 5%. When areas within
zation C., = 0.4 ands, = 1) is used, except for the 400 km from continents are excluded, because the global
Mediterranean where, the TEST405 has been prefermaddel resolution may be inadequate, significant errors
for its superior performance for younger seas. Theée 12.5%, in yellow to red) remain in the northern In-
SHOM models _are ran in a combination of two-waglian ocean, on the North American and Asian east coasts,
nested grids[(Tolmhh 2007). The monthly JCOMM rethe Southern Atlantic. The parameterizations TEST405,
ports include both analysis and forecasts, but, since thElgST437 and TEST441 produce smaller errors on aver-
are produced in a routine setting, many SHOM calculage than BAJ. It is likely that the model benefits from the
tions from December 2008 to June 2009 have been absence of swell influences on wind seas: swell in BAJ
fected by wind field transfer problems. typically leads to a reduced dissipation and stronger wind
Comparing model results fof, to well-calibrated wave growth. As models are adjusted to average sea state
(Rueffeulou and Croizé-Fillpp 2008) altimeter-derivedonditions, this adjustement leads to a reduced wind sea
measurements provides a good verification of the modgbwth on east coasts where there is generally less swell.
performance in a number of different wave climates. Fig- Although much more sparse than the altimeter data, the
ure @)) shows that, as expected, the important positiresitu measurements collected and exchanged as part as
bias in the swell-dominated regions when using the BAlile JCOMM wave model verification is much needed to
parameterization, has been largely removed. This is €®nstrain other aspects of the sea state. This is illustrate
sentially the signature of the specific swell dissipatiomere with mean periods,,q, for data provided by the
that is parameterized i8,,,. The largest bias patternU.K. and French meteorological services, and peak peri-
now appears in the southern ocean, reaching 30 cm in tes 7, for all other sources. It is worth noting that the
Southern Atlantic. Although this bias is small compareerrors onH; for in situ platforms are comparable to the
to the local averaged wave height, it is rather strangerors against altimeter data.
when the model errors are plotted as a function of waveWith the BAJ parameterizations, the largest errors in
height in figure ). Why would the model overestimatthe model results are the large biases on peak periods
the Southern ocean waves but understimate the very laaggethe U.S. West coast (Figl |12), by 1.2 to 1.8 s for
waves? most locations, and the understimation of peak periods

r(X) =

a. Global scale results
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FiIG. 9. Bias for the year 2007 in centimeters. The global 0.5 W@ATmodel is compared to altimeters JASON, ENVISAT and GF®¥ahg
the method of Rascle et al. (2008). The top panel is the resthithe BAJ parameterization, and the bottom panel is teltavith theC'., = 0.4
ands,, = 1 (TEST441) parameterization.

on the U.S. East Coast. However, peak and mean peaves {ns, my4). This use of diagnostic tail is thus a
riods off the European coasts were generally very welbod pragmatic alternative to the more costly explicit res-
predicted. When using the TEST441 parameterizatiamlution of shorter waves, which requires a smaller ada-
the explicit swell dissipation reduces the bias on perioggtative timestep. The diagnostic tail generally mimics
on the U.S. West coast, but the problem is not completdlye effect of the cumulative effect. Yet, the parameteri-
solved, with residual biases of 0.2 to 0.4 s. This is comation TEST441 demonstrates that it is possible to obtain
sistent with the validation using satellite SAR data (Figlightly better results with a free tail. The normalized bi-
1), that showed a tendency to underpredict steep swedlses indicated for the mean square slopes are only relative
near the storms and overpredict them in the far field. Because of the approximate calibration of the radar cross
simple increase of the swell dissipation was tested butsiction. They show that the BAJ parameterization, and to
tended to deteriorate the results on other parameters. @lesser extent the use ofa® tail, produce energy levels
European coasts, despite a stronger bias, the errorstioex are relatively lower at high frequency.
T02 are particularly reduced. Again, this reduction of
the model scatter can be largely attributed to the decdu-Lake Michigan
pling of swell from windsea growth.
At the global scale, the sea state is never very young,
and it is desirable to also verify the robustness of the
J]agloeoil. “r’]'f;‘ieégfaf?rféyjfﬁégﬁaiuégﬁeﬁmSirﬁ‘)”}?ﬁﬂiffﬁfﬁsz parameterization in conditions that are more representa-
(393382 co-located points). Unless otherwise specifieheyiumber  tive Of the coastal ocean. We thus follow the analysis of
in parenthesis, the cut-off frequency is take to be 0.4®Hatands for  wave model performances By Rogers and Wang (2007),
&g’?mé Tohbesgglfen;a\gﬁi ti/ivisn él\tlr?g 'SSC ;itfgrnﬁ% :)(S(tglf)?ﬁgzz ;ﬂs\/m hereinafter RW2007, and give results for the Lake Michi-
r.m.s. difference between modeled and observed values cafirection gan, repre'_sentatlve of re.lat“./e'y young waves. The model
for the bias, normalized by the r.m.s. observed value asdPearson’'s Was ran with parameterizations BAJ, TC, TEST437 and
correlation coefficient. These global averages are aréghtesl, and TEST441 over the same time frame as investigated by
}\Tg '\?'Sgnd NRMSE are the area-weighted averages of the lbeaidS R\W2007 (fall 2002). The model setting and forcing fields
' are identical to the one defined by (Rogers &f al. P003),
EAJ T4EO%T TE)S?T T4E4iT with a 2 km resolution grid, a TOdirectional resolu-
tion, and a wind field defined from in situ observations.

H

s The models are run from September 1 to November 14,
g:?(%’) 121% 1%85 %)26 11-023 2002. The results at the National Data Buoys Center’s
NRMSE(%) 130 115 116 113 buoy 45007 are compared to the measurements.
m4(C) Using the directional validation method proposed by
NB(%) -16.1  -4.9 -2.3 -2.5 these authors, the TC parameterization understimates the
S1(%) 10.7 9.1 9.1 9.1 directional spready by 5° degrees in the range 0.9 to
r 0.867 0.925 0.931 0.939 1.8 f,, and even more at higher frequencies. The under-
T, stimation with BAJ is about half, and the TEST441 and
NRMSE(%) 24.1 19.0 19.4 18.2 TEST437 overpredict the directional spread by about 5
T2 and 8 in the range 1 to 1.6,, and less so for higher fre-
NRMSE (%) 7.6 6.9 6.6 6.7 guencies. It thus appears that the broadening introduced
ms to fit the SHOWEX 1999 observations is not optimal for
NB(%) -14.6 1.7 23 24 other situations. A similar positive bias on directional
SI(%) 20.6 12.6 14.8 12.6 spread is also found in global hindcasts.

NRMSE(%) 25.3 13.1 131 12.8

In terms of H,, the TEST441 and TEST437 yield
minor understimations, but give generally better results
compared to observations than the other parameteriza-

The general performance of the parameterizationstisns (tableﬂZ). It thus appears that for such young seas,
synthetized in tabltﬂ 1. It is interesting to note that thine directional spreading of the parameterization could
parameterization TEST405 that uses a diagnostic tail floe improved, but the energy content of various frequency
2.5 times the mean frequency gives good results in tertnands, and as a result the mean period, are reproduced
of scatter and bias even for parameters related to shaith less scatter than with previous parameterizations.

r 0.934 0971 0.961 0.973
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5 10 15 20 25 30
Normalized RMSE (%)

FiG. 11. Normalized RMSE for the year 2007 in percents. The ¢l6EaWWATCH model is compared to altimeters JASON, ENVISATda
GFO following the method of Rascle et al. (2008). The top panthe result with the BAJ parameterization, and the botfmanel is the result
with the Ccy = 0.4 ands,, = 1 (TEST441) parameterization.

c. Hurricane lvan cyclones [[Tolman and AlvHs 2005). Hurricane waves do

. . . _share many similarities with more usual sea stdtes (Young
f‘lthoth thte glqtbhal _h|n_(f1_casttdoes ‘;]Of?t?]'t” qwtte "ﬁ" ), but the high winds and their rapid rotation are par-

teﬁ( reme evenb?,_vw dS'%L" 'CaT E/_va\lle eignts up o ficularly challenging for numerical wave models. It is
€se were optained with a relatively coarse wave moggl, necessary to verify that the new source functions per-

grid ar}d Win.d. forcing ¢.5° resolution and 6-h timestep)f rm adequately under extreme wind conditions. A sim-
that is insufficient to resolve small storms such as tropméﬂ
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(b) BAJ Tp/Tm02, NRMSE

1 i i
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bias (s) - Normalized RMSE (in %)

(c) TEST441 Tp/Tm02, bias

Fi1G. 12. Statistics for the year 2007 based on the JCOMM veiificatata base s
at in situ locations using the BAJ or the proposed TEST44]i¢ shown at all buoys except U.K. and French buoys for whighy2 is shown).

The different symbols are only used to help distinguish #m@ous colors and do not carry extra information.

ulation of Hurricane Ivan (Gulf of Mexico, Septembetem is temporally too coarse to provide directly to the
2004) is chosen for this purpose because it was extavave model. Therefore, as an intermediate step, fields
sively measured (e.05) and hindcastedre reprocessed to 30 minute intervals, with the storm
Winds for this simulation are based on gridded suROsition updated at each interval (thus, semi-Lagrangian
face wind analyses created by NOAAs Hurricane Rédterpolation). The wind speeds are reduced by factor
search Division (HRD). These analyses are at three hdi-11 to convert from maximum sustained gust to hourly
intervals, which for a small, fast-moving weather syghean. The HRD winds do not cover the entire compu-
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FiG. 10. Wave model errors as a functionfdf,. All model parameteri-
zations are used in a global WWATCH model settings using & &§-
olution. The model output at 3h intervals is compared to JNSEN-
VISAT and GFO following the method of Rascle et al. (2008) nidy,
the altimeter 1 Hz Ku band estimates Hf, are averaged over‘irc.
After this averaging, the total number of observations ¥4315. The
altimeter estimates are not expected to be validfelarger than about
12 m, due to the low signal level and the fact that the wavefosed to
estimateH s is not long enough in these cases.

tational domain. For areas falling outside the domain,
the nearest NDBC buoy wind observation is used. This
produces some non-physical spatial discontinuities in t'tl

Table 2. Model-data comparison at buoy 46005, for four fesmy

bands. Statistics are given for equivalent significant wasights in the

bands0.5f, < f < 0.8fp (bandl),0.8f, < f < 1.2f, (band2),

1.2fp < f < 2fp (band3)2f, < f < 3f, (band4). The KHH: = 2
espona >

For the peak frequenc
spreadsg.

y band, statistics are also given éoditiectional

BAJ TC TEST TEST KHH
437 441 n =2

band 1

SI(%) 76 71 77 82 84
band 2H,

S1(%) 16 19 15 15 15
band 20y

S1(%) 22 24 30 30 25
bias ) -04 -16 2.3 2.6 1.2
band 3H,

SI(%) 18 26 17 17 16
band 4H,

S1(%) 20 32 18 17 19
H,bias(m) -0.03 -0.11 -0.02 -0.02 0.02
r 0.95 094 0.96 0.96 0.96
S1(%) 19 25 18 18 18
Tmo2

bias (s) 0.02 -39 -0.05 -0.05 0.11
r 0.89 0.87 0.90 0.90 0.90
S1(%) 0.10 0.14 9 9 10

Bathymetry is taken from the Naval Research Labora-
tory’s 2 minute resolution database, DBDB2, coarsened
to the compuational grid resolution (0.1 deg). The direc-
tional resolution is 19, and the frequency range is limited
t0 0.0418-0.4117 Hz. The model was ran from September
13 to September 16 2004. Model results are illustrated by
figure[1}.

O buoy
T&C (1996) : bias = -0.80 m Q0 |
—=—-BAJ : bias =-0.62 m

R - TEST 437 : bias = -1.55 m
g TEST 441 : bias = -1.24 m F
= 10| ——TEST 441b (z0max=1): bias = -0.12 P
jas) o

partial H nﬂ(m)

(=}

et BE0000 BUtBB6000
09/14 09/15 09/16

IeG. 13. Time series of model and buoy significant wave heighg)(to

wind f_ield, but Fhese are smoothed in the wave mOdel 1BAd partial wave height (bottom, fgr < 0.06 Hz), during the passage
tegration, and in any event, only affect weaker wind seaSHurrican Ivan, at buoy 42040. The 10-m discus buoy waszegpby

far from the storm center.

waves and could not record waves after 16 September.
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Model runs with parameterizations BAJ, TEST437 ar‘() (BAJ). The choice of parameters tested here tend
TEST441 give very similar results close to the obsete produce broader directional spectra than observed in
vations, except for the highest waved( > 13 m at the Lake Michigan and global hindcasts, and slanting
buoy 42040) where TEST437 and TEST441 give slightlgtch directions that are too oblique relative to the wind
smaller values. Results with the TC parameterization &ffeig. B). In this respect the new source terms are inter-
generally lower in terms off, than all these parameteri-mediate between BAJ and TC.
zations that share a Janssen-type input. It appears that th&nother likely defect comes from the definition of the
new source term perform similarly to BAJ and are able ®aturation level used to define the breaking-induced dis-
reproduce such young waves and severe sea states. sipation. Here, as in the work by van der Westhuysen

Because the wind forcing enters the wave modet al. {200f), the saturation is local in frequency space,
through a wind stress parameterized in a way that may Ngereas wave breaking is naturally expected to have a
apply to such conditions, it is worthy to re-examine sonié€latively broad impact due to its localization in space
choices made above. In particular the surface roughn@gsl t|me74). This is expected to produce
was allowed to exceed 0.002 in TEST441b, which r@n overestimaton of the energy just below the peak, and
sulted in better estimates @f,. Lifting this constraint an understimation at the peak of the saturation spectrum.
shows that, for these very high winds, the wind shelteringhese effects likely contribute to the persistent overesti
effect plays a similar role to the limitation of the roughmation of low frequency energy in the model. o
Ness t0z) max, With the difference that it tends narrowthe In spite of these defects, the new parameterization
wind input spectrum (Fig[]7). This narrower wind inproduce the Bid-
put has a limited effect of the wind stress aHg, but is ot et al. (2007a) parameterization in global hindcasts,
has a noticeable effect on the spectral shape. This isWhether one considers dominant wave parametets,
lustrated by the low frequency energy that appears to o2 and 7, or parameters sensitive to the high fre-
strongly overestimated before the peak of the storm fekency content, such as the surface Stdkesdrift or
TEST441b. In general the new parameterizations provitlee mean square slope. At global scales, errorE o),
results that are as reasonable as those of previous par@hfiUss are - on average - reduced by 15, 25 and 50%
eterizations, given the uncertainty of the wind forcing€lative to those obtained with the parameterization by
Further validation for this and other cases will certainiidlot et all (2007g).

require a careful verification Because our intention was only to demonstrate the ca-
pability of new dissipation parameterizations and the re-
5. Conclusions sulting source term balances, we have not fully adjusted

o o the 18 parameters that define the deep water parameteri-
A set of parameterization for the dissipation sourcgations, compared to about 9 w(th Bidlot e} 41. (2407a).

terms of the wave energy balance equation have been pree results presented here are thus preliminary in terms
posed, based on know properties of swell dissipation agflmodel performance, which is why the parameteriza-
wave breaking statistics. This dissipation includes an efons are still given temporary names like TEST441. As
plicit nonlinear swell dissipation and a wave breaking patustrated by the hurrican Ivan hindcast, some parame-
rameterization that contains a cumulative term, represefirs, such asymax, may turn out to be unnecessary.
ing the dissipation of short waves by longer breakers, andBecause 5 of the extra parameters define the air-sea
different dissipation rates for different directions. ¥Be friction term that produces swell dissipation, and 2 de-
dissipation parameterizations have been combined wifhe the cumulative breaking term, it is feasible to define
a_modified form of the wind input proposed py Janksepisystematic adjustement procedure that should produce
(L991), in which the questionable gustiness parameter further improvements by separately adjusting swell, wind
has been reduced, and the general shape of the windgga peak, and high frequency properties. In particular the
put has been significantly modified. The resulting souregrectional distribution may be improved by making the
term balance is thus markedly different from the previousissipation term more isotropic (i.e. takidg > 0.3) or
proposed forms, with a near-balance for very old seas hfiodifying the definition of the saturation paramefgr
tween the air-sea friction term, that dissipates swell, aigl equation [10). In part Il we shall further investigate
the nonlinear energy flux to low frequencies. Also, thghe response of the wave field to varying currents, from
wind input is concentrated in a narrower range of frejlobal scales to regional tidal currents. It is particularl
quencies. expected that the steepening will produce more more dis-
For younger seas the wind input is relatively weakesipation due to breaking as envisaged by Phijlljps (1984).
than given by Jansde 91) but stronger than given byObviously, it is well known that the Discrete Interac-
[Tolman and Chalikgv|(1996) (TC). However, the distion Approximation used here to compute the non-linear
sipation at the peak is generally stronger because itigeractions is the source of large errors, and further cal-
essentially based on a local steepness and these damlations, will be performed using a more accurate esti-
nant waves are the steepest in the sea state. As ametion of these interactions in part IIl.
sult the short fetch growth is relatively weaker than with Acknowledgmentshis research would not have been
the source term combination proposed by Bidlot ét ghossible without the dedication of Hendrik Tolman, Hen-
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Parameter variable in WWATCH. WAM-Cycle4 BAJ TEST405 TEST4 TEST441

o ALPHAO 0.01 0.0095 idem idem idem
Bmax BETAMAX 1.2 1.2 1.55 1.52 idem
Za ZALP 0.0110 0.0110 0.006 idem idem
20 max ZOMAX N.A. N.A. 0.002 idem idem
Su TAUWSHELTER 0.0 0.0 0.0 0.0 1.0
S0 SWELLFPAR 0 0 3 idem idem
s1 SWELLF 0.0 0.0 0.8 idem idem
So SWELLF2 0.0 0.0 -0.018 idem idem
S3 SWELLF3 0.0 0.0 0.015 idem idem
Re. SWELLF4 0.0 10 idem idem idem
Clsv SWELLF5 0.0 0.0 1.2 idem idem
Zr ZORAT 0.0 0.0 0.04 idem idem

Table A1l. Wind-wave interaction parameters as implemeirieeersion 3.14-SHOM of the WAVEWATCH Il code, and valuesedsin the
tests presented here. In WWATCH, all parameters are abbessa the SIN3 namelist. All of these parameters are ireduih version 3.14 of
WWATCH. s( is a switch that, if nonzero, activates the calculatior5gf: .

Parameter variable in WWATCH WAM4 BAJ TEST405 TEST437 TE8T4 TEST443

Cis SDSC1 -4.5 2.1 0.0 idem idem idem
D WNMEANP -0.5 0.5 0.5 idem idem idem
Dtail WNMEANPTAIL -0.5 0.5 0.5 idem idem idem
fEm FXFM3 2.5 2.5 25 9.9 idem idem
01 SDSDELTA1 0.5 0.4 0.0 idem idem idem
02 SDSDELTA2 0.5 0.6 0.0 idem idem idem
csp SDSC2 0.0 00 —22x107° —-22x107° idem idem
Cis SDSLF 1.0 1.0 0.0 idem idem idem
Cht SDSHF 1.0 1.0 0.0 idem idem idem
AV SDSDTH 0.0 0.0 80 idem idem idem
B, SDSBR 0.0 00 12x1073 9x 1074 idem idem
p3at SDSP 0.0 0.0 2.0 idem idem idem
Teu SDSBRF1 0.0 0.0 0.0 0.5 idem idem
2% Cuy SDSC3 0.0 0.0 0.0 2.0 0.8 idem
Clurb SDSC5 0.0 0.0 0.0 0.0 0.0 0.0
sB SDSCOS 0.0 0.0 0.0 2.0 idem idem
04 SDSDC6 0.0 0.0 1.0 0.3 0.3 0.0
My SDSBMO 0.0 0.0 1.0 idem idem idem
M, SDSBM1 0.0 0.0 0.2428 idem idem idem
M,y SDSBM2 0.0 0.0 1.9995 idem idem idem
M5 SDSBM3 0.0 0.0 -2.5709 idem idem idem
My SDSBM4 0.0 0.0 1.3286 idem idem idem

Table A2. Dissipation parameter as implemented in versidd-$HOM of the WAVEWATCH IIl code, and values used in thetsgsresented
here. In WWATCH, all parameters are accessible via the SxB8iist. Most of these are also included in version 3.14epixfor Cc, which is
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