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a b s t r a c t 

There is an increasing need for accurate wave spectra in remote sensing applications and for accurate esti- 

mates of momentum exchanges between waves and the atmosphere and ocean in coupled modeling. Existing 

operational models are calibrated in a holistic context which focuses on integrated wave growth and dissi- 

pation, not on the detailed-balance exchanges required for these emerging needs. Here we propose a set of 

metrics, based on a number of careful observational studies, for use in future model evaluations. An over- 

all perspective seen in the observational data is a general agreement with shapes anticipated from energy, 

action and momentum flux constraints produced by nonlinear wave interactions in wave spectra. Given the 

apparent importance of the nonlinear source term to detailed-balance model, we review the basis of the ex- 

isting approximation used in existing operational models and find this form deviates significantly from the 

full integral representation of these interactions. It is proposed here that new observational evidence and 

theoretical formulations be utilized in the development of wave models specifically to meet remote sensing 

and coupled modeling needs. 

© 2015 Elsevier Ltd. All rights reserved. 
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1. Introduction 

The accuracy of operational wind-wave models has continued

to increase in recent years ( Alves et al., 2002; Ardhuin et al., 2007,

2010; Chao et al., 2005; Siadatmousavi et al., 2012; Tolman, 2004;

Tolman and Grumbine, 2013 ), at least in terms of the ability to pre-

dict integrated wave parameters, such as wave heights based on to-

tal energy, mean wave period and mean propagation direction. Much

of this progress was accomplished via empirical model tuning to

fit observations; and, as pointed out in WAMDIG (1988) , although

such optimization can produce high-quality results in many areas

of the world, it does not ensure that such models accurately repre-

sent the detailed balance of energy, action and momentum within

wave spectra. This leads to modeled spectral shapes that can devi-

ate markedly from observed spectral shapes, even in situations where

modeled and measured integrated parameters are highly correlated,

as shown by Figs. 7–9 in Montoya et al. (2013) . 

An important component in ongoing global environmental re-

search is the increasing effort directed toward building coupled
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odels of the earth’s marine weather and climate. In such modeling

ystems, waves often act as an intermediary between ocean and

tmosphere processes; and it is critical that wave models accu-

ately represent fluxes of momentum and energy between the at-

osphere and wind waves and between wind waves and the ocean.

he frequency–direction location at which energy enters and leaves a

ave spectrum is necessary for accurately predicting spectral shape

volution as well as for quantifying the role of waves in coupled

odels, since the momentum flux associated with such exchanges

epends on both the phase speed and propagation direction of the

aves involved. For example, off the Northwest Coast of North Amer-

ca, strong winds and high wave conditions are dominant, especially

n winter, with winds often reaching 30 m/s, and significant wave

eights in excess of 8 m. In these conditions, impacts on ocean mixing

re large, owing to wave breaking and Langmuir turbulence, dramat-

cally increasing upper ocean turbulent kinetic energy and affecting

kman surface currents, and other currents ( D’Asaro, 2014 : D’Asaro

t al., 2014 ). 

An example of the importance of a detailed balance character-

zation of wave model source terms can be found in existing in-

erpretations for wave breaking, S ds , typically observed to occur

hysically on the leading face of waves or near the wave crest. Two

ifferent physical interpretations of this phenomenon have been

https://domicile.ifremer.fr/10.1016/,DanaInfo=dx.doi.org+j.ocemod.2015.09.009
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ostulated. Alves and Banner (2003) argue that the most dissipa-

ion occurs in the spectral peak region of the spectrum due to en-

rgy convergence at frequencies near the spectral peak in young seas.

n the other hand, Irisov and Voronovich (2010) theorize that such

reaking is related to stretching and convergence of shorter waves

y the longer waves, within the theoretical framework developed by

onguet-Higgins and Cokelet (1976, 1978 ) as discussed in Longuet-

iggins (1988) . For the same amount of energy loss from a wave

eld, the momentum transferred into the ocean under the latter in-

erpretation could be two to three times higher than that based on

he assumption of primary dissipation at frequencies near the spec-

ral peak. Thus, a reasonable prediction of a net energy balance does

ot ensure that momentum transfer rates will be predicted equally

ell. The need for accurate detailed-balance source terms is also crit-

cal to many remote sensing applications since such information is

ften inferred from a given portion of the spectrum. For example,

igh-resolution marine wind estimates can be retrieved from satel-

ite imagery, based on backscatter from capillary waves ( Zhang and

errie, 2012; Zhang et al., 2012 ). Since capillary waves are likely to

e very coupled to fluxes entering from very-high frequency grav-

ty waves and capillary-gravity waves, improvements in representa-

ions of spectral shape in the high-frequency gravity-wave portion of

he spectrum could spawn a better understanding of the physics re-

ponsible for producing the overall energy levels within the capillary

ange. 

We see from the previous discussion that there is a strong mo-

ivation to develop objective metrics for use in evaluating detailed

alance-formulations within wave models. In this paper, primary in-

erest will be focused on the nonlinear interaction source term, S nl ,

ince it is the one term which is known from first principles and has

ong been recognized as a primary mechanism for redistributing en-

rgy within the spectrum. Also, this source term is considered by

any as a critical shape stabilizing mechanism ( Hasselmann et al.,

976; Kitaigorodskii, 1983; Zakharov and Zaslavskii, 1982; Young,

993; Pushkarev et al., 2003; Resio et al. 2004, 2011; Badulin et al.,

0 05, 20 07 ). Unfortunately, a primary difficulty implicit in models

hat incorporate S nl into their net source-term balance is that, even

ith today’s computer power, they must use approximations to the

omplete interaction integral rather than the complete integral itself

e.g. WAMDIG, 1988; Lin and Perrie, 1999; Jenkins and Phillips, 2001;

ushkarev et al., 2004; Tolman, 2013 ). 

As shown by Resio and Perrie (2008) , the initial operational ap-

roximation for S nl is the DIA, the discrete interaction approximation,

hich is still the primary form used by operational models today,

annot reproduce accurate frequency–direction estimates of S nl . In-

tead, the DIA approximation is only calibrated to produce an approx-

mate estimate of the total energy transfer to frequencies lower than

he spectral peak frequency. Consequently, this source term cannot

roduce accurate estimates of energy and momentum fluxes through

he spectrum for the entire range of wave growth as needed for cou-

led models. 

Past comparisons of directionally-integrated and directional spec-

ra produced by models to observations have been mainly conducted

ithin a somewhat qualitative framework in which modeled and ob-

erved spectra are plotted either on the same graph or on adjacent

raphs and discussed in terms of qualitative differences. An encour-

ging exception to this can be found in Alves and Banner (2003) who

ntroduce some clear quantitative metrics for spectral comparisons in

dealized fetch-limited wave growth. It has proven difficult to build a

lear consensus on the accuracy of modeled wave spectra based on all

f the qualitative comparisons shown in individual studies; so it ap-

ears that an alternative approach more along the lines of that intro-

uced by Alves and Banner (2003) and complemented by Banner and

orrison (2010) may offer a much improved, generalizable method

or evaluating the ability of wave models to produce accurate wave

pectra. 
The purpose of this paper is threefold. First, we will develop a set

f observed spectral characteristics as potential metrics for spectral

hape predictions using detailed-balance source terms in place of the

urrent reliance on integrated parameter comparisons. Second, we

ill explore fundamental reasons why the existing operational ap-

roximation for S nl cannot represent detailed balances in nonlinear

ransfers which control critical fluxes of energy, action and momen-

um through wave spectra. And, third, we will discuss the need to uti-

ize phase-resolving information from ongoing direct numerical sim-

lations to help formulate future phase-averaged source terms. 

. Detailed observations of spectral shape and their physical 

mplications 

Spectral shapes in nature can often have very complex forms con-

aining several superposed wave trains, postulated to be the balance

f three primary source terms: wind input (S in ), wave breaking (S ds )
nd nonlinear interactions (S nl ) plus propagation effects. In situations

ith highly variable wind speeds and directions, the overall detailed

alance among these three source terms and propagation effects can

e very difficult to conceptualize and to quantify. For this reason,

esearchers have often used stratified samples, representing some-

hat simpler, idealized conditions, as the basis of their analyses. A

ypical approach to this stratification has been to limit the sample

o conditions of relatively constant wind speed and direction and in

hich only a single dominant spectral peak is evident ( Toba, 1972,

973; Hasselmann et al., 1973; Donelan et al., 1985; Resio et al., 2004;

wans and Kibblewhite, 1990; Ewans, 1998; Long and Resio, 2007 ).

ata of this type provides a good starting point for understanding

he detailed shape characteristics of spectra and, in turn, quantify-

ng the associated fluxes of action, energy and momentum through

ave spectra. Since third-generation models were first operational-

zed ( WAMDIG, 1988 ), a large amount of detailed measurements of

ave spectra has been added to our knowledge base. This data pro-

ides a critical basis for improved understanding of detailed-balance

hysics and for evaluating the ability of detailed-balance wave mod-

ls to reproduce accurate spectral shapes. In this section, we will re-

iew observed characteristics of wave spectra, beginning with analy-

es of directionally integrated spectral forms, 

( f ) = 

∫ 2 π

0 

E( f, θ)dθ (1) 

here E( f ) is the directionally integrated spectral energy density as

 function of frequency, f , E( f, θ) is the energy density of the direc-

ional spectrum as a function of frequency and propagation direction,

. The shape of the directionally integrated spectrum tends to be

elated to net balances of energy and action, since these are scalar

uantities which typically do not depend strongly on the directional

haracteristics of the spectrum. Following the section on

irectionally-integrated spectral metrics, we will examine ob-

ervational characteristics of directional wave spectra. In this case,

he spectral shape characteristics are expected to be strongly in-

uenced by the balance of momentum among the source terms

ue to the vector nature of such fluxes, since they are a function of

ropagation direction. 

.1. Directionally integrated characteristics of wave spectra as spectral 

etrics 

.1.1. The equilibrium range 

Data analyses are typically influenced by the physics paradigm

eld by those performing the analyses. Two different paradigms for

irectionally integrated spectral shapes have evolved from the 1950s

o the present. In the 1950s and 1960s, wave spectra were believed

o represent a direct balance between wind input and wave break-

ng. Thus, the spectral shape was postulated to transition toward a
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Fig. 1. Average compensated spectra [ ̂ E ( f ) = E( f ) f 4 ] as a function of inverse wave 

age, wind speed divided by the phase speed of the spectral peak from Long and Resio 

(2007) . A horizontal line denotes an f −4 form and the bottom three plots include heavy 

black lines at a compensated slope of f −11 / 3 offset from the data, so the data are still 

visible. 
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s  
dimensional form consistent with limitations on energy levels re-

lated to wave breaking in a spectral subrange of frequencies above

the spectra peak, producing spectral shapes with a dimensional form

E( f )∼g 2 f −5 ( Phillips, 1958; Pierson and Moskowitz, 1964; Hassel-

mann et al., 1973 ), where g is gravity. In Phillips’ initial arguments

for this spectral shape, he argued that wave breaking occurs on a

much shorter time scale than wind input, thus the coefficient con-

trolling the spectral energies was expected to be a universal constant,

E( f ) = 

α5 g 
2 f 

(2 π)4 

−5 

, where α5 = 0.0081. The work of Mitsuyasu (1968)

and JONSWAP ( Hasselmann et al., 1973 ) presented clear evidence

that α5 was not a universal constant. Instead, it varied systematically

with dimensionless combinations of other wave generation parame-

ters, such as wind speed, peak frequency and total energy within the

spectrum. 

In the early 1970s, an alternative spectral form was formu-

lated by Toba (1972, 1973 ), based on wind-speed scaling E( f ) ∼
u w 

g f −4 , where u w 

is the wind speed. Subsequent observational stud-

ies ( Forristall, 1981; Donelan et al., 1985; Resio et al., 2004; Long

and Resio, 2007 ) have shown strong support for the f −4 equilib-

rium range ( Fig. 1 ), where the frequency spectra in this figure have

been transformed to a compensated form via multiplication by f 4 , i.e.
ˆ E ( f ) = E( f ) f 4 , where ˆ E ( f ) designates the compensated spectrum. As

can be seen in results from Long and Resio (2007) in Fig. 1 , which took

particular care to limit the observations in their sample to relatively
onstant winds and situations with a single spectral peak, the com-

ensated spectral shapes from many sites around the world exhibit a

emarkably consistent f −4 form in their equilibrium ranges, although

t can be seen that the extent of the equilibrium range varies as a func-

ion of wave age. Thus, the first metric proposed here is the ability

f detailed-balance physics in a wave model to maintain a clear f −4 

orm throughout an appropriate equilibrium range as determined by

etailed analyses and observations. This metric provides an impor-

ant constraint on all three primary source terms within this portion

f the spectrum. 

A dimensionally consistent form of an f −4 wave spectrum can be

ritten as 

( f ) = α4 u a g f 
−4 �4 ( f r ) (2)

here α4 is a dimensionless coefficient, u a is a physical constant with

nits of velocity, g is gravity, and �4 ( f r ) is a dimensionless shape

unction of relative frequency f r = 

f 
f p 

. Rewriting the f −5 spectrum

nto a comparable form yields 

( f ) = α5 g 
2 f −5 �5 ( f r ) (3)

ith the subscripted terms in Eq. (3 ) playing analogous roles to the

f −4 form in Eq. (2 ). 

In Toba’s (1972) original formulation, it was hypothesized that this

 a in Eq. (2 ) represented the wind speed, since this provided the cor-

ect dimensional units; however, Resio et al. (2004) , following up on

arly work by Resio and Perrie (1989) , postulated that a more suit-

ble physical representation of this term might be u a = (u 2 w 

c p )1 / 3 ,

here u w 

is the wind speed and c p is the phase speed of the spec-

ral peak. Figs. 2 and 3 show the relationships between energy lev-

ls in the equilibrium range plotted against u w 

and against (u 2 w 

c p )1 / 3 ,

espectively. Clearly, the more consistent representation comes from

he latter scaling for energy levels in the equilibrium range. 

As shown by Resio et al. (2004) , energy fluxes through the equi-

ibrium range due to nonlinear interactions have the form 

+ 
E = Z 

u 

3 
a 

g 
(4)

here Z is a dimensionless constant, which depends weakly on direc-

ional spreading. For the case of u a = u w 

, Eq. (4 ) might be interpreted

s implying a constant energy transfer rate into the wave field from

he atmosphere during the wave generation process for constant

ind speed and direction. For the case of u a = (u 2 w 

c p )1 / 3 , Eq. (4 ) im-

lies a constant momentum transfer rate into the wave field from the

tmosphere during the wave generation process ( Resio et al., 2011 ).

he latter interpretation is also consistent with discussions of over-

ll energy and momentum balances discussed in Hasselmann et al.

1973) and was developed in more detail in Resio and Perrie (1989) ,

ho noted that a constant rate of momentum transfer to, and reten-

ion within, the wave field is also consistent with the observed linear

rowth of total wave energy with fetch. Thus, the second metric, or

n other words, the second spectral shape characteristic selected for

valuating detailed-balance source terms is their ability to reproduce

he relationship between specific relation between the energy lev-

ls in the spectral equilibrium range for constant wind speeds and a

ind speed metric, i.e. it should approximate the βvs . u a relationship

hown in Fig. 3 , where β here is the deep-water version of the equi-

ibrium range energy constant as defined in Resio et al. (2004) , i.e.

= 

1 
n 1 −n 2 +1 

∑ n 2 
n 1 

f 4 E( f ). This will help establish quantitative limits

n the magnitudes of the wind input and wave breaking source terms

hat act as a combined source for these fluxes during the wave gener-

tion process. As an initial approximation, n 1 and n 2 will be assumed

o limit the range used to estimate β to 1 . 5 f p − 3 . 0 f p , consistent with

esio et al. (2004) . 

.1.2. Spectral peakedness 

Compensated spectra in Fig. 1 show that there is a region of the

pectrum with elevated energies in the vicinity of the spectral peak,
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Fig. 2. Equilbrium range coefficient as a function of wind speed for different sites around the world from Resio et al. (2004) . The slope of the lines from different locations do not 

connect into a single-valued function. 

Table 1 

Equivalent peakedness values for JONSWAP ( γ ) 

and f −4 −based(γr ) spectral shapes. 

γr 4.32 3.09 2.04 1.23 0.62 

γ 7 5 3.3 2 1 
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t

ith the peakedness most pronounced at low wave ages and dimin-

shing as wave age increases, where wave age is defined as the phase

peed of the spectral peak, c p divided by the wind speed, u w 

. Consis-

ent with the arguments by Resio et al. (2004) , it is deemed advan-

ageous to move from an f −5 basis to an f −4 basis for consistency

ith the new equilibrium range form, rather than retaining the JON-

WAP ( f −5 ) basis for the definition of peakedness. Table 1 provides a

omparison of peakedness values for each of these classes of spectra.

Fig. 1 shows that, although spectral peakedness does ex-

ibit a relatively high scatter, the average characteristics follow a
onsistent pattern, with a tendency for high peakedness in young

aves (small values of c p / u w 

) diminishing to lower peakedness

s wave age increases. Observational evidence from Romero and

elville (2010) supports this same trend, albeit with slightly varied

alues. Thus, the third metric, viz. the third spectral characteristic,

or evaluating detailed balance source terms is their ability to match

he approximate peakedness behavior shown in Fig. 1 . This constrains

he source term balance by requiring that it have the ability to create

igher peakedness in young waves, even though the total momentum

assing through the equilibrium range may be hypothetically trans-

erring a relatively constant amount of momentum out of the spectral

eak region through the equilibrium range. 

.1.3. Transition from an f −4 to an f −5 form at high frequencies 

Forristall (1981) noted, in an analysis of a large data set from

he Gulf of Mexico, that wave spectra transitioned from an f −4 
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Fig. 3. Equilbrium range coefficient as a function of the cube root of wind speed squared times the phase velocity of the spectral peak for different sites around the world from 

Resio et al. (2004) . The slope of the lines from different locations connect into a single-valued function. As defined in Resio et al. (2004) , the reference wind speed ( u λ) in this figure 

is the wind speed at Miles critical layer height above the mean water level. 
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equilibrium range to an f −5 equilibrium form at a frequency which

depended on wind speed. It has long been recognized that local wave

steepness exceeds its allowable theoretical limit if the f −4 spectrum

is allowed to extend to very high frequencies. The data in Fig. 4 sug-

gests that this transition depends on wave age which, in turn, implies

a dependence on spectral peakedness. Data from Romero (2008) is

presented in terms of inverse wave age using friction velocity (
c p 
u ∗ )

and also shows a pronounced tendency for this transition to progress

from low values of relative frequency in wave spectra, for young

waves, to larger values of relative frequency as wave age increases.

As an interesting note here, very short-fetch studies such as some

of the Currituck Sound data and data from a reservoir collected by

Birch and Ewing (1986) show that, in cases for which the inverse

wave age is greater than 7 or so, the f −5 form approaches the spec-

tral peak so closely that there is little or no f −4 equilibrium range.

Their data, as well as some of the data from Currituck Sound ( Long

and Resio, 2007 ) shows that this transition occurs in very young

waves occurs around 1.4 f p ; whereas the highest values of inverse

wave age in Fig. 1 has a mean value around 3.5 with a transition at

2 f p . Thus, the fourth metric, or fourth evaluation criterion for de-

tailed balance source terms, is their capability to reproduce varia-

tions in the transition frequency in a fashion consistent with Fig. 4 .

This metric has been used in modeling work by Romero and Melville

(2010) and places strong constraints on the form and magnitude of

the wave dissipation source term. Even though the exact pattern of

change is still being developed, this metric provides a valuable con-

straint needed for estimating wind-wave momentum fluxes in this

range. 
.1.4. Development of an f −11 / 3 range in spectra with wave ages 

xceeding the “fully-developed” form 

Ever since Pierson and Moskowitz (1964) provided extensive data

or scaling wave spectra for which the phase speed of the waves at

he spectral peak are approximately equal to one, it has been tac-

tly assumed in most wave models that the fully-developed spec-

ral form developed by these researchers is a necessary test for a

pectral wave model. However, theoretical analyses by Zakharov and

aslavskii (1982) showed that a spectrum can continue to evolve to-

ard a constant “action-flux” form in which the action flux from the

egion of wind input is directed toward lower frequencies. In this

ontext, if the region of breaking in the spectral peak region does

ot form a zero balance at each frequency and angle with net en-

rgy gains from nonlinear transfers to lower frequencies, a spectrum

ould not be expected to evolve into an absolutely-stationary, fully-

eveloped form. Although Komen et al. (1984) were able to achieve a

quasi-stationary” directionally integrated spectral form in their in-

estigation into the existence of a fully developed wind-sea spec-

rum, they were not able to match the directional characteristics

f the source terms to achieve absolute stationarity in a detailed-

alance sense. Glazman (1994) , in an investigation into wave spectra

n the vicinity of Hawaii, concluded that a majority of open ocean ob-

ervations yield wave age values and spectral exponents that disagree

ith the concept and shape of a fully-developed spectrum; thus, it is

ossible that the hypothesized “fully-developed spectrum” does not

epresent an end-state for spectral development. In Fig. 1 , the spec-

ra at wave ages exceeding 1 show a change in slope at the location

ithin the spectrum at which the wave age approximately equals 1,
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Fig. 4. Average compensated spectra in Fig. 1 with a line denoted the transition from 

an f −4 equilibrium range to an f −5 spectra range at relative frequencies which increase 

as the inverse wave age decreases. The line is limited to the range inverse wave ages ≥
1. 
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onsistent with the arguments of Glazman (1994) , shown by offset

ines with “compensated” slopes for an f −11 / 3 spectral form. As seen

ere, the slope of the line in this region of the spectrum is very close

o the theoretical form for a constant action flux toward low frequen-

ies E( f )∼ f −11 / 3 , as qualitatively supported in the bottom four com-

ensated spectra in Fig. 1. 
ig. 5. The evolution of a spectrum perturbed from an initial f −4 form with a peak frequency

nteraction integral, with the left panel showing the evolution produced by the DIA and the 

xample, the spectrum is constrained to follow an f −5 form at frequencies above a transitio

uilds back toward an f −4 form relatively quickly on the high frequency side of the perturbat
Even though the spectral shape appears to continue to evolve

ast a single “fully-developed” form, observations suggest that the

ate of gain of total energy in the spectrum asymptotically slows

nd may asymptotically actually approach zero ( Walsh et al., 1988 ).

his implies that the detailed-balance source terms act in a fashion

hat allows wave spectra to evolve past a fully-developed Pierson–

oskowitz spectral form while asymptotically reducing the rate of

ncrease in total wave energy. The ability of a detailed-balance model

o reproduce observed energy slopes in frequencies lower than the

hase speed equal to the wind speed while asymptotically slowing

he growth of wave energy will be taken here as the fifth metric for

valuating such models. 

.1.5. Relaxation to an equilibrium form 

One of the original arguments of WAMDIG (1988) for adopting

 detailed-balance form for all source terms in spectral wave mod-

ls was to properly account for the relaxation of a spectrum from a

erturbation toward its shape-stabilized, quasi-equilibrium form ex-

ibited in Fig. 1 . Thus, a necessary criterion for the detailed-balance

ource terms used in coupled model applications will be that these

ource terms produce a relaxation to the correct form at a quantita-

ively correct rate. Fig. 5 shows the relaxation rate of a perturbation

uperposed on a spectrum with an f −4 spectral form near full devel-

pment from numerical simulations using the WRT integral for S nl 

ompared to results from the evolution using the DIA. The left-hand

anel shows the evolution of the equilibrium using the DIA, while the

ight-hand panel shows the evolution from produced by the complete

ntegral. It is interesting to note in this figure that the introduction of

he transition to an f −5 form does produce a slight deviation from

he f −4 form here; however, not the same magnitude of deviation

s the DIA-force equilibrium. Since the ability of the source terms to

orce a spectrum toward an equilibrium is a critical requirement for

etailed-balance models, this ability will be taken here as the sixth

etric for evaluating detailed-balance source terms. 

.2. Directional characteristics of wind wave spectra 

Directional spreading attributes of wind-wave spectra provide

ome additional information regarding the relative magnitudes of

he different source terms, particularly in terms of their net momen-

um balance. All three of the source terms noted here have been

haracterized by different directional functions within wave mod-

ls. The wind input in existing operational models is typically of a
 at 0.3 Hz by the addition of a Gaussian-shaped “hump” of energy, based on four-wave 

right panel showing the evolution produced by the complete integral solution. In this 

n limit consistent with the spectra shown in Fig. 4 . As can be seen here, the spectrum 

ion and much slower on the low frequency side. 
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S in ( f, θ)∼S in ( f )cos n (θ − θ0 ) form, where θ is the propagation direc-

tion and θ0 is the wind direction. Breaking is usually considered to

be proportional to the local energy, so it is usually characterized as

having a form given by S ds ( f, θ) = S ds ( f )φ( f, θ), where φ( f, θ) is the

proportion of the energy in a given model angle band at frequency f .

Some sets of second-generation source terms ( Donelan et al., 2012 )

with alternative forms for the source term balance substantially re-

ducing the role of S nl can also achieve a general spectral form with

increased directional spreading at frequencies higher than and lower

than the spectral peak; however, the specific capabilities to match

the quantitative characteristics included lobe ratios have not been

tested. The combination of wind input and breaking alone do not pro-

duce functional behavior that either independently or in combination

can produce angular spreading that is narrowest at the spectral peak

and becomes broader at frequencies both higher and lower than the

peak. On the other hand, the nonlinear flux energy of from the peak to

higher and lower frequencies has been shown to have this signature;

and as shown in Resio et al. (2011) , the observed variation in angular

spreading around the peak in several studies is consistent with the

necessary spectral shape required to maintain constant momentum

fluxes from the spectral peak region to higher and lower frequencies.

Besides the well-established pattern of increasing angular spread-

ing as a function of increasing frequency difference from the spec-

tral peak, there is a significant body of evidence ( Young, 1995; Ewans,

1998; Wang and Hwang, 2001; Long and Resio, 2007; Romero, 2008;

Romero and Melville, 2010 ) showing that directional spectra mea-

sured in relatively short experiments develop very pronounced bi-

modality and that such bimodality is directly linked to nonlinear en-

ergy and momentum exchanges in wave spectra ( Tofolli et al., 2010 ).

Wang and Hwang (2001) defined a term called the lobe ratio, which

was a ratio of the average peak of the energy densities in the spec-

trum to the energy density at the mean propagation angle of the

spectrum. Wang and Hwang defined two terms, an “angle separa-

tion” and a “lobe ratio.” In their paper, they utilize a wavenumber

basis since these spectra were measured in a spatial basis. Here, since

wave models typically utilize a frequency–angle basis, we will use a

frequency–angle form for our analyses. In shallow, variable-depth ar-

eas, the wavenumber basis may offer some benefits in terms of repre-

senting the effects of refraction, but that is not the focus of this paper.

In a frequency–direction basis, the angle separation and lobe ratio

can be defined as 

θs ( f ) = 

θ1 ( f ) + θ2 ( f )

2 

and 

r lobe ( f ) = 

E( f, θ1 ) + E( f, θ2 )

2 E( f, θ̄ )

where θs ( f ) is the angle separation, which has been found to vary as

a function of frequency, and r lobe ( f ) is the lobe ratio. The three angles

are defined as follows: θ1 and θ2 are taken as the angles with the max-

imum energy on each side of the mean propagation angle and θ̄ ( f )
is the mean propagation angle at frequency f , i.e. tan 

−1 [ E y ( f ), E x ( f )]

where 

E y ( f ) = 

∫ 2 π

0 

E( f, θ) sin (θ)dθ

and 

E x ( f ) = 

∫ 2 π

0 

E( f, θ) cos (θ)dθ. 

Romero (2008) in an extensive analysis of bimodality ( Fig. 6 ),

which includes extensive data set from experiments in the Gulf of

Tehuantepec, provided an excellent review of bimodality in wave

spectra. He noted that early measurements from buoys ( Mitsuyasu

et al., 1975; Hasselmann et al., 1980 ) and the spatio-temporal

measurements of Donelan et al. (1985) concluded that the an-

gular distribution was unimodal; whereas spatial measurements
 Cote et al., 1960; Holthuijsen, 1983 ; Hwang et al. 20 0 0a, 20 0 0b ) have

ll concluded that the angular distribution in young waves is very bi-

odal. It can be noted that the data in Long and Resio (2007) are also

rom spatio-temporal measurements. Romero and Melville (2010)

ointed out that studies by Benoit (1992) and Krogstad (1990) have

hown the ability of a buoy to resolve multi-modality in wave spectra

o be strongly affected by the method used to process the data. 

In Romero’s (2008) data compilation, he found that there was a

lear relationship between wave age and the lobe ratio, with older

aves being less bimodal. Resio et al. (2011) also shows a direc-

ional function in which increased spreading of the side lobes leads

o reduced bimodality in the directional distribution as wave age in-

reases. The low resolution of the early analysis methods used in

nalyzing directional spectra, particularly at high frequencies where

hese effects are most pronounced, combined with the tendency for

pen ocean wave spectra to be more representative of older wave

ges may help explain the earlier interpretation of wave spreading

n terms of unimodal spreading functions. In terms of quantitative ef-

ects there is a consensus that young (sort-fetch) wave spectra exhibit

obe ratios in excess of 2 even at relative frequencies in the range of

–3. Toffoli et al., (2010) obtained similar lobe ratios using numerical

imulations of the potential Euler equations, which compared well to

heir laboratory results of the development of bimodality from ini-

ially unidirectional spectra. Based on all this evidence, the ability of

etailed-balance wave models must be to reproduce these high lobe

atios at the appropriate angles as the seventh metric for evaluation

f detailed-balance models. 

. Estimation of nonlinear action, energy and momentum fluxes 

hrough a spectrum 

As noted in the previous section, many of the attributes of spec-

ral shape are consistent with expected characteristics associated

ith nonlinear fluxes of energy, action and momentum through wave

pectra. For example, the f −4 equilibrium range is consistent with

onstant fluxes through this spectral region ( Zakharov and Filonenko,

966; Kitaigorodskii, 1983; Resio and Perrie, 1991 ). The observed

ariation of angular spreading as a function of relative frequency is

onsistent with the form required to maintain a constant momentum

ux through the spectrum ( Resio et al., 2011 ). The relationship be-

ween increased peakedness (decreased wave age) and the lobe ratio

s consistent with the behavior of fluxes expected from nonlinear in-

eraction ( Tofolli et al., 2010 ). And, the generation of a constant action

ux region at frequencies lower than the spectral peak in waves with

ave ages exceeding 1 (spectral peak celerity exceeding the wind

peed) is consistent with the expected form established by ( Zakharov

nd Zaslavskii, 1982; Glazman, 1994 ). 

The peakedness of the wind-wave spectra as a function of

ave age is not well represented in spectral shapes produced by

xisting operational models, nor is the transition from f −4 to f −5 

irectionally-integrated forms represented in these models, except

y subjective parametric constraints. These two characteristics of

pectral shape cannot be understood in terms of only dominant non-

inear interactions; consequently, they provide valuable information

o help us understand the quantitative balance between wind input,

ave dissipation and wave–wave interactions in different parts of

he spectrum. The two different concepts for wave breaking: (1)

ominant breaking located primarily within the spectral peak region

n young waves which transitions to more evenly distributed break-

ng with increasing wave age, and (2) dominant breaking restricted

o intermediate to high frequencies, will likely produce very different

eakedness behavior as a function of wave age. Likewise, the shift

f the relative frequency at which the relatively sharp transition

rom f −4 to f −5 directionally-integrated forms occurs will provide

 valuable constraint on the form and magnitude of the dissipation

unction. 
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Fig. 6. Dependence of the lobe ratio determined in the Gulf of Tehauntepec ( Romero, 2008 ) showing the existence of lobe ratios of about 2 at a relative wavenumber k/ k p = 4 in 

young waves and a systematic decrease in the lobe ratio as wave age increases. 
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Fig. 7. The initial calibration of the discrete interaction approximation from 

Hasselmann et al. (1985) . The metric used for goodness of fit of the approximation 

was the integrated transfer of energy to the frequencies lower than the spectral peak; 

thus, the negative deviation at frequencies above the spectral peak was not considered 

in the choosing calibration coefficient. 
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a  

l  
.1. Inconsistencies in current operational approximations to S nl 

Given the recognized importance of nonlinear interactions to the

ormation of characteristic spectral shapes and the body numerical

esults over the last decade confirming the validity of the Hasselmann

1962) equation for nonlinear transfers within a continuous spectrum 

 Tanaka, 20 01a, 20 01b, 20 07; Korotkevich et al., 2007 ), it seems evi-

ent that an absolutely critical component of a detailed-balance wave

odel is for it to have an accurate representation of S nl within it.

owever, as shown in Resio and Perrie (2008) for f −5 (JONSWAP)

pectra for f −4 spectra, the approximation to S nl for nonlinear in-

eractions in existing wave models, based on the discrete interaction

pproximation (DIA) ( WAMDIG, 1988 ), exhibits large systematic bi-

ses in its representation of the directionally-integrated form for S nl .

hereas, it might be possible for a combination of additional source

erms to compensate for such deviations in terms of integrated pa-

ameters, such compensation will distort the detailed-balances af-

ecting fluxes through the spectrum and spectral shape. 

Hasselmann’s (1962) original derivation showed that four waves

re required for permanent transfers of energy to take place within

 continuous wind-wave spectrum. Estimation of the “exact” integral

or these transfers has been approached in various manners and has

een shown to be tractable in a number of studies ( Webb, 1978; Ma-

uda, 1980; Tracy and Resio, 1982; Resio and Perrie, 1991 ). As noted

reviously, computation of exact forms for S nl remains beyond avail-

ble computational resources for operational modeling. Early wave

odels attempted to overcome this problem by using parametric rep-

esentations of this source term ( Barnett, 1968; Ewing, 1971; Resio,

981 ). However, Hasselmann et al. (1985) and WAMDIG (1988) ar-

ued that it was important to allow nonlinear interactions to contain

s many degrees of freedom as the directional spectrum itself in or-

er to form a consistent detailed-balance basis for this term. In fact,

he distinction between parameterized representation of S nl and the

se of a representation for S nl which retains the same number of de-

rees of freedom as the directional spectrum being modeled is the

asic distinction between second-generation wave models and third-

eneration wave models. 

After an examination of several alternatives, Hasselmann et al.

1985) proposed an approximation based on limiting the interactions

o the integral form proposed by Phillips (1960) specifically for in-

eractions among three waves. Problems with the DIA have previ-

usly been noted; and many papers have been written on the topic

f either optimizing the DIA or extending it to a more generalized

orm ( Tolman, 2013 ). It is clear from the methodology used to cal-

brate the DIA that it did not focus on the agreement between the
 s  
etailed shape characteristics of the new source term compared to

he full integral representation. Instead, the calibration case repro-

uced here ( Fig. 7 ) and its discussion, focused only on matching

 parametric quantity, the total energy transferred into frequencies

ower than that of the spectral peak. Thus, the DIA was developed

pecifically to be a detailed-balance source term for approximating
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Fig. 8. Diagram showing the � k 2 and � k 4 loci for � k 1 = (1 , 0 ) and � k 3 = (2 . 0 , 0 . 26 ). The � k 3 point is selected to fall of the Phillps three-wave interaction locus with the center point of 

this three-wave locus falling at � k 1 . The “+ ” at the � k 1 point is the one point where all interacting waves coincide for the case of self-interactions. The “O” represents the � k 3 point on 

the figure 8 is also a point on the � k 2 locus. Thus the four-wave interactions allow a point at � k 3 to interact with � k 2 points anywhere on the locus shown here. 
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integrated contributions of nonlinear interactions to wave growth

and not for providing a detailed-balance representation of spectral

shape, as evidenced by the large discrepancy in the frequency range

immediately above the spectral peak. Although many studies have

suggested that the DIA is based on an equivalent form of the full

transfer integral; however, as will be shown here, there are dimen-

sional, geometric and flux-related differences that cannot be tuned

out of the reduced form for integral used as the basis for the DIA. 

Using the transformation initially proposed by Webb (1978) , the

four-wave interaction form for S nl can be written as 

∂n(� k 1 )

∂t 
= 

∫ ∞ 

−∞ 

· · ·
∫ ∞ 

−∞ 

C 2 D 

3 δ

( 

4 ∑ 

i =1 

q i � k i 

) 

δ

( 

4 ∑ 

i =1 

q i ω i 

) 

d k 2 x 

× d k 2 y d k 3 x d k 3 y d k 4 x d k 4 y (5)

where � k i and ω i represent the four interacting wavenumbers and ra-

dial frequencies for these waves, respectively; q = 1 if i = 1 or 2, and

q = −1 if i = 3 or 4; C 2 is an algebraically complicated coupling coef-

ficient which depends on all of the interacting wavenumbers; and D 

3 

is a sum of interacting triplets of action densities 

D 

3 = n 1 n 2 (n 3 + n 4 ) + n 3 n 4 (n 1 + n 2 ), 

Removing the delta function on the wavenumber sum (by set-

ting � k 4 = 

�
 k 1 + 

�
 k 2 − �

 k 3 ) and including the delta function on radial fre-

quency (by restricting the integration domain to ω 2 = ω 3 + ω 4 − ω 1 )

allows this integral to be reduced to a form containing three dimen-

sions in wavenumber space, 

∂n(� k 1 )

∂t 
= 

∫ ∞ 

−∞ 

∫ ∞ 

−∞ 

T (� k 1 , � k 3 )d k 3 x d k 3 y (6)

as shown by Webb (1978) , in which two of the three dimensions

emerge explicitly in terms of d k 3 x d k 3 y . As shown by Webb (1978) ,
he action transfer integral between 

�
 k 1 and 

�
 k 3 , T (� k 1 , 

�
 k 3 ), represents

 contour integral in which the integration around the contour pro-

ides the third wavenumber dimension, 

 (� k 1 , � k 3 ) = 

∮ 
C 2 D 

3 | ∂ W/∂ n | (−1 )ds. (7)

Combining Eqs. (6) and (7) shows that the resonant four-wave in-

eraction loci encompass a phase volume made up of a continuum of

oints in k 3 x − k 3 y space surrounding � k 1 and a third dimension s along

he resonant locus for k 2 , with a coupled locus for � k 4 obtained by

isplacement from k 2 by the vector � k 3 − �
 k 1 . Thus, the conditions for

esonance reduce the six-dimensional integral in Eq. (1 ) to an inher-

ntly three-dimensional volume of interacting waves in wavenumber

pace (k 3 x , k 3 y , s). 

The DIA form introduces an additional delta function into Eq. (5) ,

(� k 1 − �
 k 2 ), which was not in the original derivation by Hasselmann

1962) , essentially recasting the four-wave interaction integral back

nto the three-wave interaction form derived by Phillips (1960) .

onsistent with the dimensionality of a vector delta function in

avenumber space (k −2 ), the introduction of this delta function re-

oves two powers of k from the nonlinear interaction equation and

educes the transfer domain from a three dimensional volume to a

ingle line, the “figure 8” shaped locus derived by Phillips, (1960) .

ig. 8 shows an example of a figure 8 form for three wave interactions

or interacting wave numbers of � k 1 = (1,0) and 

�
 k 3 = (2,0.3), along

ith the loci for � k 2 and 

�
 k 4 that satisfy the delta function on W. As

an be seen in this figure, the figure 8 locus and the � k 2 locus intersect

t only a single point. In fact, it can be shown that each point on the

gure 8 represents only a single point on the � k 2 locus for each value of
 

 3 specified, thereby reducing the dimensionality of the integral from

ts original form. 

Fig. 9 shows the three-wave interaction locus within the com-

lete three-dimensional domain inherent in the full integral. In this
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Fig. 9. The enclosed volume in the shape shown here illustrates the basic dimensions 

allowed for 4 wave interactions in the Webb (1978) form of the integral. Any � k 3 value 

is allowed in these interactions but the � k 2 values are constrained to lie along a locus 

such that W = 0 as described in the text, reducing it to a one-dimensional form, shown 

here as the vertical axis on this figure. In this figure the point where � k 2 = 

�
 k 3 is defined 

to be the zero referance point for s and the top and bottom of the box is recognized to 

the a branch cut across which the loci would connect continuously. The 4 points used 

in the DIA on the Phillips figure 8 diagram added here repesent individual points with 

no defined phase volume. 
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gure, the vertical axis represents the position along the locus s , with

 ∗ defined such that the zero value coincides with the point along the

ocus at which the figure 8 pattern intersects with the locus. The four

arge dots in the figure represent 4 points along the locus taken as the

uadruplet of points used by the DIA to approximate to the complete

nteraction integral. The four vertical lines in this figure intersecting

ith the quadruplets illustrate the point that the DIA approximation

o the interaction includes only a selected point along the s dimen-

ion; rather than all the interactions along the locus, as well as only

ingular points in the k 3 x , k 3 y plane. Given the dimension of Eq. (5 ), it

s clear that, if no singularities exist within the integrands in Eqs. (6 )

nd ( 7 ), there can be no resonant transfers of action, energy, or mo-

entum since the volume of the 4-point interaction integration do-

ain included in Fig. 9 is zero. 

To compensate for this dimensional inconsistency, a dimensional

caling function, B , was introduced into the formulation of the DIA,

aking their final form for the discrete interaction approximation, or

IA, ( WAMDIG, 1988 ) 
 

 

 

δN 1 

δN 2 

δN 3 

δN 4 

⎞ 

⎟ ⎠ 

= 

⎛ 

⎜ ⎝ 

−1 

−1 

+1 

+1 

⎞ 

⎟ ⎠ 

B ̂

 C D 

3 �k x �k y �t (8) 

here N i is the i th discrete increment of wave action in wavenumber

pace, ˆ C is a dimensionless coefficient used for tuning the approxima-

ion to match results from the full integral and D 

3 is a term contain-

ng the triplets of action densities involved in the interactions at the

uadruplets ( Hasselmann and Hasselmann, 1985 ). For dimensional

onsistency, B had to have units equal to ( f 19 g −8 ), given that the ac-

ion densities in the triplets had f −5 directionally integrated forms,

s believed under the paradigm for spectral shape at that time. Using

q. (8 ) it is straightforward to show that the DIA-generated energy

uxes will become constant when 

 [ n(� k )] 3 k 3 / 2 → [ n(� k )] 3 k 11 → constant . 

In terms of a directionally integrated wave action ( n(k) =
 (k)ω 

−1 , where n is wave action and F is wave energy as function of
avenumber and ω is radial frequency, ω = 2 π f ) density spectrum

he equilibrium range produced by such interactions would be of the

orm 

(k) ∼ k −11 / 3 

For the directionally integrated equilibrium range energy density

orms in wavenumber space, this gives 

 (k) ∼ k −13 / 6 

nd for such a spectrum in frequency space, this yields 

( f ) ∼ f −10 / 3 

hich, unfortunately, deviates significantly from the f −4 form for

onstant energy-fluxes implicit in the full integral. Thus, such a for-

ulation cannot be used to estimate realistic fluxes through wave

pectra. Detailed-balance simulations in Badulin et al. (2005) confirm

hat the energy fluxes lead to a pronounced deviation away from an

nitial f −4 form toward an f −11 / 3 form and that the associated mo-

entum fluxes also deviate significantly from the full integral repre-

entation for S nl . As shown earlier in Fig. 5 , the DIA forces the spectral

hape significantly away from its recognized equilibrium form. 

. Improving source terms via phase-resolving models 

A fundamental tenet of spectral wave modeling has been the as-

umption that a Fourier transform of the sea surface produces, with

ppropriate smoothing, a spectral approximation to our theoretical

oncept of a continuous wave spectrum. Reconstructions of individ-

al water surfaces are typically made by inverse Fourier transform of

he continuous spectrum with random phases under the assumption

hat the components follow linear wave theory. The source terms and

ropagation of energy in the model are then performed on the spec-

ral components and added linearly to get the net water surface and

ssociated characteristics. 

Models of the three dimensional, time dependent sea surface in-

orporating nonlinearities to different orders have been developed to

ddress situations where a linear reconstruction is inadequate. Exam-

les include the higher order spectral models (HOS) ( Dommermuth

nd Yue, 1987; Tanaka, 2001a, 2001b, 2007 ), broad-band nonlinear

chrodinger (BNLS) ( Dysthe, 1979; Trulsen and Dysthe 1996 ), VORT-

AVE ( Nwogu, 2009 ) and the nonlinear flow analysis code (NFA)

 O’Shea et al., 2008 ). Because these approaches resolve the surface

aves in physical space, they are termed phase-resolved models to

ontrast to the phase-averaged spectral models. Xaio et al. (2013)

emonstrate that the HOS model can (1) simulate the evolution of

urtosis, (2) reproduce the distribution of surfaces elevations and (3)

evelop and maintain a k −5/2 equilibrium range consistent with labo-

atory and field observations. Xaio et al. (2013) compared the HOS

nd BMNLS driven by an initial Gaussian shaped spectrum. When

he output of both models is Fourier transformed into spectra, both

evelop a peaked, JONSWAP-like omnidirectional spectrum with the

xpected k −5/2 equilibrium range, noting that the JONSWAP spectrum

n the equilibrium range appears very similar to a k −5/2 equilibrium

ange due to the additional exponential function in its formulation.

he directional spectra evolved from Gaussian to a bimodal direc-

ional distribution in the equilibrium range consistent with theory

nd observation ( Long and Resio, 2007 ). 

Combinations of Large-Eddy simulation (LES) models of the atmo-

phere and ocean coupled to realistic phase resolved sea states have

een developed to investigate the interaction of the wave field with

he two fluids. Sullivan et al. (20 0 0, 20 04 ), Lin et al. (2008) , and Yang

nd Shen (2010) coupled a phase-resolved moving wave surface to an

ES model of the atmospheric boundary layer and simulated a range

f wave fields to study airflow over the waves and resulting profiles

f boundary layer quantities. Sullivan et al. (2014) performed simula-

ions corresponding to wave ages observed in the HiRES experiment
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( Grare et al., 2013 ) varying from swell dominated to wind equilibrium

cases and determined that fundamental characteristics of the lower

boundary layer for near equilibrium conditions found excellent cor-

respondence to Monin–Obukov theory. Yet for fast swell, the profiles

deviated from traditional Monin–Obukov. 

Yang and Shen (2010 , 2011) perform direct numerical simulation

(DNS) and LES modeling of the lower atmosphere with an explicit

atmospheric pressure terms so that the wave field can grow under

action of the wind and show that both their LES and DNS models

produce temporal growth rates consistent with field observations.

Yang and Shen (2011) show that their wind-driven coupled model

produces increased energies in the higher frequencies (and corre-

spondingly rougher wave surfaces) than the unforced case (i.e. in the

case of swell). Nwogu (2009), Brucker et al. (2010), Liu et al. (2013),

Hu et al. (2012), Xaio et al. (2013) , and Dommermuth et al. (2013)

have approximations or direct calculation of breaking of individual

waves which, when analyzed spectrally, appear to produce equilib-

rium ranges of the k −5/2 to k −3 type found naturally. Similarly the LES

and DNS formulations of the wave–ocean part of the problem have

been developed (see for example, Brucker et al., 2010; Liu et al., 2013 )

that are effectively coupling the air–wave–ocean system at LES and

DNS scales. 

The foregoing sampling of results suggest that modeling the cou-

pled air–wave–ocean system in physical space (as opposed to spec-

tral space) is reaching a level of maturity where the principal mech-

anisms of wave growth, evolution and dissipation can be simulated

directly along with their effects upon the air above and ocean be-

low. It therefore becomes possible in principle to directly simulate the

growth of wave fields with the feedback to the atmosphere and ocean

and analyze the results in Fourier space. As this capability evolves, we

should be able to contrast the growth and evolution of the wave field

in physical space with our approximations in (phase-averaged) spec-

tral space. This should allow addressing fundamental questions such

as: (1) is the atmospheric input to a steep wave form calculated in

physical space well approximated by linearized inputs to its spectral

components, (2) is the loss of energy from a steep wave breaking in

physical space well modeled by dissipation functions applied to its

linear spectral components, and (3) does the sporadic time-space oc-

currence of input and dissipation average to the continuum spectral

assumptions? 

From the previous section, it is clear that the existing operational

approximation for S nl does not provide an accurate detailed-balance

representation for energy and momentum fluxes and that flux di-

vergence responsible for the relaxation from a perturbation toward

a self-similar form will also deviate substantially from the full inte-

gral representation. Thus, it does not seem advisable to rely on test

results which incorporate the DIA when attempting to develop im-

proved detail-balance physics. In this section we will examine some

implications of the observed spectral shapes, utilizing the full integral

representation for S nl . 

As noted in the introduction to this paper, there is considerable

controversy over the wave dissipation source term, S ds , in terms of

its role in different parts of the spectrum. Romero and Melville point

out that present forms for energy dissipation due to wave breaking

are based on heuristic physical arguments ( Hasselmann, 1974 ) and

are tuned via a number of free parameters to achieve agreement with

observations ( Komen et al., 1984; Banner and Young, 1994; Alves and

Banner, 2003 ). Subsequent investigations ( van der Westheysen et al.,

2007; Ardhuin et al., 2010 ) have shown that these empirical fits are

still a work in progress and do not appear to provide a general agree-

ment to observations. 

An alternative representation of wave breaking is found in Irisov

and Voronovich (2010) , who investigate the physical cause of wave

breaking using an extension of the theoretical work of Longuet-

Higgins and Cokelet (1976 ). Details of their numerical methods can be

found in Irisov and Voronovich (2010) and will not be repeated here.
heir fundamental results show that instabilities in wave fields de-

elop in relatively short waves as they are “stretched and “squeezed”

y longer waves or, as termed by Longuet-Higgins (1988) , the “con-

ertina effect”. Monte Carlo simulations show that instabilities lead-

ng to wave breaking tend to be generated in the vicinity of the lo-

ation of maximum current convergence. Wave breaking associated

ith such instabilities tends to occur slightly in front of or at the

rest of large waves ( Fig. 10 ). An interesting attribute of this break-

ng mechanism is that it is very sensitive to exceedance of a dynamic

reaking threshold at the frequency at which the breaking occurs.

ig. 11 shows the dependence of the mean breaking frequency vs. the

ms current gradient, where the breaking frequency was defined as

he ensemble average of the time from an initial random phase start

o breaking. These results imply a strong sensitivity of breaking to the

ms variation in the superposed horizontal components of the wave

rbital motions. 

To adapt this concept to the onset of strong breaking in a phase-

veraged spectral model, we assume that the horizontal wave ve-

ocities contributing to the breaking can be written as the sum of

andom phases combining to produce a horizontal current in the x -

irection which exceeds a threshold related to (∂ u/∂ x)2 which has

imensions of (time)−2 . Since we are interested in the ratio of this

ransition frequency to the peak frequency, we make this dimension-

ess by multiplying by f 2 p , yielding a dimensionless scaling function

 = (∂ u/∂ x)2 f 2 p . The (∂ u/∂ x)2 term can be estimated by summing

ll the squared gradient of the x -components of motion of individual

pectral elements, similar to any sum of variances. Each individual el-

ment will contribute a velocity gradient squared equal to (agk ω 

−1 )2 .

sing the deep-water dispersion relationship and recognizing that

 

2 = E( f, θ)δ fδθ , this can be written as 

 = f 2 p 

〈 (
∂u 

∂x 

)2 
〉 

= f 2 p 

∫ λ f p 

0 

∫ + π/ 2 

−π/ 2 

〈 (
∂u 

∂x 

)2 
〉 

f,θ

dθdf 

= f 2 p 

∫ λ f p 

0 

∫ + π/ 2 

−π/ 2 

E( f, θ) cos θ
ω 

6 

g 2 
dθdf (9)

here λ is the ratio of the frequency at which this term becomes

ufficiently large to induce breaking sufficiently large that it forces

he spectrum into an f −5 form and the subscripts “ f, θ” denote the

onversion to a contribution to the total velocity per unit frequency

nd angle increment. If we assume that the spectrum is of an f −4 

orm and is self-similar, Eq. (9 ) can be integrated analytically, yielding

 relationship between the dimensionless value P and the integral in

he second line of this equation, 

 = 

ˆ β�1 (γr )�2 (σθ )λ
3 

g f p 
(10)

here ˆ β is the equilibrium range scaling coefficient with units of ve-

ocity (where ˆ β denotes that the value of β is estimated from the data

n a specific spectrums specific limits), �1 (γr ) is a dimensionless, in-

reasing function of peakedness and �2 (σθ ) is a dimensionless func-

ion of the angular spreading width. Since ˆ β has been shown to scale

s a function of u 2 / 3 c 1 / 3 p ( Fig. 3 ), Eq. (10 ) can be solved for λ as 

∼ 1 

(P �1 (γr )�2 (σθ ))
1 / 3 

ˆ f −2 / 9 
p (11)

here ˆ f p is dimensionless frequencey, defined as ˆ f = 

f p u 
g = 

u 
2 πc p 

. The

mpact of variations in angular spreading is not expected to play

 major role in Eq. (11 ); however, decreasing peakedness will con-

ribute to an increase in λ as will an increase in wave age. Thus, the

orm of Eq. (11 ) is qualitatively consistent with a sharp transition from

n f −4 form to an f −5 form at a relative frequency which increases

ith wave age. 

The wind input source is another term which, in its current form,

s quite heuristically based. It was initially developed in a somewhat
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Fig. 10. The correlation of the point of incipient breaking in numerical simulations conducted by Irisov and Voronovich (2010) as a function of the point of strongest current 

convergence. 

Fig. 11. Dependence of the mean breaking frequency on the mean surface current 

(negative) gradient as calculated in simulations by Irisov and Voronovich (2010) . 
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igorous manner for monochromatic, unidirectional waves ( Miles,

957, 1959 ), but was generalized to wave spectra under the assump-

ion that individual spectral components each interacted indepen-

ently with the winds above them, without any real justification for

his assumption. Similar to the wave breaking source term, the tuning

f various representations has been accomplished primarily via opti-

ization within models ( Komen et al., 1984; Tolman and Grumbine,

013 ), accompanied by some heuristic arguments for the proposed

odification. In fact, Tsagareli et al. (2010) showed that many of these

roposed terms were not constrained by appropriate physical lim-

ts for total momentum transfer rates from the atmosphere into the
ater, leading to “remarkable disagreement both between the forms

nd also with the total stress measurement.” To compensate for these

ifferences, he proposed a dynamic self-adjustment routine based on

euristic considerations and physical constraints. 

Recent results of Sullivan et al. (2014), Yang and Shen (2010) and

ang et al. (2013) suggest that atmospheric flow patterns above a

oving wave field interact with the moving water surface in a fash-

on that is not equivalent to the interaction with individual spectral

omponents. Thus, similar to the wave breaking source term, detailed

alance forms for wind input are still very much a work in progress.

lso, similar to wave breaking, to capture key effects of wind-wave in-

eractions, it appears that numerical experiments must be performed

n a phase-resolving basis rather than on a phase-averaged basis. An

nsemble of phase-resolving runs can then be used to estimate phase

veraged source terms. Although much of the work in this area is

till in its formative stage, results from such simulations should pro-

ide an improved basis for understanding and validating the detailed

hysics of source terms which could form the basis for a new genera-

ion of operational models which not only are tuned to produce good

stimates of integrated wave parameters but which also produce im-

roved spectral shapes and estimates of energy and momentum ex-

hanges into and out of the wave field. 

. Conclusions 

Operational wave models have made excellent progress since

hird-generation modeling began 30 years ago. What was a field of

any independent, closed-source-code models with large discrepan-

ies in their performance has evolved into a small number of mainly

pen-source models which enable effective collaboration among re-

earchers around the world. This has led to a substantial effort toward

eveloping wave models with global capabilities, at least in terms

f predicting integrated wave parameters such as significant wave

eight, wave period and wave direction. Much of this work has been
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undertaken in a “holistic” approach, with free parameters in source

terms adjusted to achieve best agreement with integrated parameters

over large domains, rather than being driven primarily by physical ar-

guments or detailed balance considerations. It is not clear that such

testing provides a good basis for improving predictions of detailed

characteristics of directional spectra, nor for estimating the energy

and momentum exchanges that are needed for coupled modeling. 

This paper presents a number of detailed spectral shape character-

istics developed by researchers over the last 10–20 years. The argu-

ment is made here that such details provide a better basis for evaluat-

ing detailed-balance source terms in wave models than the continued

use of integrated wave parameters. Many of the characteristics noted

here are consistent with results expected in spectra dominated by

fluxes produced by wave–wave interactions, such as the shape of the

equilibrium range and the variation in angular spreading around the

spectral peak. Others, such as the matching energy levels in the equi-

librium range, variations in spectral peakedness and the transition

from an f −4 form to an f −5 form at frequencies above the spectral

peak, appear to require new detailed-balance wind and wave dissi-

pation source terms in addition to an accurate representation of the

nonlinear interaction source term. 

The authors recognize that the choice of metrics to be used in de-

tailed balance model evaluations will likely be a topic of consider-

able debate. However, for all the reasons noted here, we feel that it

is essential to begin to move in this direction. This paper presents a

number of detailed spectral shape characteristics developed by re-

searchers over the last 10–20 years, which we believe should form an

initial basis for these. Others may want to add to this list or mod-

ify/delete parts of this list; however, we feel that emerging needs

in many areas make the development of such metrics important to

many emerging applications in wind-wave modeling. The metrics

suggested here include the ability of a model to reproduce the fol-

lowing spectral attributes: 

1. an f −4 equilibrium range with an extent that depends on wave

age, 

2. a spectral peakedness defined in an f −4 context which depends

on wave age, 

3. an equilibrium range coefficient which is consistent with the mo-

mentum balance entering the wave field and passing through the

equilibrium range, 

4. a transition from f −4 to f −5 form at a location within the spec-

trum which varies as a function of wave age, 

5. a relaxation from a perturbation that returns the spectrum to an

appropriate equilibrium shape, 

6. an evolution of a spectrum beyond the limit at which a fully-

developed wave height is achieved, and 

7. a bimodal directional distribution with the lobe angles and lobe

ratios consistent with observations from spatio-temporal obser-

vations. 

The argument is made here that many of the spectral attributes noted

above appear to be closely related to spectral shape constraints cre-

ated by nonlinear fluxes of action, energy and momentum through

a wave spectrum. Our analyses show that the existing approximation

for nonlinear interactions in operational wave models, which is based

on a form for three-wave interactions, is inconsistent with the full in-

tegral for four-wave interactions. Other source terms can be tuned to

roughly compensate for these inconsistencies in terms of integrated

wave parameters in wave model testing; however, such tuning can-

not reproduce the detailed balance form that controls the shape of

the directional spectrum 

We also note here that new concepts for detailed-balance source

terms are beginning to emerge from phase-resolving spectral models

and from direct numerical simulations. This work should lay a foun-

dation for improved physics in spectral models; however, it is still

essential to develop methods which can convert this progress into
nsemble-averaged forms which can be utilized within operational

odels. As noted in the introduction, this progress may not lead to

mmediate improvements in terms of predictions of integrated wave

arameters, but are urgently needed to meet emerging needs in re-

ote sensing and coupled modeling. 

cknowledgments 

Work conducted by Dr. Resio and Dorukhan Ardag on this material

as supported by the National Ocean Partnership Program (NOPP),

ward Number N0 0 014-12-1-0127. The views expressed here do not

ecessarily reflect the views of this organization. The authors also

ish to acknowledge the importance of contributions made by re-

iewers of this manuscript which extensively improved its content

nd readability. Finally, we would also like to thank Dr. Charles Long

or his meticulous work on many of the data sets which contributed

o this manuscript. 

eferences 

lves, J.H.G.M. , Greenslade, D.J.M. , Banner, M.L. , 2002. Impact of a saturation depen-

dent dissipation source function on operational hindcasts of wind-waves in the

Australian region. J. Atmos. Ocean Sci. 8 (4), 239–267 . 
lves, J.H. , Banner, M.L. , 2003. Performance of a saturation-based dissipation-rate

source term in modeling the fetch-limited evolution of wind waves. J. Phys.
Oceanogr. 33, 1274–1298 . 

rdhuin, F , Herbers, T.H.C. , Watts, K.P. , Vledder, G.P.V. , Jensen, R. , Graber, H. , 2007. Swell
and slanting-fetch effects on wind wave growth. J. Phys. Oceanogr. 37 (4), 908–931 .

rdhuin, F. , Rogers, E. , Babanin, A.V. , Filipot, J.F. , Magne, R. , Roland, A. , van der West-
huysen, A. , Queffeulou, P. , Lefevre, J.M. , Aouf, L. , Collard, F. , 2010. Semi-empirical

dissipation source functions for ocean waves. Part I: Definition, calibration, and

validation. Part II: Dissipation term and evolution tests. J. Phys. Oceanogr 40 (9),
1917–1941 . 

adulin, S.I. , Pushkarev, A.N. , Resio, D.T. , Zakharov, V.E. , 2005. Self-similarity of wind-
driven seas. Nonlinear Proc. Geophys. 12, 891–945 . 

adulin, S.I. , Babanin, A.V. , Zakharov, V.E. , Resio, D. , 2007. Weakly turbulent laws of
wind-wave growth. J. Fluid Mech. 591, 339–378 . 

anner, M.L., Morison, R.P., 2010. Refined source terms in wind wave models with ex-

plicit wave breaking prediction. Part I: Model framework and validation against
field data. Ocean Modell. 33 (1–2), 177–189 http://dx.doi.org/10.1016/j.ocemod.

2010.01.002 . 
anner, M.L. , Young, I.R. , 1994. Modeling spectral dissipation in the evolution of wind

waves. Part I: Assessment of existing model performance. J. Phys. Oceanogr. 24,
1550–1571 . 

arnett, T.P. , 1968. On the generation dissipation, and prediction of wind waves. J. Geo-

phys. Res. 73, 529–531 . 
Benoit, M. , 1992. Practical comparative performance survey of methods used for esti-

mating directional wave spectra from heave-pitch-roll data. In: Proceedings of 23rd
International Conference on Coastal Engineering (ASCE). Venice (Italy), pp. 62–75 . 

irch, K.G. , Ewing, J.A. , 1986. Observations of wind waves on a reservoir. Inst. Oceanogr.
Sci. Rep. No. 234, 37 pp . 

rucker, K. , O’Shea, T. , Dommermuth, D. , Adams, P. , 2010. Three dimensional simula-

tions of deep-water breaking waves. In: 28th Symposium on Naval Hydrodynam-
ics. Pasadena, CA, p. 19. 12-17 September 2010 . 

hao, Y.Y. , Alves, J.H.G.M. , Tolman, H.L. , 2005. An operational system for predicting
hurricane-generated wind waves in the North Atlantic Ocean. Weather Forecast.

20, 652–671 . 
ote, L.J. , Davis, J.O. , Marks, W. , McGough, R.J. , Mehr, E. , Pierson, W.J. , Ropek, J.F. ,

Stephenson, G. , Vetter, R.C. , 1960. The directional spectra of a wind generated sea

as determined from data obtained by the Stereo Wave Observation Project. Meteor.
Pap. 2 (6), 1600–1604 New York University, New York . 

’Asaro, E.A. , 2014. Turbulence in the upper-ocean mixed layer. Annu. Rev. Mar. Sci. 6,
101–115 . 

’Asaro, E.A. , Thomson, J. , Shcherbina, A.Y. , Harcourt, R.R. , Cronin, M.F. , 2014. Quanti-
fying upper ocean turbulence driven by surface waves. Geophys. Res. Lett. 41 (1),

102–107 . 

ommermuth, D. , Rhymes, L. , Rottman, J. , 2013. Direct simulations of breaking ocean
waves with data assimilation. In: Proceedings Oceans 2013, pp. 1–10. Sept. 2013 . 

ommermuth, D. , Yue, D. , 1987. A higher order spectral method for the study of non-
linear gravity waves. J. Fluid Mech. 184, 267–288 . 

onelan, M.A. , Hamilton, J. , Hui, W.H. , 1985. Directional spectra of wind-generated
waves. Phil. Trans. R. Soc. London , A 315, 509–562 . 

onelan, M.A., Curcic, S.S., Chen, S., Magnusson, A.K., 2012. Modeling waves and wind
stress. J. Geophys. 117, C00J23. doi: 10.1029/2011JC007787 . 

ysthe, K. , 1979. Note on the modification of the nonlinear Schrödinger equation for

application to deep water waves. In: Proc. R. Soc. London, A, 369, pp. 104–105 . 
wans, K.C. , 1998. Observations of the directional spectrum of fetch-limited waves. J.

Phys. Oceanogr. 28, 495–512 . 
wans, K.C. , Kibblewhite, A.C. , 1990. Spectral features of the New Zealand deep-water

ocean wave climate. N. Z. J. Mar. Freshwater Res. 26, 323–338 . 

https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0001
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0001
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0001
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0001
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0002
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0002
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0002
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0003
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0003
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0003
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0003
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0003
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0003
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0003
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0004
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0004
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0004
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0004
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0004
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0004
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0004
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0004
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0004
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0004
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0004
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0004
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0005
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0005
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0005
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0005
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0005
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0006
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0006
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0006
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0006
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0006
https://domicile.ifremer.fr/10.1016/,DanaInfo=dx.doi.org+j.ocemod.2010.01.002
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0009
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0009
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0009
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0010
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0010
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0011
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0011
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0012
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0012
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0012
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0013
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0013
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0013
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0013
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0013
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0014
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0014
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0014
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0014
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0015
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0015
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0015
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0015
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0015
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0015
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0015
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0015
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0015
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0015
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0016
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0016
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0017
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0017
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0017
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0017
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0017
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0017
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0018
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0018
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0018
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0018
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0019
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0019
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0019
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0020
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0020
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0020
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0020
https://domicile.ifremer.fr/10.1029/,DanaInfo=dx.doi.org+2011JC007787
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0022
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0022
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0023
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0023
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0024
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0024
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0024


D.T. Resio et al. / Ocean Modelling 103 (2016) 38–52 51 

E  

F  

G  

G  

H  

H  

H  

H  

H  

H  

 

H  

 

 

H  

H  

 

H  

 

H  

 

I  

J  

K  

K  

K  

 

K  

 

L  

L  

L  

L  

L  

L  

L  

M  

M  

M  

M  

M  

 

M  

 

N  

O  

 

P  

P  

P  

P  

P  

 

R  

R  

R

 

R  

R  

R  

R  

 

R  

S  

S  

S  

 

S  

T  

 

T  

T  

T  

T  

T  

T  

T  

 

T  

T  

 

T  

T  

 

V  

 

W  

W  

W  

W
X  

Y  

Y  

 

Y  

Y  
wing, J.A. , 1971. A numerical wave prediction method for the North Atlantic Ocean.
Dtsch. Hydorgr. Z 24, 241–261 . 

orristall, G.Z. , 1981. Measurements of a saturation range in ocean wave spectra. J. Geo-
phys. Res. 86, 8075–8084 . 

lazman, R.E. , 1994. Surface gravity waves at equilibrium with a steady wind. J. Geo-
phys. Res. 99, 5249–5262 . 

rare, L. , Lenain, L. , Melville, W. , 2013. Wave-coherent airflow and critical layers over
ocean waves. J. Phys. Oceanogr. 43, 2156–2172 . 

asselmann, D.E. , Dunckel, M. , Ewing, J.A. , 1980. Directional wave spectra observed

during JONSWAP 1973. J. Phys. Oceanogr. 10, 1264–1280 . 
asselmann, K. , 1962. On the non-linear energy transfer in a gravity wave spectrum.

Part 1: General theory. J. Fluid Mech. 12, 481–500 . 
asselmann, K. , et al. , 1973. Measurements of wind-wave growth and swell decay dur-

ing JONSWAP. Ergänzungsheft Dtsch. Hydrogr. Z. 12, 95 . 
asselmann, K. , 1974. On the spectral dissipation of ocean waves due to white capping.

Boundary-Layer Meteorol. 6 (1-2), 107–127 . 

asselmann, K. , Muller, P. , Sell, W. , 1976. A parametric wave prediction model. J. Phys.
Oceanogr. 6, 200–228 . 

asselmann, S. , Hasselmann, K. , Allender, J.Z.H. , Barnett, T.P. , 1985. Computations and
parameterizations of the nonlinear energy transfer for application in wave models.

J. Phys. Oceanogr. 15, 1378–1391 . 
asselmann, S. , Hasselmann, K. , 1985. Computations and parameterizations of the

nonlinear energy transfer in a gravity-wave spectrum. Part I: A new method for

efficient computations of the exact nonlinear transfer integral. J. Phys. Oceanogr.
15, 1369–1377 . 

olthuijsen, L.H. , 1983. Observation of the directional distribution of ocean wave en-
ergy in fetch-limited conditions. J. Phys. Oceanogr. 13, 191–203 . 

u, Y. , Guo, X. , Lu, X. , Liu, Y. , Dalrymple, R.A. , Shen, L. , 2012. Idealized numerical sim-
ulation of breaking water wave propagating over a viscous mud layer. Phys. Fluids

24, 112104 . 

wang, P. , Wang, D. , Walsh, E. , Krabill, W. , Swift, R. , 20 0 0. Airborne measurements of
the wavenumber spectra of ocean surface waves. Part I: Spectral slope and dimen-

sional spectral coefficient. J. Phys. Oceanogr. 30, 2768–2787 . 
wang, P. , Wang, D. , Walsh, E. , Krabill, W. , Swift, R. , 20 0 0. Airborne measurements of

the wavenumber spectra of ocean surface waves. Part I: Directional distribution. J.
Phys. Oceanogr. 30, 2753–2767 . 

risov, V. , Voronovich, A. , 2010. Numerical simulation of wave breaking. J. Phys.

Oceanogr. 41, 346–364 . 
enkins, A.D. , Phillips, O.M. , 2001. A Simple formula for nonlinear wave–wave interac-

tion. Int. J. Offshore Polar Eng. 11 (2), 81–96 . 
itaigorodskii, S.A. , 1983. On the theory of the equilibrium range in the spectrum of

wind-generated gravity waves. J. Phys. Oceanogr. 13, 816–827 . 
omen, G.J. , Hasselmann, S. , Hasselmann, K. , 1984. On the existence of a fully devel-

oped wind-sea spectrum. J. Phys. Oceanogr. 14, 1271–1285 . 

orotkevich, A.O. , Pushkarev, A. , Resio, D. , Zakharov, V. , 2007. In: Kundu, A. (Ed.), Nu-
merical Verification of the Hasselmann Equation, in the book “Tsunami and Non-

linear Waves”. Springer ISBN: 978-3-540-71255-8 . 
rogstad, H.E. , 1990. Reliability and resolution of directional wave spectra from heave,

pitch, and roll data buoys. Directional Ocean Wave Spectra. Johns Hopkins Univer-
sity Press, pp. 66–71 . 

in, R.Q. , Perrie, W. , 1999. Wave–wave interactions infinite depth water. J. Geophys. Res
104 (C5) 11, 193–1213 . 

in, M.Y. , Moeng, C.H. , Tsai, W.T. , Sullivan, P.P. , Belcher, S.E. , 2008. Direct numerical sim-

ulation of wind-wave generation processes. J. Fluid Mech. 616, 1–30 . 
iu, Y. , 2013. Numerical study of strong free surface flow and breaking waves. Depart-

ment of Civil Engineering, Johns Hopkins University PhD thesis . 
ong, C.E , Resio, D. , 2007. Wind wave spectral observations in Currituck Sound, North

Carolina. J. Geophys. Res. 112, CO5001 . 
onguet-Higgins, M.S. , 1988, Mechanisms of Wave Breaking in Deep Water. Sea Surface

Sound. In: Kerman, B.R. (Ed.). Springer, pp. 1–30 . 

onguet-Higgins, M.S. , Cokelet, E.D. , 1976. The deformation of steep surface waves on
water. I: A numerical method for computation. Proc. R. Soc. London 350A, 1–28 . 

onguet-Higgins, M.S. , Cokelet , 1978. The deformation of steep surface waves on water.
II: Growth of normal mode instabilities. Proc. R. Soc. London 364A, 1–28 . 

asuda, A. , 1980. Nonlinear energy transfer between wind waves. J. Phys. Oceanogr 10,
2082–2093 . 

iles, J.W. , 1957. On the generation of surface waves by shear flows. J. Fluid Mech. 3,

185–204 . 
iles, J.W. , 1959. On the generation of surface waves by shear flows, Part 2. J. Fluid

Mech. 6, 568–582 . 
itsuyasu, H. , 1968. On the growth of the spectrum of wind-generated waves. Rep. Res.

Inst. Appl. Mech., Kyushu Univ., 16, pp. 251–264 . 
itsuyasu, H. , Tasai, F. , Suhara, T. , Mizuno, S. , Ohkusu, M. , Honda, T. , Rikiishi, K. , 1975.

Observations of the directional spectrum of ocean waves using a cloverleaf buoy. J.

Phys. Oceanogr. 5, 750–760 . 
ontoya, R.D. , Osoria Arias, A. , Ortiz Royero, J.C. , Ocampo-Torres, F.J. , 2013. A wave

parameters and directional spectrum analysis for extreme waves. Ocean Eng. 67,
100–118 . 

wogu, O. , 2009. Interaction of finite-amplitude waves with vertically sheared current
fields. J. Fluid Mech. 627, 179–213 . 

’Shea, T. , Brucker, K. , Dommermuth, D. , Wyatt, D. , 2008. A numerical formulation for

simulating free-surface hydrodynamics. In: Proceedings of the 27th Symposium on
Navak Hydrodynamics. Seoul, Korea . 

hillips, O.M. , 1958. The equilibrium range in the spectrum of wind-generated waves.
J. Fluid Mech. 4, 426–434 . 
hillips, O.M. , 1960. On the dynamics of unsteady gravity waves of finite amplitude.
Part 1. J. Fluid Mech. (11) 143–155 . 

ierson, W.J. , Moskowitz, L. , 1964. A proposed spectral form for fully developed wind
seas based on the similarity theory of S.S. Kitaigorodskii. J. Geophys. Res . 69, 5181–

5190 . 
ushkarev, A. , Resio, D. , Zakharov, V. , 2003. Weak turbulence approach to the wind-

generated gravity sea waves. Phys. D 184, 29–63 . 
ushkarev, A. , Resio, D. , Zakharov, V. , 2004. Second generation diffusion model of inter-

acting gravity waves on the surface of a deep fluid. Nonlinear Processes Geophys.

11, 329–342 . 
esio, D.T. , 1981. The estimation of wind-wave generation in a discrete spectral model.

J. Phys. Oceanogr. 11 (4), 510–525 . 
esio, D.T. , Perrie, W. , 1989. Implications of an f −4 equilibrium range for wind-

generated waves. J. Phys. Oceanogr. 19 (2), 193–204 . 
esio, D.T. , Perrie, W. , 1991. A numerical study of nonlinear energy fluxes due to wave–

wave interactions in a wave spectrum. Part I: Methodology and basic results. J.

Fluid Mech. 223, 603–629 . 
esio, D.T. , Long, C.E. , Vincent, C.L. , 2004. Equilibrium-range constant in wind-

generated wave spectra. J. Geophys. Res. (Oceans) 109, C01018 . 
esio, D.T. , Perrie, W. , 2008. A two-scale approximation for nonlinear energy fluxes in

a wind wave spectrum Part I. J. Phys. Oceanogr. 38 (11), 2801–2816 . 
esio, D.T. , Long, C.E. , Perrie, W. , 2011. The role of nonlinear momentum fluxes in the

evolution of the directional wind-wave spectrum. J. Phys. Oceanogr. 41, 781–801 . 

omero, L., 2008. Airborne observations and numerical modeling of fetch-limited
waves in the Gulf of Tehuantepec. E-scholarship at University of California, San

Diego. https://escholarship.org/uc/item/8qq0b8br 
omero, L. , Melville, W.K. , 2010. Numerical modeling of fetch-limited waves in the Gulf

of Tehuantepec. J. Phys. Oceanogr . 40, 466–486 . 
iadatmousvi, S.M. , Jose, F. , Stone, G.W. , 2012. On the importance of high frequency tail

in third generation wave models. Coastal Eng 60, 248–260 . 

ullivan, P. , McWilliams, J.C. , Moeng, C. , 20 0 0. Simulation of turbulent flow over ideal-
ized water waves. J. Fluid Mech. 404, 47–85 . 

ullivan, P. , McWilliams, J.C. , Melville, W.K. , 2004. The oceanic boundary layer driven by
wave breaking with stochastic variability. I: Direct numerical simulations. J. Fluid

Mech. 507, 143–174 . 
ullivan, P.P , McWilliams, J.C. , Patton, E.G. , 2014. Large-eddy simulation of marine at-

mosphere above a spectrum of moving waves. J. Atmos. Sci. 71, 4001–4027 . 

anaka, M. , 2001a. Verification of Hasselmann’s energy transfer among surface gravity
waves by direct numerical simulation of primitive equations. J. Fluid Mech. 4 4 4,

199–221 . 
anaka, M. , 2001b. A method of studying nonlinear random field of surface gravity

waves by direct numerical simulations. Fluid Dyn. Res. 28, 41–60 . 
anaka, M. , 2007. On the role of resonant interactions in the short-term evolution of

deep-water ocean spectra. J. Phys. Oceanogr. 37, 1022–1036 . 

oba, Y. , 1972. Local balance in the air–sea boundary processes. I: On the growth pro-
cess of wind waves. J. Oceanogr. Soc. Jpn. 28, 109–121 . 

oba, Y. , 1973. Local balance in the air–sea boundary processes. III: On the spectrum of
wind waves. J. Oceanogr. Soc. Jpn. 29, 209–220 . 

offoli, A. , Onorato, M. , Bitner-Gregersen, E.M. , Monbaliu, J. , 2010. Development of a
bimodal structure in ocean wave spectra. J. Geophys. Res. 115 . 

olman, H.L , 2004. Inverse modeling of discrete interaction approximations for nonlin-
ear interactions in wind waves. Ocean Modell. 6, 405–422 . 

olman, H.L., Grumbine, R.W., 2013. Holistic genetic optimization of a generalized mul-

tiple discrete interaction approximation for wind waves 2013. Ocean Modell 70,
25–37. doi: 10.1016/j.ocemod.2012.12.008 . 

olman, H. , 2013. A generalized multiple discrete interaction approximation for reso-
nant four-wave interactions in wind wave models. Ocean Modell. 70, 11–24 . 

racy, B.A., and D.T. Resio, 1982: Theory and calculations of the nonlinear energy trans-
fer between sea waves in deep water. WES Rep. No. 11. U.S. Army Engineer Water-

ways Experiment Stations, Vicksburg, MS. 

rulsen, K. , Dysthe, K.B. , 1996. A modified nonlinear Schrodinger equations for broader
bandwidth gravity waves on deep water. Wave Motion 24, 281–289 . 

sagareli, K.N. , Babanin, A.V. , Walker, D.J. , Young, I.R. , 2010. Numerical investigation of
spectral evolution of wind wave – Part I: Wind-input function. J. Phys. Oceanogr.

40, 656–666 . 
an der Westheysen, A.J. , Zijlema, M , Battjes, J.A. , 2007. Nonlinear saturation-based

white capping dissipation in swan for deep and shallow water. Coastal Eng. 54 (2),

151–170 . 
ang, D.W. , Hwang, P.A. , 2001. Evolution of the bimodal directional distribution of

ocean waves. J. Phys. Oceanogr. 31, 1200–1221 . 
alsh, E.J. , Hancock, D.W. , Hines, D.E. , 1988. An observation of the directional wave

spectrum from shoreline to fully developed. J. Phys. Oceanogr. 19, 670–690 . 
AMDI Group (13 authors) , 1988. The WAM model – a third generation oceans wave

prediction model. J. Phys. Oceanogr. 18, 1775–1810 . 

ebb, D.J. , 1978. Nonlinear transfer between sea waves. Deep Sea Res 25, 279–298 . 
aio, W. , Liu, Y. , Wu, G. , Yue, D. , 2013. Rogue wave occurrence and dynamics by direct

simulations of nonlinear wave-field evolution. J. Fluid Mech. 720, 357–392 . 
ang, D. , Shen, L. , 2010. Direct-simulation-based study of turbulent flow over various

waving boundaries. J. Fluid Mech. 650, 131–180 . 
ang, D. , Shen, L. , 2011. Simulation of viscous flows with undulatory boundaries. Part

II: Coupling with other solvers for two-fluid computations. J. Comput. Phys. 230,

5510–5531 . 
ang, D. , Meneveau, C. , Shen, L. , 2013. Dynamic modelling of sea-surface roughness for

large-eddy simulation of wind over ocean wave field. J. Fluid Mech. 726, 62–99 . 
oung, I.R. , Van Vledder, G. , 1993. A review of the central role of nonlinear interactions

in wind-wave evolution. Philos. Trans. R. Soc. London A342, 505–524 . 

https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0025
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0025
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0026
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0026
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0027
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0027
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0028
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0028
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0028
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0028
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0029
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0029
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0029
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0029
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0030
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0030
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0031
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0031
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0031
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0032
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0032
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0033
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0033
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0033
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0033
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0034
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0034
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0034
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0034
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0034
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0035
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0035
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0035
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0036
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0036
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0037
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0037
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0037
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0037
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0037
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0037
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0037
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0038
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0038
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0038
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0038
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0038
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0038
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0039
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0039
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0039
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0039
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0039
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0039
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0040
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0040
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0040
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0041
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0041
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0041
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0042
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0042
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0043
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0043
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0043
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0043
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0044
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0044
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0044
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0044
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0044
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0046
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0046
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0047
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0047
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0047
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0048
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0048
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0048
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0048
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0048
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0048
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0049
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0049
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0050
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0050
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0050
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0051
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0051
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0052
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0052
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0052
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0053
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0053
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0053
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0054
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0054
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0055
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0055
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0056
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0056
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0057
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0057
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0058
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0058
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0058
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0058
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0058
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0058
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0058
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0058
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0059
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0059
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0059
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0059
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0059
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0060
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0060
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0061
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0061
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0061
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0061
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0061
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0062
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0062
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0063
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0063
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0064
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0064
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0064
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0065
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0065
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0065
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0065
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0066
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0066
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0066
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0066
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0067
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0067
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0068
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0068
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0068
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0069
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0069
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0069
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0070
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0070
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0070
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0070
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0071
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0071
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0071
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0072
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0072
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0072
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0072
https://domicile.ifremer.fr/uc/item/,DanaInfo=escholarship.org,SSL+8qq0b8br
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0073
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0073
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0073
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0074
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0074
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0074
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0074
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0075
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0075
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0075
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0075
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0076
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0076
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0076
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0076
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0077
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0077
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0077
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0077
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0078
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0078
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0079
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0079
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0080
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0080
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0081
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0081
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0082
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0082
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0083
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0083
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0083
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0083
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0083
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0084
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0084
https://domicile.ifremer.fr/10.1016/,DanaInfo=dx.doi.org+j.ocemod.2012.12.008
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0086
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0086
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0087
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0087
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0087
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0088
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0088
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0088
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0088
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0088
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0089
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0089
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0089
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0089
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0090
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0090
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0090
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0091
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0091
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0091
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0091
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0092
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0092
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0093
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0093
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0094
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0094
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0094
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0094
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0094
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0095
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0095
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0095
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0096
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0096
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0096
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0105
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0105
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0105
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0105
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0097
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0097
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0097


52 D.T. Resio et al. / Ocean Modelling 103 (2016) 38–52 

 

 

 

Z  

Z  

 

Young, I.R. , Verhagen, L.A. , Banner, M.L. , 1995. A note on the bimodal directional spread-
ing of fetch-limited wind waves. J. Geophys. Res. 100, 773–778 . 

Zakharov, V.E. , Filonenko, N.N. , 1966. The energy spectrum for stochastic oscillation of
a fluid’s surface. Dokl. Akad. Nauk. 170, 1992–1995 . 

Zakharov, V.E. , Zaslavskii, M.M. , 1982. The kinetic equation and Kolmogorov spectra in
weak-turbulence theory of wind waves. Izv. Atmos. Ocean. Phys. 18, 747–753 . 
hang, B. , Perrie, W. , 2012. Cross-polarized synthetic aperture radar: a new potential
measurement technique for hurricanes. Bull . Am . Meteorol . Soc . 93 (4), 531–541 . 

hang, B. , Perrie, W. , Vachon, P. , Li, X. , Pichel, W. , Guo, J. , He, Y. , 2012. Ocean vec-
tor winds retrieval from C-band fully polarimetric SAR measurements. IEEE Trans.

Geosci. Remote Sens. 50, 4252–4261 . 

https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0098
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0098
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0098
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0098
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0099
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0099
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0099
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0100
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0100
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0100
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0101
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0101
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0101
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0102
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0102
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0102
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0102
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0102
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0102
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0102
https://domicile.ifremer.fr/S1463-5003(15)00179-1/,DanaInfo=refhub.elsevier.com+sbref0102

	Characteristics of directional wave spectra and implications for detailed-balance wave modeling
	1 Introduction
	2 Detailed observations of spectral shape and their physical implications
	2.1 Directionally integrated characteristics of wave spectra as spectral metrics
	2.1.1 The equilibrium range
	2.1.2 Spectral peakedness
	2.1.3 Transition from an  to an  form at high frequencies
	2.1.4 Development of an  range in spectra with wave ages exceeding the “fully-developed” form
	2.1.5 Relaxation to an equilibrium form

	2.2 Directional characteristics of wind wave spectra

	3 Estimation of nonlinear action, energy and momentum fluxes through a spectrum
	3.1 Inconsistencies in current operational approximations to 

	4 Improving source terms via phase-resolving models
	5 Conclusions
	 Acknowledgments
	 References


