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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.
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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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models of the earth’s marine weather and climate. In such modeling
systems, waves often act as an intermediary between ocean and
atmosphere processes; and it is critical that wave models accu-
rately represent fluxes of momentum and energy between the at-
mosphere and wind waves and between wind waves and the ocean.
The frequency-direction location at which energy enters and leaves a
wave spectrum is necessary for accurately predicting spectral shape
evolution as well as for quantifying the role of waves in coupled
models, since the momentum flux associated with such exchanges
depends on both the phase speed and propagation direction of the
waves involved. For example, off the Northwest Coast of North Amer-
ica, strong winds and high wave conditions are dominant, especially
in winter, with winds often reaching 30 m/s, and significant wave
heights in excess of 8 m. In these conditions, impacts on ocean mixing
are large, owing to wave breaking and Langmuir turbulence, dramat-
ically increasing upper ocean turbulent kinetic energy and affecting
Ekman surface currents, and other currents (D’Asaro, 2014: D’Asaro
etal, 2014).

An example of the importance of a detailed balance character-
ization of wave model source terms can be found in existing in-
terpretations for wave breaking, Sy, typically observed to occur
physically on the leading face of waves or near the wave crest. Two
different physical interpretations of this phenomenon have been
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postulated. Alves and Banner (2003) argue that the most dissipa-
tion occurs in the spectral peak region of the spectrum due to en-
ergy convergence at frequencies near the spectral peak in young seas.
On the other hand, Irisov and Voronovich (2010) theorize that such
breaking is related to stretching and convergence of shorter waves
by the longer waves, within the theoretical framework developed by
Longuet-Higgins and Cokelet (1976, 1978) as discussed in Longuet-
Higgins (1988). For the same amount of energy loss from a wave
field, the momentum transferred into the ocean under the latter in-
terpretation could be two to three times higher than that based on
the assumption of primary dissipation at frequencies near the spec-
tral peak. Thus, a reasonable prediction of a net energy balance does
not ensure that momentum transfer rates will be predicted equally
well. The need for accurate detailed-balance source terms is also crit-
ical to many remote sensing applications since such information is
often inferred from a given portion of the spectrum. For example,
high-resolution marine wind estimates can be retrieved from satel-
lite imagery, based on backscatter from capillary waves (Zhang and
Perrie, 2012; Zhang et al., 2012). Since capillary waves are likely to
be very coupled to fluxes entering from very-high frequency grav-
ity waves and capillary-gravity waves, improvements in representa-
tions of spectral shape in the high-frequency gravity-wave portion of
the spectrum could spawn a better understanding of the physics re-
sponsible for producing the overall energy levels within the capillary
range.

We see from the previous discussion that there is a strong mo-
tivation to develop objective metrics for use in evaluating detailed
balance-formulations within wave models. In this paper, primary in-
terest will be focused on the nonlinear interaction source term, S,,;,
since it is the one term which is known from first principles and has
long been recognized as a primary mechanism for redistributing en-
ergy within the spectrum. Also, this source term is considered by
many as a critical shape stabilizing mechanism (Hasselmann et al.,
1976; Kitaigorodskii, 1983; Zakharov and Zaslavskii, 1982; Young,
1993; Pushkarev et al.,, 2003; Resio et al. 2004, 2011; Badulin et al.,
2005, 2007). Unfortunately, a primary difficulty implicit in models
that incorporate S, into their net source-term balance is that, even
with today’s computer power, they must use approximations to the
complete interaction integral rather than the complete integral itself
(e.g. WAMDIG, 1988; Lin and Perrie, 1999; Jenkins and Phillips, 2001;
Pushkarev et al., 2004; Tolman, 2013).

As shown by Resio and Perrie (2008), the initial operational ap-
proximation for S, is the DIA, the discrete interaction approximation,
which is still the primary form used by operational models today,
cannot reproduce accurate frequency-direction estimates of S;. In-
stead, the DIA approximation is only calibrated to produce an approx-
imate estimate of the total energy transfer to frequencies lower than
the spectral peak frequency. Consequently, this source term cannot
produce accurate estimates of energy and momentum fluxes through
the spectrum for the entire range of wave growth as needed for cou-
pled models.

Past comparisons of directionally-integrated and directional spec-
tra produced by models to observations have been mainly conducted
within a somewhat qualitative framework in which modeled and ob-
served spectra are plotted either on the same graph or on adjacent
graphs and discussed in terms of qualitative differences. An encour-
aging exception to this can be found in Alves and Banner (2003) who
introduce some clear quantitative metrics for spectral comparisons in
idealized fetch-limited wave growth. It has proven difficult to build a
clear consensus on the accuracy of modeled wave spectra based on all
of the qualitative comparisons shown in individual studies; so it ap-
pears that an alternative approach more along the lines of that intro-
duced by Alves and Banner (2003) and complemented by Banner and
Morrison (2010) may offer a much improved, generalizable method
for evaluating the ability of wave models to produce accurate wave
spectra.

The purpose of this paper is threefold. First, we will develop a set
of observed spectral characteristics as potential metrics for spectral
shape predictions using detailed-balance source terms in place of the
current reliance on integrated parameter comparisons. Second, we
will explore fundamental reasons why the existing operational ap-
proximation for S,; cannot represent detailed balances in nonlinear
transfers which control critical fluxes of energy, action and momen-
tum through wave spectra. And, third, we will discuss the need to uti-
lize phase-resolving information from ongoing direct numerical sim-
ulations to help formulate future phase-averaged source terms.

2. Detailed observations of spectral shape and their physical
implications

Spectral shapes in nature can often have very complex forms con-
taining several superposed wave trains, postulated to be the balance
of three primary source terms: wind input (S;;), wave breaking (S;)
and nonlinear interactions (S,;) plus propagation effects. In situations
with highly variable wind speeds and directions, the overall detailed
balance among these three source terms and propagation effects can
be very difficult to conceptualize and to quantify. For this reason,
researchers have often used stratified samples, representing some-
what simpler, idealized conditions, as the basis of their analyses. A
typical approach to this stratification has been to limit the sample
to conditions of relatively constant wind speed and direction and in
which only a single dominant spectral peak is evident (Toba, 1972,
1973; Hasselmann et al., 1973; Donelan et al., 1985; Resio et al., 2004;
Ewans and Kibblewhite, 1990; Ewans, 1998; Long and Resio, 2007).
Data of this type provides a good starting point for understanding
the detailed shape characteristics of spectra and, in turn, quantify-
ing the associated fluxes of action, energy and momentum through
wave spectra. Since third-generation models were first operational-
ized (WAMDIG, 1988), a large amount of detailed measurements of
wave spectra has been added to our knowledge base. This data pro-
vides a critical basis for improved understanding of detailed-balance
physics and for evaluating the ability of detailed-balance wave mod-
els to reproduce accurate spectral shapes. In this section, we will re-
view observed characteristics of wave spectra, beginning with analy-
ses of directionally integrated spectral forms,

2
E(f) = /0 E(f,0)do (1)

where E(f) is the directionally integrated spectral energy density as
a function of frequency, f, E(f, 6) is the energy density of the direc-
tional spectrum as a function of frequency and propagation direction,
6. The shape of the directionally integrated spectrum tends to be
related to net balances of energy and action, since these are scalar
quantities which typically do not depend strongly on the directional
characteristics of the spectrum. Following the section on
directionally-integrated spectral metrics, we will examine ob-
servational characteristics of directional wave spectra. In this case,
the spectral shape characteristics are expected to be strongly in-
fluenced by the balance of momentum among the source terms
due to the vector nature of such fluxes, since they are a function of
propagation direction.

2.1. Directionally integrated characteristics of wave spectra as spectral
metrics

2.1.1. The equilibrium range

Data analyses are typically influenced by the physics paradigm
held by those performing the analyses. Two different paradigms for
directionally integrated spectral shapes have evolved from the 1950s
to the present. In the 1950s and 1960s, wave spectra were believed
to represent a direct balance between wind input and wave break-
ing. Thus, the spectral shape was postulated to transition toward a
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Fig. 1. Average compensated spectra [E(f) = E(f)f4] 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.

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)~g2f~> (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) = ‘(’2552)41’ * Where a5 — 0.0081. The work of Mitsuyasu (1968)
and JONSWAP (Hasselmann et al.,, 1973) presented clear evidence
that aswas 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) ~
uwgf~4, where uy, 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~* equilib-
rium range (Fig. 1), where the frequency spectra in this figure have
been transformed to a compensated form via multiplication by f4, i.e.
E(f) = E(f) f4, where 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

constant winds and situations with a single spectral peak, the com-
pensated spectral shapes from many sites around the world exhibit a
remarkably consistent f~4 form in their equilibrium ranges, although
it can be seen that the extent of the equilibrium range varies as a func-
tion of wave age. Thus, the first metric proposed here is the ability
of detailed-balance physics in a wave model to maintain a clear f~4
form throughout an appropriate equilibrium range as determined by
detailed analyses and observations. This metric provides an impor-
tant constraint on all three primary source terms within this portion
of the spectrum.

A dimensionally consistent form of an f~4 wave spectrum can be
written as

E(f) = aquagf *Wa(fr) (2)
where a4 is a dimensionless coefficient, i is a physical constant with
units of velocity, g is gravity, and W,(f;) is a dimensionless shape
function of relative frequency f, = % Rewriting the f~> spectrum

into a comparable form yields

E(f) = asg’ fWs(f) 3)
with the subscripted terms in Eq. (3) playing analogous roles to the
f~*formin Eq. (2).

In Toba’s (1972) original formulation, it was hypothesized that this
ug in Eq. (2) represented the wind speed, since this provided the cor-
rect dimensional units; however, Resio et al. (2004), following up on
early work by Resio and Perrie (1989), postulated that a more suit-
able physical representation of this term might be uq = (u3cp)!/3,
where uy, is the wind speed and cpis the phase speed of the spec-
tral peak. Figs. 2 and 3 show the relationships between energy lev-
els in the equilibrium range plotted against u,, and against (u3,cp)!/3,
respectively. Clearly, the more consistent representation comes from
the latter scaling for energy levels in the equilibrium range.

As shown by Resio et al. (2004), energy fluxes through the equi-
librium range due to nonlinear interactions have the form

u3
rf=z-+4 (4)
g

where Z is a dimensionless constant, which depends weakly on direc-
tional spreading. For the case of us,=uy, Eq. (4) might be interpreted
as implying a constant energy transfer rate into the wave field from
the atmosphere during the wave generation process for constant
wind speed and direction. For the case of ug = (u3,cp)!/3, Eq. (4) im-
plies a constant momentum transfer rate into the wave field from the
atmosphere during the wave generation process (Resio et al., 2011).
The latter interpretation is also consistent with discussions of over-
all energy and momentum balances discussed in Hasselmann et al.
(1973) and was developed in more detail in Resio and Perrie (1989),
who noted that a constant rate of momentum transfer to, and reten-
tion within, the wave field is also consistent with the observed linear
growth of total wave energy with fetch. Thus, the second metric, or
in other words, the second spectral shape characteristic selected for
evaluating detailed-balance source terms is their ability to reproduce
the relationship between specific relation between the energy lev-
els in the spectral equilibrium range for constant wind speeds and a
wind speed metric, i.e. it should approximate the Bvs.u, relationship
shown in Fig. 3, where S here is the deep-water version of the equi-
librium range energy constant as defined in Resio et al. (2004), i.e.
B = mf]w Y n2 fAE(f). This will help establish quantitative limits
on the magnitudes of the wind input and wave breaking source terms
that act as a combined source for these fluxes during the wave gener-
ation process. As an initial approximation, njandn, will be assumed
to limit the range used to estimate 8 to 1.5 f, — 3.0 fp, consistent with
Resio et al. (2004).

2.1.2. Spectral peakedness
Compensated spectra in Fig. 1 show that there is a region of the
spectrum 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 (y)
and f~4—based(y;) spectral shapes.

¥ 432 309 204 123 062
y 7 5 33 2 1

with the peakedness most pronounced at low wave ages and dimin-
ishing as wave age increases, where wave age is defined as the phase
speed of the spectral peak, ¢, divided by the wind speed, uy,. Consis-
tent with the arguments by Resio et al. (2004), it is deemed advan-
tageous to move from an f~> basis to an f~* basis for consistency
with the new equilibrium range form, rather than retaining the JON-
SWAP ( f~>) basis for the definition of peakedness. Table 1 provides a
comparison of peakedness values for each of these classes of spectra.

Fig. 1 shows that, although spectral peakedness does ex-
hibit a relatively high scatter, the average characteristics follow a

consistent pattern, with a tendency for high peakedness in young
waves (small values of cp/uyw) diminishing to lower peakedness
as wave age increases. Observational evidence from Romero and
Melville (2010) supports this same trend, albeit with slightly varied
values. Thus, the third metric, viz. the third spectral characteristic,
for evaluating detailed balance source terms is their ability to match
the approximate peakedness behavior shown in Fig. 1. This constrains
the source term balance by requiring that it have the ability to create
higher peakedness in young waves, even though the total momentum
passing through the equilibrium range may be hypothetically trans-
ferring a relatively constant amount of momentum out of the spectral
peak region through the equilibrium range.

2.1.3. Transition from an f~* to an f~> form at high frequencies
Forristall (1981) noted, in an analysis of a large data set from
the Gulf of Mexico, that wave spectra transitioned from an f~4
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is the wind speed at Miles critical layer height above the mean water level.

equilibrium range to an f~> 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~* 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 (E—i)
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~> 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 fp; whereas the highest values of inverse
wave age in Fig. 1 has a mean value around 3.5 with a transition at
2fp. 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.

2.14. Development of an f~11/3 range in spectra with wave ages
exceeding the “fully-developed” form

Ever since Pierson and Moskowitz (1964 ) provided extensive data
for scaling wave spectra for which the phase speed of the waves at
the spectral peak are approximately equal to one, it has been tac-
itly assumed in most wave models that the fully-developed spec-
tral form developed by these researchers is a necessary test for a
spectral wave model. However, theoretical analyses by Zakharov and
Zaslavskii (1982) showed that a spectrum can continue to evolve to-
ward a constant “action-flux” form in which the action flux from the
region of wind input is directed toward lower frequencies. In this
context, if the region of breaking in the spectral peak region does
not form a zero balance at each frequency and angle with net en-
ergy gains from nonlinear transfers to lower frequencies, a spectrum
would not be expected to evolve into an absolutely-stationary, fully-
developed form. Although Komen et al. (1984) were able to achieve a
“quasi-stationary” directionally integrated spectral form in their in-
vestigation into the existence of a fully developed wind-sea spec-
trum, they were not able to match the directional characteristics
of the source terms to achieve absolute stationarity in a detailed-
balance sense. Glazman (1994), in an investigation into wave spectra
in the vicinity of Hawaii, concluded that a majority of open ocean ob-
servations yield wave age values and spectral exponents that disagree
with the concept and shape of a fully-developed spectrum; thus, it is
possible that the hypothesized “fully-developed spectrum” does not
represent an end-state for spectral development. In Fig. 1, the spec-
tra at wave ages exceeding 1 show a change in slope at the location
within 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~> spectra range at relative frequencies which increase
as the inverse wave age decreases. The line is limited to the range inverse wave ages >
1.

consistent with the arguments of Glazman (1994), shown by offset
lines with “compensated” slopes for an f~11/3 spectral form. As seen
here, the slope of the line in this region of the spectrum is very close
to the theoretical form for a constant action flux toward low frequen-
cies E(f)~f~11/3, as qualitatively supported in the bottom four com-
pensated spectra in Fig. 1.
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Even though the spectral shape appears to continue to evolve
past a single “fully-developed” form, observations suggest that the
rate of gain of total energy in the spectrum asymptotically slows
and may asymptotically actually approach zero (Walsh et al., 1988).
This implies that the detailed-balance source terms act in a fashion
that allows wave spectra to evolve past a fully-developed Pierson-
Moskowitz spectral form while asymptotically reducing the rate of
increase in total wave energy. The ability of a detailed-balance model
to reproduce observed energy slopes in frequencies lower than the
phase speed equal to the wind speed while asymptotically slowing
the growth of wave energy will be taken here as the fifth metric for
evaluating such models.

2.1.5. Relaxation to an equilibrium form

One of the original arguments of WAMDIG (1988) for adopting
a detailed-balance form for all source terms in spectral wave mod-
els was to properly account for the relaxation of a spectrum from a
perturbation toward its shape-stabilized, quasi-equilibrium form ex-
hibited in Fig. 1. Thus, a necessary criterion for the detailed-balance
source terms used in coupled model applications will be that these
source terms produce a relaxation to the correct form at a quantita-
tively correct rate. Fig. 5 shows the relaxation rate of a perturbation
superposed on a spectrum with an f~* spectral form near full devel-
opment from numerical simulations using the WRT integral for S
compared to results from the evolution using the DIA. The left-hand
panel shows the evolution of the equilibrium using the DIA, while the
right-hand panel shows the evolution from produced by the complete
integral. It is interesting to note in this figure that the introduction of
the transition to an f~> form does produce a slight deviation from
the f~* form here; however, not the same magnitude of deviation
as the DIA-force equilibrium. Since the ability of the source terms to
force a spectrum toward an equilibrium is a critical requirement for
detailed-balance models, this ability will be taken here as the sixth
metric for evaluating detailed-balance source terms.

2.2. Directional characteristics of wind wave spectra

Directional spreading attributes of wind-wave spectra provide
some additional information regarding the relative magnitudes of
the different source terms, particularly in terms of their net momen-
tum balance. All three of the source terms noted here have been
characterized by different directional functions within wave mod-
els. The wind input in existing operational models is typically of a
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Fig. 5. The evolution of a spectrum perturbed from an initial f~4 form with a peak frequency at 0.3 Hz by the addition of a Gaussian-shaped “hump” of energy, based on four-wave
interaction integral, with the left panel showing the evolution produced by the DIA and the right panel showing the evolution produced by the complete integral solution. In this
example, the spectrum is constrained to follow an f~> form at frequencies above a transition limit consistent with the spectra shown in Fig. 4. As can be seen here, the spectrum
builds back toward an f~4 form relatively quickly on the high frequency side of the perturbation and much slower on the low frequency side.
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Sin(f, 0)~Si (f)cos™ (@ — 6p) form, where 0 is the propagation direc-
tion and 6, 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 bySy,(f, 0) = Sys(f)¢(f, 6), where ¢ (£, 0) 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,;; 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

o) = B+
and
Fope(f) = E(f.61) +E(f,62)

2E(f,0)

where 6;(f) is the angle separation, which has been found to vary as
a function of frequency, and .. (f) is the lobe ratio. The three angles
are defined as follows: 61 and 6, are taken as the angles with the max-
imum energy on each side of the mean propagation angle and (f)
is the mean propagation angle at frequency f, i.e. tan~'[Ey (f), Ex(f)]
where

2
@m=ﬁ E(f.0) sin (6)d0

and
2
Ex(f)=/0 E(f.0)cos (9)db.

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. 20003, 2000b) have
all concluded that the angular distribution in young waves is very bi-
modal. It can be noted that the data in Long and Resio (2007) are also
from spatio-temporal measurements. Romero and Melville (2010)
pointed out that studies by Benoit (1992) and Krogstad (1990) have
shown the ability of a buoy to resolve multi-modality in wave spectra
to be strongly affected by the method used to process the data.

In Romero’s (2008) data compilation, he found that there was a
clear relationship between wave age and the lobe ratio, with older
waves being less bimodal. Resio et al. (2011) also shows a direc-
tional function in which increased spreading of the side lobes leads
to reduced bimodality in the directional distribution as wave age in-
creases. The low resolution of the early analysis methods used in
analyzing directional spectra, particularly at high frequencies where
these effects are most pronounced, combined with the tendency for
open ocean wave spectra to be more representative of older wave
ages may help explain the earlier interpretation of wave spreading
in terms of unimodal spreading functions. In terms of quantitative ef-
fects there is a consensus that young (sort-fetch) wave spectra exhibit
lobe ratios in excess of 2 even at relative frequencies in the range of
2-3. Toffoli et al., (2010) obtained similar lobe ratios using numerical
simulations of the potential Euler equations, which compared well to
their laboratory results of the development of bimodality from ini-
tially unidirectional spectra. Based on all this evidence, the ability of
detailed-balance wave models must be to reproduce these high lobe
ratios at the appropriate angles as the seventh metric for evaluation
of detailed-balance models.

3. Estimation of nonlinear action, energy and momentum fluxes
through a spectrum

As noted in the previous section, many of the attributes of spec-
tral shape are consistent with expected characteristics associated
with nonlinear fluxes of energy, action and momentum through wave
spectra. For example, the f~% equilibrium range is consistent with
constant fluxes through this spectral region (Zakharov and Filonenko,
1966; Kitaigorodskii, 1983; Resio and Perrie, 1991). The observed
variation of angular spreading as a function of relative frequency is
consistent with the form required to maintain a constant momentum
flux through the spectrum (Resio et al., 2011). The relationship be-
tween increased peakedness (decreased wave age) and the lobe ratio
is consistent with the behavior of fluxes expected from nonlinear in-
teraction (Tofolli et al., 2010). And, the generation of a constant action
flux region at frequencies lower than the spectral peak in waves with
wave ages exceeding 1 (spectral peak celerity exceeding the wind
speed) is consistent with the expected form established by (Zakharov
and Zaslavskii, 1982; Glazman, 1994).

The peakedness of the wind-wave spectra as a function of
wave age is not well represented in spectral shapes produced by
existing operational models, nor is the transition from f~4 to f~3
directionally-integrated forms represented in these models, except
by subjective parametric constraints. These two characteristics of
spectral shape cannot be understood in terms of only dominant non-
linear interactions; consequently, they provide valuable information
to help us understand the quantitative balance between wind input,
wave dissipation and wave-wave interactions in different parts of
the spectrum. The two different concepts for wave breaking: (1)
dominant breaking located primarily within the spectral peak region
in young waves which transitions to more evenly distributed break-
ing with increasing wave age, and (2) dominant breaking restricted
to intermediate to high frequencies, will likely produce very different
peakedness behavior as a function of wave age. Likewise, the shift
of the relative frequency at which the relatively sharp transition
from f~* to f~> directionally-integrated forms occurs will provide
a valuable constraint on the form and magnitude of the dissipation
function.
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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, = 4 in

young waves and a systematic decrease in the lobe ratio as wave age increases.

3.1. Inconsistencies in current operational approximations to Sy

Given the recognized importance of nonlinear interactions to the
formation of characteristic spectral shapes and the body numerical
results over the last decade confirming the validity of the Hasselmann
(1962) equation for nonlinear transfers within a continuous spectrum
(Tanaka, 2001a, 2001b, 2007; Korotkevich et al., 2007), it seems evi-
dent that an absolutely critical component of a detailed-balance wave
model is for it to have an accurate representation of S,; within it.
However, as shown in Resio and Perrie (2008) for f~> (JONSWAP)
spectra for f~* spectra, the approximation to S, for nonlinear in-
teractions in existing wave models, based on the discrete interaction
approximation (DIA) (WAMDIG, 1988), exhibits large systematic bi-
ases in its representation of the directionally-integrated form for S,,;.
Whereas, it might be possible for a combination of additional source
terms to compensate for such deviations in terms of integrated pa-
rameters, such compensation will distort the detailed-balances af-
fecting fluxes through the spectrum and spectral shape.

Hasselmann's (1962) original derivation showed that four waves
are required for permanent transfers of energy to take place within
a continuous wind-wave spectrum. Estimation of the “exact” integral
for these transfers has been approached in various manners and has
been shown to be tractable in a number of studies (Webb, 1978; Ma-
suda, 1980; Tracy and Resio, 1982; Resio and Perrie, 1991). As noted
previously, computation of exact forms for S,,; remains beyond avail-
able computational resources for operational modeling. Early wave
models attempted to overcome this problem by using parametric rep-
resentations of this source term (Barnett, 1968; Ewing, 1971; Resio,
1981). However, Hasselmann et al. (1985) and WAMDIG (1988) ar-
gued that it was important to allow nonlinear interactions to contain
as many degrees of freedom as the directional spectrum itself in or-
der to form a consistent detailed-balance basis for this term. In fact,
the distinction between parameterized representation of S,;; and the
use of a representation for S,; which retains the same number of de-
grees of freedom as the directional spectrum being modeled is the
basic distinction between second-generation wave models and third-
generation wave models.

After an examination of several alternatives, Hasselmann et al.
(1985) proposed an approximation based on limiting the interactions
to the integral form proposed by Phillips (1960) specifically for in-
teractions among three waves. Problems with the DIA have previ-
ously been noted; and many papers have been written on the topic
of either optimizing the DIA or extending it to a more generalized
form (Tolman, 2013). It is clear from the methodology used to cal-
ibrate the DIA that it did not focus on the agreement between the
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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.

detailed shape characteristics of the new source term compared to
the full integral representation. Instead, the calibration case repro-
duced here (Fig. 7) and its discussion, focused only on matching
a parametric quantity, the total energy transferred into frequencies
lower than that of the spectral peak. Thus, the DIA was developed
specifically to be a detailed-balance source term for approximating
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Fig. 8. Diagram showing the K, and K4 loci for k; = (1,0) and k5 = (2.0, 0.26). The ks point is selected to fall of the Phillps three-wave interaction locus with the center point of
this three-wave locus falling at k;. The “+” at the k; point is the one point where all interacting waves coincide for the case of self-interactions. The “O” represents the k; point on
the figure 8 is also a point on the k; locus. Thus the four-wave interactions allow a point at k5 to interact with k, points anywhere on the locus shown here.

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,,; can be written as

LT Y Y P (R Wy
5 :/_OC.../_DOCD(S ;q,-k,- 81 D qiwi | dks,

i=1

X dkzydk3xdl(3ydk4xdk4y (5)

where k; and w; represent the four interacting wavenumbers and ra-
dial frequencies for these waves, respectively; g = 1ifi =1 or 2, and
q=—1ifi=3or4;C?is an algebraically complicated coupling coef-
ficient which depends on all of the interacting wavenumbers; and D3
is a sum of interacting triplets of action densities

D? = nyny(n3 + ny) + n3na(ng + ny),

Removing the delta function on the wavenumber sum (by set-
ting ks = K + K, — k3) and including the delta function on radial fre-
quency (by restricting the integration domain to w, = w3 + w4 — w1)
allows this integral to be reduced to a form containing three dimen-
sions in wavenumber space,

8na(f1) :/ / T(E1,E3)dk3xdk3y (6)

as shown by Webb (1978), in which two of the three dimensions
emerge explicitly in terms of dks dks,. As shown by Webb (1978),

the action transfer integral between k; and ks, T(ky, k3), represents
a contour integral in which the integration around the contour pro-
vides the third wavenumber dimension,

T(ky, k3) = ¢C2D3|8W/8n|(*1)ds. (7

Combining Egs. (6) and (7) shows that the resonant four-wave in-
teraction loci encompass a phase volume made up of a continuum of
points in k3, — ks, space surrounding k1 and a third dimension s along

the resonant locus for ky, with a coupled locus for k4 obtained by
displacement from k by the vector k3 — k;. Thus, the conditions for
resonance reduce the six-dimensional integral in Eq. (1) to an inher-
ently three-dimensional volume of interacting waves in wavenumber
space (ks,, k3, 5).

The DIA form introduces an additional delta function into Eq. (5),
8(k; — ky), which was not in the original derivation by Hasselmann
(1962), essentially recasting the four-wave interaction integral back
into the three-wave interaction form derived by Phillips (1960).
Consistent with the dimensionality of a vector delta function in
wavenumber space (k=2), the introduction of this delta function re-
moves two powers of k from the nonlinear interaction equation and
reduces the transfer domain from a three dimensional volume to a
single line, the “figure 8” shaped locus derived by Phillips, (1960).
Fig. 8 shows an example of a figure 8 form for three wave interactions
for interacting wave numbers of k; = (1,0) and ks = (2,0.3), along
with the loci for k, and k4 that satisfy the delta function on W. As
can be seen in this figure, the figure 8 locus and the k locus intersect
at only a single point. In fact, it can be shown that each point on the
figure 8 represents only a single point on the k; locus for each value of
ksspecified, thereby reducing the dimensionality of the integral from
its original form.

Fig. 9 shows the three-wave interaction locus within the com-
plete 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 k3 value
is allowed in these interactions but the k 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, = k3 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.

figure, the vertical axis represents the position along the locus s, with
s, defined such that the zero value coincides with the point along the
locus at which the figure 8 pattern intersects with the locus. The four
large dots in the figure represent 4 points along the locus taken as the
quadruplet of points used by the DIA to approximate to the complete
interaction integral. The four vertical lines in this figure intersecting
with the quadruplets illustrate the point that the DIA approximation
to the interaction includes only a selected point along the s dimen-
sion; rather than all the interactions along the locus, as well as only
singular points in the k3 , k3, plane. Given the dimension of Eq. (5), it
is clear that, if no singularities exist within the integrands in Eqs. (6)
and (7), there can be no resonant transfers of action, energy, or mo-
mentum since the volume of the 4-point interaction integration do-
main included in Fig. 9 is zero.

To compensate for this dimensional inconsistency, a dimensional
scaling function, B, was introduced into the formulation of the DIA,
making their final form for the discrete interaction approximation, or
DIA, (WAMDIG, 1988)

SN, 1

SNy | =1 ) arns

sn. | = | 1 [PCD*AkeAky AL (8)
SNy +1

where N; is the ith discrete increment of wave action in wavenumber
space, C is a dimensionless coefficient used for tuning the approxima-
tion to match results from the full integral and D3 is a term contain-
ing the triplets of action densities involved in the interactions at the
quadruplets (Hasselmann and Hasselmann, 1985). For dimensional
consistency, B had to have units equal to (f'9g~8), given that the ac-
tion densities in the triplets had f~> directionally integrated forms,
as believed under the paradigm for spectral shape at that time. Using
Eq. (8) it is straightforward to show that the DIA-generated energy
fluxes will become constant when

B[n(k)]>k32 — [n(k)]?k" — constant.

In terms of a directionally integrated wave action (n(k) =
F(k)w™1, where n is wave action and F is wave energy as function of

wavenumber and w is radial frequency, w = 27 f) density spectrum
the equilibrium range produced by such interactions would be of the
form

n(k) ~ k=173

For the directionally integrated equilibrium range energy density
forms in wavenumber space, this gives

F(k) ~ k—13/6
and for such a spectrum in frequency space, this yields

E(f) ~ [

which, unfortunately, deviates significantly from the f~* form for
constant energy-fluxes implicit in the full integral. Thus, such a for-
mulation cannot be used to estimate realistic fluxes through wave
spectra. Detailed-balance simulations in Badulin et al. (2005) confirm
that the energy fluxes lead to a pronounced deviation away from an
initial f~* form toward an f~11/3 form and that the associated mo-
mentum fluxes also deviate significantly from the full integral repre-
sentation for S,;. As shown earlier in Fig. 5, the DIA forces the spectral
shape significantly away from its recognized equilibrium form.

4. Improving source terms via phase-resolving models

A fundamental tenet of spectral wave modeling has been the as-
sumption that a Fourier transform of the sea surface produces, with
appropriate smoothing, a spectral approximation to our theoretical
concept of a continuous wave spectrum. Reconstructions of individ-
ual water surfaces are typically made by inverse Fourier transform of
the continuous spectrum with random phases under the assumption
that the components follow linear wave theory. The source terms and
propagation of energy in the model are then performed on the spec-
tral components and added linearly to get the net water surface and
associated characteristics.

Models of the three dimensional, time dependent sea surface in-
corporating nonlinearities to different orders have been developed to
address situations where a linear reconstruction is inadequate. Exam-
ples include the higher order spectral models (HOS) (Dommermuth
and Yue, 1987; Tanaka, 2001a, 2001b, 2007), broad-band nonlinear
Schrodinger (BNLS) (Dysthe, 1979; Trulsen and Dysthe 1996), VORT-
WAVE (Nwogu, 2009) and the nonlinear flow analysis code (NFA)
(O’Shea et al., 2008). Because these approaches resolve the surface
waves in physical space, they are termed phase-resolved models to
contrast to the phase-averaged spectral models. Xaio et al. (2013)
demonstrate that the HOS model can (1) simulate the evolution of
kurtosis, (2) reproduce the distribution of surfaces elevations and (3)
develop and maintain a k=>/2 equilibrium range consistent with labo-
ratory and field observations. Xaio et al. (2013) compared the HOS
and BMNLS driven by an initial Gaussian shaped spectrum. When
the output of both models is Fourier transformed into spectra, both
develop a peaked, JONSWAP-like omnidirectional spectrum with the
expected k52 equilibrium range, noting that the JONSWAP spectrum
in the equilibrium range appears very similar to a k=32 equilibrium
range due to the additional exponential function in its formulation.
The directional spectra evolved from Gaussian to a bimodal direc-
tional distribution in the equilibrium range consistent with theory
and observation (Long and Resio, 2007).

Combinations of Large-Eddy simulation (LES) models of the atmo-
sphere and ocean coupled to realistic phase resolved sea states have
been developed to investigate the interaction of the wave field with
the two fluids. Sullivan et al. (2000, 2004), Lin et al. (2008), and Yang
and Shen (2010) coupled a phase-resolved moving wave surface to an
LES model of the atmospheric boundary layer and simulated a range
of wave fields to study airflow over the waves and resulting profiles
of boundary layer quantities. Sullivan et al. (2014) performed simula-
tions 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,;; 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 Sy;.

As noted in the introduction to this paper, there is considerable
controversy over the wave dissipation source term, Sy, 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.

Their fundamental results show that instabilities in wave fields de-
velop in relatively short waves as they are “stretched and “squeezed”
by longer waves or, as termed by Longuet-Higgins (1988), the “con-
certina effect”. Monte Carlo simulations show that instabilities lead-
ing to wave breaking tend to be generated in the vicinity of the lo-
cation of maximum current convergence. Wave breaking associated
with such instabilities tends to occur slightly in front of or at the
crest of large waves (Fig. 10). An interesting attribute of this break-
ing mechanism is that it is very sensitive to exceedance of a dynamic
breaking threshold at the frequency at which the breaking occurs.
Fig. 11 shows the dependence of the mean breaking frequency vs. the
rms current gradient, where the breaking frequency was defined as
the ensemble average of the time from an initial random phase start
to breaking. These results imply a strong sensitivity of breaking to the
rms variation in the superposed horizontal components of the wave
orbital motions.

To adapt this concept to the onset of strong breaking in a phase-
averaged spectral model, we assume that the horizontal wave ve-
locities contributing to the breaking can be written as the sum of
random phases combining to produce a horizontal current in the x-
direction which exceeds a threshold related to (du/dx)? which has
dimensions of (time)~2. Since we are interested in the ratio of this
transition frequency to the peak frequency, we make this dimension-
less by multiplying by f2, yielding a dimensionless scaling function
P = (du/dx)?f3. The (du/dx)* term can be estimated by summing
all the squared gradient of the x-components of motion of individual
spectral elements, similar to any sum of variances. Each individual el-
ement will contribute a velocity gradient squared equal to (agkw~1)2.
Using the deep-water dispersion relationship and recognizing that
a® = E(f,0)58f80, this can be written as

2 2
u My /2 [ Qu
_pe2[(U) \_ e du
P= 13 (ax) -3/, (ax> dods
1.0
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where A is the ratio of the frequency at which this term becomes
sufficiently large to induce breaking sufficiently large that it forces
the spectrum into an f~> form and the subscripts “f, 8” denote the
conversion to a contribution to the total velocity per unit frequency
and angle increment. If we assume that the spectrum is of an f~4
form and is self-similar, Eq. (9) can be integrated analytically, yielding
a relationship between the dimensionless value P and the integral in
the second line of this equation,

p_ BOION B ()1
gfp

where B is the equilibrium range scaling coefficient with units of ve-
locity (where B denotes that the value of f is estimated from the data
in a specific spectrums specific limits), @ (y;) is a dimensionless, in-
creasing function of peakedness and @, (0p) is a dimensionless func-
tion of the angular spreading width. Since ,3 has been shown to scale
as a function of u2/3c},/3 (Fig. 3), Eq. (10) can be solved for A as

(10)

1 £2/9
A~ f? (1
(P®1 () @2 (0)) "
where fp is dimensionless frequencey, defined as f = % = 27;‘CIJ.The

impact of variations in angular spreading is not expected to play
a major role in Eq. (11); however, decreasing peakedness will con-
tribute to an increase in A as will an increase in wave age. Thus, the
form of Eq. (11) is qualitatively consistent with a sharp transition from
an f~* form to an f~° form at a relative frequency which increases
with wave age.

The wind input source is another term which, in its current form,
is quite heuristically based. It was initially developed in a somewhat



D.T. Resio et al. / Ocean Modelling 103 (2016) 38-52 49

K-3 spectrum (cor = 0.77)

1 = - T U T T T T T T [] T ..
. K
09 . ¢
: . i""{
- L]
0.8 AL : . .
s
. P
0.7 b * . .: : T
c 0w
2 - - ‘. [ . ™
‘g 0.6} - e . i
) L] L
- N -‘\ - * =
= .
&= ps} of . -
B oV
- - . -
& o4} s~ .’ . -
; . L .
‘.4 . - -
03F l. - 1
:.*.l‘. . . - .
- -
0.2k td‘:' . * -
- .
a
0.1k . >, -
4
% .
0 l’ 1 1 ] 1 1 ] L 1 I
o] 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

min{d//dx} location

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
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Fig. 11. Dependence of the mean breaking frequency on the mean surface current
(negative) gradient as calculated in simulations by Irisov and Voronovich (2010).

rigorous manner for monochromatic, unidirectional waves (Miles,
1957, 1959), but was generalized to wave spectra under the assump-
tion that individual spectral components each interacted indepen-
dently with the winds above them, without any real justification for
this assumption. Similar to the wave breaking source term, the tuning
of various representations has been accomplished primarily via opti-
mization within models (Komen et al., 1984; Tolman and Grumbine,
2013), accompanied by some heuristic arguments for the proposed
modification. In fact, Tsagareli et al. (2010) showed that many of these
proposed terms were not constrained by appropriate physical lim-
its for total momentum transfer rates from the atmosphere into the

water, leading to “remarkable disagreement both between the forms
and also with the total stress measurement.” To compensate for these
differences, he proposed a dynamic self-adjustment routine based on
heuristic considerations and physical constraints.

Recent results of Sullivan et al. (2014), Yang and Shen (2010) and
Yang et al. (2013) suggest that atmospheric flow patterns above a
moving wave field interact with the moving water surface in a fash-
ion that is not equivalent to the interaction with individual spectral
components. Thus, similar to the wave breaking source term, detailed
balance forms for wind input are still very much a work in progress.
Also, similar to wave breaking, to capture key effects of wind-wave in-
teractions, it appears that numerical experiments must be performed
on a phase-resolving basis rather than on a phase-averaged basis. An
ensemble of phase-resolving runs can then be used to estimate phase
averaged source terms. Although much of the work in this area is
still in its formative stage, results from such simulations should pro-
vide an improved basis for understanding and validating the detailed
physics of source terms which could form the basis for a new genera-
tion of operational models which not only are tuned to produce good
estimates of integrated wave parameters but which also produce im-
proved spectral shapes and estimates of energy and momentum ex-
changes into and out of the wave field.

5. Conclusions

Operational wave models have made excellent progress since
third-generation modeling began 30 years ago. What was a field of
many independent, closed-source-code models with large discrepan-
cies in their performance has evolved into a small number of mainly
open-source models which enable effective collaboration among re-
searchers around the world. This has led to a substantial effort toward
developing wave models with global capabilities, at least in terms
of predicting integrated wave parameters such as significant wave
height, 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~* form to an f~> 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~* equilibrium range with an extent that depends on wave
age,

2. a spectral peakedness defined in an f~* 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~* to f~> 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

ensemble-averaged forms which can be utilized within operational
models. As noted in the introduction, this progress may not lead to
immediate improvements in terms of predictions of integrated wave
parameters, but are urgently needed to meet emerging needs in re-
mote sensing and coupled modeling.
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