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ABSTRACT

Based on observations, new parameterizations for the spectral evolution of wind-generated waves due
to wave breaking and swell dissipation are proposed. The proposed rates of dissipation have no prede-
termined spectral shapes and are functions of the wave spectrum and wind speed and direction, in a way
consistent with observation of wave breaking and swell dissipation properties. Namely, the swell dissi-
pation in nonlinear and proportional to the swell slope, and dissipation due to wave breaking only occur
when the non-dimensional spectrum exceeds the observed threshold. At high frequency, an additional
source of short wave dissipation due to long wave breaking is needed. Several degrees of freedom are
introduced in the wave breaking formulation, together with an adjustment of the wind-wave generation
term of Janssen (J. Phys. Oceanogr. 1991), in order to be able to reproduce observed spectral shapes
and the variability of several spectral moments with wind speed and wave height. These parameteriza-
tions are first combined and calibrated with the Discrete Interaction Approximation of Hasselmann et
al. (J. Phys. Oceangr. 1985) for the nonlinear interactions. The wind-wave energy balance is verified in
a wide range of conditions and scales in order to demonstrate the robustness of the parameterizations,
from gentle swells to category 5 Hurricanes, from the global ocean to coastal settings and small lakes.
Likewise, wave height, peak and mean periods, and spectral data are validated using in situ and remote
sensing data. Although some systematic defects are still present, the parameterizations yield the best
overall results to date, especially for significant wave heights, directions and mean periods. Two source
term settings are proposed, one that gives the best fit for average sea states and parameters related to the
high frequency waves, and another that provides the best fit for very large sea state, for which the rela-
tive errors are actually smallest. The implementation in four wave models, WAVEWATCH III, WAM,
WWM and SWAN shows that, on average, when reasonably numerical schemes are used, the result
quality in terms of H, T}, and 17,02 is mostly a function of the quality of the wind forcing and of the
parameterizations of physical processes.

1. Introduction

[ Spectral wave modelling has been performed for the
last 50 years, using the wave energy balance equation
(Gelci et al.[1957). This description radiation of the spec-
tral density of the surface elevation variance F' distributed
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over frequencies f and directions € can be put in the form

W = Satm(f, 0)+Su(f, 0)+Soc (£, 0)+Sui (/. 0),
(1)

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
functions on the right hand side are separated into an at-
mospheric source function S,t,,, a nonlinear scattering
term Sy, an ocean source Sy, and a bottom source Syt .
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This separation is somewhat arbitrary, but, compared to
the usual separation of deep-water evolution in input,
non-linear interactions, and dissipation, it has the benefit
of identifying where the energy and momentum is going
to or coming from.

Satm, Which gives the flux of energy from the atmo-
spheric non-wave motion to the wave motion, is the sum
of a wave generation term Sj,, and a wind-generation term
Sout (often referred to as negative wind input, i.e. a
wind output). The nonlinear scattering term Sy repre-
sents all processes that lead to an exchange of wave en-
ergy between the different spectral components. In deep
and intermediate water depth, this is dominated by cubic
interactions between quadruplets of wave trains, while
quadratic nonlinearities play an important role in shal-
low water (WISE Group|2007). The ocean source S,
may accomodate wave-current interaction and interac-
tions of surface and internal waves, but it will be here
restricted to wave breaking and wave-turbulence interac-
tions.

The basic principle underlying that equation is that
waves essentially propagate as a superposition of almost
linear wave groups that evolve on longer time scales as a
result of weak-in-the-mean processes (e.g. [Komen et al.
1994). Recent review have questioned the possibility of
further improving numerical wave models without chang-
ing this basic principle (Cavaleri|[2006). Although this
may be true in the long term, we demonstrate here that
it is possible to improve model results significantly by
including more physical constraints in the source term
parameterizations. The main advance proposed in the
present paper is the adjustment of a shape-free dissipation
function based on today’s knowledge on the breaking of
random waves (Banner et al.|[2000; [Babanin et al.|2001])
and the dissipation of swells over long distances (Ardhuin
et al.2009b). Although the present formulations are still
semi-empirical, in the sense that they are not based on
a detailed physical model of dissipation processes, they
demonstrate that progress is possible. This effort opens
the way for completely physical parameterizations (Fil-
1pot et al.[2008) that will eventually provide new applica-
tions for wave models, such as the estimation of whitecap
coverage and foam thickness.

Essentially, all wave dissipation parameterizations up
to the work of (van der Westhuysen et al.[[2007) had
no quantitative relationship with observed features of
wave dissipation, and the parameterizations were gen-
erally used as a tuning knob to close the wave energy
balance. A preliminary attempt by (Alves and Banner
2003) tried to incorporate some observed aspects of wave
breaking revealed by (Banner et al.[2000), but this was
not quantitatively correct (Babanin and van der Westhuy-
sen|2008)), and was further combined with the dissipation
function of the kind given (Komen et al.|1984), which has

!In the presence of variable current, the source of energy for the
wave field, i.e. the work of the radiation stresses, is generally eliminated
when the energy balance is written as an action balance (e.g. Komen et
al. 1994).
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nothing to do with observations and produces some very
unrealistic results.

The parameterization of the form proposed by |[Komen
et al| (1984) have produced a family loosely justified
by the so-called “random pulse” theory of (Hasselmann
1974). These take a generic form

0.57.4.5 174 k k 2
Soc (f, 0) = Odsg ]CT Hs 51 7]@ + 52 ? y
2

in which Cyjs is a negative constant, and k,, is an energy-
weighted mean wavenumber defined from the entire
spectrum, and H is the significant wave height. In the
early and latest parameterizations, the following defini-
tion was used

f 2 1/p
_ Lﬁ// KE (f,0) dfdo 3)
k.’.l) - H82 ) 0 O b b

where p is a chosen constant, typically p = 0.5.

These parameterizations are still widely used and in
spite the fact that the underlying theory is not self-
consistent: indeed, if whitecaps do act as random pres-
sure pulses their average work on the underlying waves
only occurs because of a phase correlation between the
vertical orbital velocity field and the moving whitecap po-
sition, so that not all wave components are dissipated by
a given whitecap and the dissipation function cannot take
the form later given by Komen et al. (1984). In spite of its
successful use for the estimation of the significant wave
height H and peak period T, these fixed-shape dissipa-
tion functions, from Komen et al. (1984) up to (Bidlot
et al.[2007), have terrible built-defects, like the spurious
amplification of wind sea growth in the presence of swell
(Ardhuin et al.|2007), which is contrary to all observa-
tions (Violante-Carvalho et al.||2004). Associated with
that defect also comes an underestimation of the energy
level in the inertial range, making these wave models ill-
suited for remote sensing studies, as will be exposed be-
low.

Another widely used formulation has been proposed
by [Tolman and Chalikov| (1996), and some if its features
are worth noting. It used a combination of a high fre-
quency dissipation and low frequency dissipation, with a
transition at two times the wind sea peak frequency, and
a swell attenuation by the wind, here noted Sy,;. Yet, its
severe underestimation of all source terms yields impor-
tant biases in wave growth and wave directions at short
fetch (Ardhuin et al. 2007). Another parameterization
that is successful in some particular conditions are those
of Makin and Stam| (2003)), for high winds, but it fails in
moderate sea states (Lefevre et al.|2004). [Polnikov and
Inocentini| (2008) have also proposed new source term
formulations, but the accuracy of their results appears
generally less than with the model presented here, in par-
ticular for mean periods.
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Going back to the few available observations of wave
dissipation processes, van der Westhuysen et al.| (2007)
have proposed a dissipation rate proportional to the non-
dimensional spectrum,

21
B(f)= k*cos® (0 — 0') F(f,0)C,/(2m)dd’,
’ )
in the form
p/2
Soe (f,0) = =C/gk {B;f)} NS

where C'is a positive constant, B,. is a constant saturation
threshold and and p is a coefficient that varies both with
the wind friction velocity u, and the degree of saturation
B(f)/B, with, in particular, p ~ 0 for B(f) < 0.8B,.

This formulation is an improvement on that proposed
by [Alves and Banner| (2003)), because it uses a realistic
value for B,. Yet, for non breaking waves, when p =~ 0,
the dissipation is too large by at least one order of magni-
tude, making the parameterization unfit for oceanic scale
applications (Ardhuin and Le Boyer|2006). Further, the
increase of p with the inverse wave age u,/C, is de-
signed to produce a given form of high frequency equilib-
rium rather than letting the equilibrium appear by itself.
This increase of S, at high frequency, needed to obtain
a balance with the Satm = Sin term in equation (I)) is
also an indication that other factors are important besides
the value of the saturation B,., such as the directionality
of the waves (Banner et al.|[2002). Other observations
clearly show that the breaking rate of high frequency
waves is much higher for a given value of B, probably
due to cumulative effects by which the longer waves are
modifying the dissipation of shorter waves. [Banner et al.
(1989) and Melville et al. (2002) have shown how break-
ing waves suppress the short waves on the surface, and we
will show here that a simple estimation of the dominant
breaking rates based on the observations by [Banner et al.
(2000) suggests that this effect is dominant for wave fre-
quencies above three times the windsea peak frequency.
Young and Babanin|(2006)) arrived at the same conclusion
from the examination of wave spectra, and even proposed
a parameterization for S,.. Yet, their interpretation of the
differences in parts of a wave record with breaking and
non-breaking waves is problematic because the breaking
waves have already lost some energy when they are ob-
served and the non-breaking waves are not going to break
right after they have been observed. Further, the proposed
dissipation rate for the dominant waves is linear in terms
of the wave spectrum, which is difficult to reconcile with
the observations by Banner et al.|(2000) that the breaking
probability of dominant waves increases with something
that is proportional to the wave spectrum. This would re-
quire a rapid decrease of the dissipation rate as the break-
ing probability increases.

Finally, the recent measurement of swell dissipation by
Ardhuin et al.|(2009a) has revealed that the dissipation of

non-breaking waves is a very important process at scales
larger than 1000 km, and is essentially a function of the
wave steepness. Because of the differences in coastal and
larger scale sea states (e.g. [Long and Resio|2007), it is
paramount to verify source function parameterizations at
all scales, in order to provide a robust and comprehensive
parameterization of wave dissipation.

It is thus time to combine the existing knowledge on
the dissipation of breaking and non-breaking waves to
provide a an improved parameterization for the dissipa-
tion of waves. Our objective is to provide a robust pa-
rameterization that improves existing wave models. Fur-
ther work will be needed to further replace the arbitrary
choices made here by physically-motivated expressions.
We will first present one general form of the dissipation
terms that can be made consistent with observed wave
dissipation features. The degrees of freedom in this form
will then be used to adjust the resulting wave parameters
to observations using field experiments and a one year
hindcast of waves at the global and regional scale. The
model will then be validated with independent data.

2. Parameterizations

Several results will be presented, obtained by a numer-
ical integration of the energy balance. Because numeri-
cal choices can have important effects (e.g. Tolman| 1992
Hargreaves and Annan| 2000), a few details should be
given. In the academic uniform ocean case, a minimum
time step of 10 s is used, with the adaptative time step
scheme of [Tolman| (2002), and the high frequency tail is
left to evolve. Some tests are also done with other param-
eterizations with a fixed diagnostic tail: namely, above a
cut-off frequency f. the spectrum shape is prescribed, so
that the source terms may be out of balance even if there
is no spectral evolution.

a. Nonlinear wave wave interactions

All the results discussed and presented in this section
are obtained with the Discrete Interaction Approximation
of|Hasselmann et al.|(1985). The coupling coefficient that
gives the magnitude of the interactions is C,;. Based on
comparisons with exact calculations, (Komen et al.|(1984)
adjusted the value of Cy to 2.78 x 10%, which is the value
used by Bidlot et al.| (2005). Here this constant will be
allowed to vary slightly.

b. Swell dissipation

Observations of swell dissipation are consistent with
the effect of friction at the air-sea interface (Ardhuin et al.
2009al), resulting in a flux of wave momentum from the
wave field to the wind (Harris|[1966). We thus write the
swell dissipation as a negative contribution S, which
is thus added to S;, to make the wind-wave source term
Satrn-

The observation by (Ardhuin et al.|2009b) show that
that the swell dissipation is non-linear a source function
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of the following form was implemented. Defining the
boundary Reynolds number Re= 4uobaorh/Va, Where
Uorb and ae,p, are the significant surface orbital velocity
and displacement amplitudes, and v, is the air viscosity,
we take, for Re less than a critical value Re,.

Sout (fv 9) = _Cdsv& {2k \% QVU} F (fv 9) ) (6)

Pu

where Cygy is a constant, equal to 1 in/Dore| (1978))’s the-
ory. For Re >Re. we assume the boundary layer to be
turbulent and take

Sout (f,0) = —;’—“ {16f.0%uory/g} F (f,0).  (7)

A few tests have indicated that Re. = 10° provides rea-
sonable result, although it may be a function of the wind
speed. Here we shall use Cys, = 1.2, but the result are
not too sensitive to variations in the range 0.8 to 1.5.

The parameterization of the turbulent boundary layer is
a bit more problematic, and in the absence of direct mea-
surements in the boundary layer, leaves room for specu-
lations. From the analogy with an oscillatory boundary
layer over a fixed bottom (Jensen et al.||1989), the values
of f. inferred from the swell observations, in the range
0.004 to 0.013, correspond to a surface with a very small
roughness. We also expect the wind speed and direction
to influence f.. We have thus chosen a parameterization
form that allows to modify the surface roughness. We
also include a correction for wind effects to first order in

u*/uorba
fe =0.7fc.am + [|s3] + s2cos(d — 0,)] us/uorb, (8)

where f. g is the friction factor given by Grant and
Madsen’s (1979) theory for rough oscillatory boundary
layers without a mean flow. GIVE TYPICAL VALUES
OF f, FOR A/Z0 ... The O(uy/uom,) correction coef-
ficients s and sz coefficient have been adjusted to 0.15
and -0.18, respectively, the latter negative value giving a
stronger dissipation for swells opposed to winds. Based
on the simple idea that most of the air-sea momentum flux
is supported by the pressure-slope correlations that give
rise to the wave field (Donelan| 1998 |Peirson and Banner,
2003), we have taken the surface roughness to be a fixed
small proportion r,q, here set to 0.04, of the roughness
for the wind. This gives a range of values of f. consis-
tent with the observations, and hindcast swell decay that
follow well the observed swell decays for the observed
range of swell steepnesses (figure [I)).

c. Wave breaking

Observations show that waves break when the orbital
velocity at their crest U, comes close to the phase speed
C, with a ratio U./C > 0.8 for random waves (Stansell
and MacFarlane|[2002; Wu and Nepf]|[2002)). The diffi-
culty in the parameterization of breaking is to relate this
exceedence of a threshold on the orbital velocity to some
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FI1G. 1. Comparison of modelled swell significant heights, following
the propagation of the two swells shown by Ardhuin et al.|(2009a) with
peak periods of 15 s and high and low dissipation rates.

parameters derived from the wave spectrum, and to fur-
ther estimate a spectral rate of energy loss. Also, breaking
is intricately related to a complex non-linear evolution of
the waves (e.g. Banner and Peirson|2007). We will follow
here the more detailed analysis presented in [Filipot et al.
(2010). Essentially we distiguish a spontaneous break-
ing from an induced breaking, the latter being caused by
large scale breakers overtaking shorter waves, and caus-
ing them to be dissipated. For the spontaneous break-
ing we parameterize the dissipation rate directly from the
spectrum, without the intermediate step of estimating a
breaking probability.

We started from the simplest possible dissipation term
formulated in terms of the direction-integrated spectral
saturation B (f)

27
Bo(f,e):/O BF(f,0))C,/(2m)d0’, (9

for which a realistic threshold By, = 1.2 x 1073 cor-
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responding to the onset of wave breakingBabanin and
Young| (2005). This saturation parameter corresponds
exactly the o parameter defined by |Phillips| (1958)), an
which was initially thought to be constant at high fre-
quency, corresponding to a self-similar sea state in which
waves of all scales have the same shape, dictated by the
breaking limit.

Early tests and comparison against directional spectra
indicated that the spectra were too narrow (Ardhuin and
Le Boyer|2006). This effect could be due to many errors,
but, because |Babanin et al.| (2001) introduced a direc-
tional width in their saturation, we similarly modified the
definition of B. Expecting also to have different dissipa-
tion rates in different directions, we defined a saturation
that would correspond, in deep water, to a normalized ve-
locity variance projected in one direction, with a further

restriction of the integration of directions.
k*cos® (0 — 0') F(f,0")C,/(2m)d¢,

0+
i

(10)
Here we shall always use Ay = 80°. As a result a sea
state with two systems of same energy but opposite di-
rection will typically produce much less dissipation that
a sea state with all the energy radiated in the same direc-
tion. This is debatable, but it appeared to us more robust
that using By divided by the directional width, as done by
Babanin et al.|(2001) and |Banner et al.| (2002)), since this
would even further reduce the dissipation in such a case.
We then define our dissipation term as the sum of the
saturation-based term of |Ardhuin et al.| (2008) and a cu-
mulative breaking term Sy ,, adapted from [Filipot et al.

(2008), form

Bl(f79):

Soc(£,0) = oCs2 {0.25 [max { B, OHQ

+0.75 {max {%ﬁ,e) - 1,0}]2}

XF(f, 0) + Sbk,cu(fa 0) + Sturb(f7 0)(11)

9+80°
/9—800
(12)

B(f) = max{B'(f.0).0 € [0,2x]}.  (13)

The dissipation St 1, due to wave-turbulence interactions
is expected to be much weaker (Ardhuin and Jenkins
2006) and will be neglected here.

Finally, following the analysis by |[Filipot et al.|(2010),
the threshold B, is corrected for shallow water, so that
B’/B]. in different water depths correspond to the same
ratio of the root mean square orbital velocity and phase
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-
linear distortions in the wave profile in shallow water,

where

B’ (f,0) = k*cos® (0 — 0') F(f,0)C,/(2m)dd’,

the height can be twice as large as the height of linear
waves with the same energy. In order to express a rele-
vant threshold from the elevation variance, we consider
the slope kH)in (kD) of an hypothetical linear wave that
has the same energy as the wave of maximum height. In
deep water, kH;, (00) = 0.77, and for other water depths
we thus correct B,. by a factor (kHyy, (kD) /Hyin(00))?.
Using streamfunction theory (Dalrymple||1974), a poly-
nomial fit as a function of Y = tanh(kD) gives

B, = B,Y [MyY?® + M3Y? + MoY + M| . (14
such that B, = B, in deep water. The fitted constants
are My = 1.3286, M3 = —2.5709 , My = 1.9995 and
My = 0.2428. Although this behaviour is consistent with
the variation of the depth-limited breaking parameter
derived empirically by [Ruessink et al.| (2003), the result-
ing dissipation rate is not yet expected to produce realistic
results for surf zones because no effort was made to ver-
ify this aspect. This is the topic of ongoing work, outside
of the scope of the present paper.

When including the normalization by the width of the
directional spectrum (here replaced by the cos? factor in
eq. [12), B, = 0.0009 is a threshold for the onset of
breaking consistent with the observations of [Banner et al.
(2000) and Banner et al.|(2002), as discussed by |Babanin
and van der Westhuysen|(2008). The dissipation constant
C52¥ was adjusted to 2.2 x 10~ in order to reproduce the
directional fetch-limited data described by |Ardhuin et al.
(2007).

The cumulative breaking term Sy, represents the
smoothing of the surface by big breakers with celerity C’
that wipe out smaller waves of phase speed C. Due to un-
certainties in the estimation of this effect in the observa-
tions of | Young and Babanin|(2006), we use the theoretical
model of |Ardhuin et al.| (2009b), with a simple numeri-
cal correction. Briefly, the relative velocity of the crests
is the norm of the vector difference, A¢c = |C — C/|,
and the dissipation rate of short wave is simply the rate
of passage of the large breaker over short waves, i.e. the
integral of AcA(C)dC, where A(C)dC is the length of
breaking crests per unit surface that have velocity com-
ponents between C,, and C,, + dC, and between C'y and
Cy + dCy (Phillips|1985). Because there is no consen-
sus on the form of A (Gemmrich et al.|[2008), we pre-
fer to link A to breaking probabilities. Based on Ban-
ner et al. (2000, figure 6), and taking their saturation
parameter ¢ to be of the order of 1.6\/]§ , the breaking
probability of dominant waves waves is approximately

2
P =568 (Inax{\/E — VB, O}) . However, because

they used a zero-crossing analysis, for a given wave scale,
there are many times when waves are not counted be-
cause the record is dominated by another scale. This
tends to overestimate the breaking probability by a factor
of 2. We shall thus correct for this effect, simply dividing
P by 2. Extrapolating this result to higher frequencies,
and assuming that the spectral density of crest length per
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unit surface /(k), in the wavenumber spectral space, is
I(k) = 1/(27°k), we define a spectral density of break-
ing crest length, A(k) = I(k)P(k), giving the source
term,

Stieca(f:0) = —CeaF (£,0) [ [o 24
xmax {\/B(F,0 - VB,,0} ¢a0df’

(15)

where 7., defines the maximum ratio of the frequencies
of long waves that will wipe out short waves. We shall
take r., = 0.5, and C, is a tuning coefficient expected
to be of order 1.

As shown in figure[2] a reasonable balance is obtained
for C., = 1. Compared the the source term balance given
by|Bidlot et al.[(2005)) (hereinafter BAJ), the nonlinear in-
teractions are much smaller at high frequency, essentially
because the spectrum approaches a f~* shape, whereas
with BAJ it decreases even faster than f~° when the tail
is left to evolve freely (figure [3). However, for strongly
forced conditions the dominant waves break frequently,
and C., = 1 reduces the energy level in the tail below
observed levels. This effect can be seen by considering
satellite-derived mean square slopes (figure ), or high
moments of the frequency spectrum derived from buoy
data.

That effect can be mitigated by decreasing C., or in-
creasing ¢y, so that dominant breaking waves will only
wipe out much smaller waves. Instead, and because the
wind to wave momentum flux was apparently too high in
high winds, we chose to introduce one more degree of
freedom, allowing a reduction of the wind input at high
frequency.

d. Wind input

The wind input parameterization is slightly adapted
from Janssen| (1991) and the following adjustments per-
formed by [Bidlot et al.| (2005, 2007). Thus the full wind
input source term reads

u Pa 6max Uy )2
Sin (fv 9) Sinp(f’g) + 776ZZ4 (7)

w K2 C
max {cos(6 — 0,,),0}’ o F (f,0) (16)

where Opax 1S a non-dimensional growth parameter (con-
stant), x is von Karman’s constant. In the present im-
plementation the air/water density ratio is constant. The
power of the cosine is taken constant with p = 2. We
define Z = log(u) where p is given by [Janssen| (1991)),
and corrected for intermediate water depths, so that

Z =log(kz1) + &/ [cos (0 — 0,,) (ux/C + z4)], (A7)

where z; is a roughness length modified by the wave-
supported stress 7,,, and z,, is a wave age tuning parame-
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FIG. 2. Academic test case over a uniform ocean with a uniform
10 m s—! wind. Source term balances given by the parameterization
of (Bidlot et al|2005 , "BAJ’), and the parameterizations proposed
here with the successive introduction of the cumulative breaking and
the wind sheltering effects with the parameters C,, and s,,. For BAJ,
a diagnostic f P tail is applied above 2.5 the mean frequency.)

ter. z; is implicitly defined by

Uie = ™ log (Z> (18)
K 21
T
Zo = max {Oéog, ZO,max} (19)
= =0 (20)

l—Tw/T'
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FIG. 3. Values of the spectral saturation By for the cases presented in
figure[2}

The maximum value of zy was added to reduce the unre-
alistic stresses at high winds that are otherwise given by
the standard parameterization. We take 2o max = 0.0015,
which is equivalent to setting a maximum wind drag co-
efficient of 2.5 x 1073, We further have adjusted z, =
0.006 and Bpax = 1.52.

An important part of the parameterization is the cal-
culation of the wave-supported stress 7,,, which includes
the resolved part of the spectrum, as well as the growth
of an assumed f~° diagnostic tail beyond the highest
frequency. This parameterization is highly sensitive to
the high frequency part of the spectrum since a high en-
ergy level there will lead to a larger value of u, and
thus positive feedback on the wind input via z;. In the
present implementation, an ad hoc and optional reduc-
tion of wu, is implemented in order to allow a balance
with a saturation-based dissipation. This correction also
reduces the drag coefficient at high winds. Essentially,
the wind input is reduced for high frequencies and high
winds, loosely following |Chen and Belcher| (2000). This
is performed by replacing u, is eq. (16) with «/ (k) de-
fined for each frequency as
(W)? = u2(cosby,sinb,)

k 27 ) /

|5l / / Sin (f1,0) (cos @, sin 0) df'de,
0 0 C

21

where the sheltering coefficient |s,| ~ 1 can be used to
tune the stresses at high winds, which would be largely
overestimated for s,, = 0. For s,, > 0 this sheltering is
also applied within the diagnostic tail, which requires the
estimation of a 3-dimensional look-up table for the high
frequency stress.

3. Consequences of the source term shape

The presence of a cumulative dissipation term allows a

different balance in the spectral regions above the peak,
where an inertial range with a spectrum proportional to
f~* develops, and the high frequency tail were the spec-
trum decays like f~® or possibly a little faster. The spec-
tral level in the range 0.2 to 0.4 Hz was carefully com-
pared against buoy data, where is was found to be real-
istic. In particular we have investigated the systematic
variation of spectral moments

fe
in(f) = / FE(f)dS.

0

(22)

with n = 2,3 and 4, and cut-off frequencies in the range
0.2 to 0.4 Hz. Such moments are relevant to a variety of
applications. |Ardhuin et al.|(2009b)) investigated the third
moment, which is proportional to the surface Stokes drift
in deep water, and found that buoy data are very well rep-
resented by a simple function, which typically explains
95% of the variance,

1.3
5.9 0.5
ms(fe) (2W§’3 % 10~ [1.25 —0.25 (f) Uso
x  min{Ug,14.5} 4 0.027 (H, — 0.4) ,
(23)

where f. is in Hertz, Uy is in meters per second, and H
is in meters.

This relationship is well reproduced in hindcasts using
Cey = 0.4 and s, = 1, while the BAJ source terms give
almost a a constant value of m3 for any wind speed (Ard-
huin et al.|2009b). Here we also consider the fourth mo-
ment m,, which, for linear waves is proportional to a sur-
face mean square slope filtered at the frequency f.. Fig-
ure[dshows that for any given wind speed mss¢ increases
with the wave height (Gourrion et al.[2002), whereas this
is not the case of my4 in the BAJ parameterization, or,
for very high winds, when Cv, is too strong. In the case
of BAI, this is due to the (k/k,)? part in the dissipation
term (eq. [2), which plays a role similar to the cumulative
term in our formulation. For C,, = 1 and s,, = 0, the
cumulative effect gets too strong for wind speeds over
10 m s, in which case my starts to decrease with in-
creasing wave height, whereas for high winds and low
(i.e. young) waves, the high frequency tail is too high
and my gets as large as 6%, which is unrealistic. It thus
appears, that the high frequency tail, for s,, = 0, responds
too much to the wind, hence our use of s,, = 1 in most of
the following simulations.

This interpretation of the model result assumes that the
high frequency part of the spectrum can be simply con-
verted to a wavenumber spectrum. This is not exactly the
case as demonstrated by [Banner et al.|(1989). Also, there
is no consensus on the nature of the spectrum modelled
with the energy balance equation but, since non-resonant
nonlinearities are not represented, the modelled spectra
are expected to be more related to Lagrangian buoy mea-
surements, rather than Eulerian measurements. This mat-
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ter is left for further studies, together with a detailed in-
terpretation of altimeter radar cross sections. Although
the number of data is not as large, the use of buoy data
produces results entirely similar to figure[d] ...
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FIG. 4. Variation of the surface mean square slope estimated as ei-
ther 0.64/0¢ using the C-band altimeter on board JASON-1, after the
correction of a 1.2 dB bias in the JASON data, or by integration of
modelled spectra from O to 0.72 Hz, with either the C¢,, = 0.4 and
sy = 1 parameterization (TEST441) or the parameterization by Bidlot
et al.|(2005). For modelled values a constant 0.011 is added to account
for the short waves that contribute to the satellite signal and that are
not resolved in the model. This saturated high frequency tail is con-
sistent with the observations of [Vandemark et al.| (2004). The original
1 Hz data from JASON is subsampled at 0.5 Hz and averaged over 10 s,
namely 58 km along the satellite track. The same averaging is applied
to the wave model result, giving the 393382 observations reported here,
for the first half year of 2007.

= n-%-}t

4. Verification

In order to provide simplified measures of the differ-
ence between model and observations we use the follow-
ing definitions for the normalized root mean square er-
ror (NRMSE) , the bias (or should we also use a normal-
ized bias ...7) and the correlation coefficient. The use of
NRMSE instead of RMSE allows a quantitative compar-
ison between widely different sea state regimes. Because
previous studies have often used RMSE we also provide
RMSE values....

a. Slanting fetch limited growth

SHOWEX ... model resolution here is 1/50 degree (1.5
km)... a bit too coarse for the coastal part. I’ll redo the
calculations with finer resolution and Aaron’s unstruc-
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tured scheme, which will also allow a XNL calculation
(may not for this paper ...).

FIG. 5. Fetch-limited growth for the SHOWEX case discussed in Ard-
huin et al. (2007).

FIG. 6. Model-data comparison at buoys X2 during the SHOWEX event
discussed in Ardhuin et al. (2007).

Because the strength of the source terms is constrained
by the mean direction as a function of frequency and
the difference Sin-Sds is constrained by the growth curve
E(X), one can only change the shape of the source terms
in order to fit the observed directional spread. This can be
done by either making the wind input broader (apparently
not very effective) or by reducing the dissipation rate of
waves propagating at large oblique angles. In the present
parameterization this is controlled by Ay. WARNING:
the SHOWEX calculations use a directional resolution of
10 whereas my global runs used 15: the impact of this
has to be checked! Here are shown for comparisons two
tests with different values of Ag. The error on the direc-
tional spread at all SHOWEX buoys is largely reduced
for Ay = 70°.

b. Global scale results

In situ measurements gathered for the model verifi-
cation project of the IOC-WMO Joint Commission on
Oceanography and marine Meteorology (JCOMM) are
used here in order to provide an extensive coverage of
the ocean basins (MUST ADD THE PERU BUQY). The
exchanged data includes only the significant wave heights
H and a measure of the period, either the peak period T},
or the mean period

. Buoy data close to coast, validation more general
for Hs with altimeters ... both are coherent. Add a table
with statistics for a few lists of buoys (FIRST, ... 7). Need
to add decay along swell tracks for the verification of the
swell dissipation term.

FIG. 7. Statistics for the year 2007. NRMSE for (a) Hs and (b) T},
or Tino2 at in situ locations (7T} is shown at all buoys except U.K. and
French buoys for which T},02 is shown). Symbols V, A, o, square,
and diamond correspond to values in the ranges 0 < z < 10, 10 <
r < 20,20 <x<30,30 <x<40,40 < z. (c) bias for periods in
seconds. Symbols V, A, o, Box, diamond and * correspond to values
intherangesz < —1, -1 <2< —-05,-05<2<0,0<z<0.5
,05 <z < 1,1 <z, respectively.

c. Hindcast of the 2004 U.S. East coast hurricane sea-
son??

Redo the case used by Aaron for test of WWM ...
check n wind quality first? use ECMWF or NCEP’s NAH
winds??
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bias (¢m)- r=mar

FIG. 8. Bias for the year 2007 in centimeters. The global 0.5 WWATCH
model is compared to altimeters JASON, ENVISAT and GFO following
the method of Rascle et al. (2008). The top panel is the result with
the BAJ parameterization, and the bottom panel is the result with the
Cey = 0.4 and s, = 1 (TEST441) parameterization.

30

F1G. 9. Normalized RMSE for the year 2007 in percents. The global
0.5 WWATCH model is compared to altimeters JASON, ENVISAT and
GFO following the method of Rascle et al. (2008). The top panel is the
result with the BAJ parameterization, and the bottom panel is the result
with the C¢, = 0.4 and s,, = 1 (TEST441) parameterization.

5. Conclusions

it works but ...
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APPENDIX A Parameter settings in WAVEWATCH
I

All parameters defining the dissipation source func-
tion and their numerical values are listed in table [AT]
for the wind-wave interaction term Sy, and table [A2]
for the wave-ocean interaction term S,.. We also re-
call that the nonlinear coupling coefficient (variable NL-
PROP in WWATCH) is set to 2.78 x 108 in all cases,
except for the two parameterizations mostly used here,
with Cyy; = 2.5 x 10% in TEST437 and TEST441. Al-
though the best performance for most parameters is ob-
tained with the TEST441 settings, its underestimation of
extreme sea states may be a problem in some applications
for which the TEST437 may be preferred. A full tuning
of the model has not been tried yet and it is possible that a
simple adjustment of C,, r¢, and s,, may produce even
better results. Finally, these parameters have been mostly
adjusted for deep water conditions using ECMWF winds.
Using other sources of winds for large scale applications
may require a retuning of the wind source function, which
can be best performed by a readjustment of G,y .
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Paramtre  variable dans WWATCH. WAM-Cycle4  BAJ  TEST405 TEST441 TEST437

) ALPHAO 0.01
Bmax BETAMAX 1.2
Za ZALP 0.0110
Sy TAUWSHELTER 0.0
S0 SWELLFPAR 0

1 SWELLF 0.0
$9 SWELLF2 0.0
s3 SWELLF3 0.0
Re. SWELLF4 0.0
Clasv SWELLF5 0.0
2 ZORAT 0.0

0.0095  0.0095 0.0095 0.0095

1.2 1.55 1.52 1.52
0.0110 0.006 0.006 0.006
0.0 0.0 0.0 1.0
0 3 3 3
0.0 0.8 0.7 0.7
0.0 -0.18 -0.18 -0.18
0.0 0.15 0.15 0.15
0.0 10° 10° 10°
0.0 1.2 1.2 1.2
0.0 0.04 0.04 0.04

Table Al. Wind-wave interaction parameters as implemented in version 3.14-SHOM of the WAVEWATCH III code, and values used in the
tests presented here. In WWATCH, all parameters are accessible via the SIN3 namelist. All of these parameters are included in version 3.14 of
WWATCH. sg is a switch that, if nonzero, activates the calculation of Soy¢.

Parameter variable in WWATCH WAM4 BAJ TEST405 TEST437 TEST441
Clas SDSC1 -4.5 2.1 0.0 0.0 0.0

P WNMEANP -0.5 0.5 0.5 0.5 0.5
DPtail WNMEANPTAIL -0.5 0.5 0.5 0.5 0.5
fEM FXFM3 2.5 2.5 2.5 9.9 9.9

01 SDSDELTAL1 0.5 04 0.0 0.0 0.0

0o SDSDELTA2 0.5 0.6 0.0 0.0 0.0
(5 SDSC2 0.0 00 —-24x107° -24x107° -24x107°
or: SDSLF 1.0 1.0 0.0 0.0 0.0
Cht SDSHF 1.0 1.0 0.0 0.0 0.0
oY) SDSDTH 0.0 0.0 80 80 80
B, SDSBR 0.0 0.0 1.2 x 1073 9 x 104 9 x 104
pat SDSP 0.0 0.0 2.0 2.0 2.0
Teu SDSBRFI 0.0 0.0 0.0 0.5 0.5
2% Ceu SDSC3 0.0 0.0 0.0 2.0 0.8
Clurb SDSC5 0.0 0.0 0.0 0.0 0.0
My SDSBMO 0.0 0.0 1.0 1.0 1.0
M, SDSBM1 0.0 0.0 0.2428 0.2428 0.2428
M,y SDSBM?2 0.0 0.0 1.9995 1.9995 1.9995
M SDSBM3 0.0 0.0 -2.5709 -2.5709 -2.5709
My SDSBM4 0.0 0.0 1.3286 1.3286 1.3286

Table A2. Dissipation parameter as implemented in version 3.14-SHOM

of the WAVEWATCH III code, and values used in the tests presented

here. In WWATCH, all parameters are accessible via the SDS3 namelist. Most of these are also included in version 3.14, except for C,, which is
needed for the TEST437 and TEST441 with results described here. The TEST405 can be ran with version 3.14. The parameter my is a switch for
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