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ABSTRACT

This study examines the performance of a state-of-the-art spectral wind wave model that uses a full solution
to the nonlinear interaction source term. The situation investigated here is fetch-limited wind wave evolution,
for which a significant observational database exists. The authors consider both the evolutionary characteristics
such as the predicted development of wave energy and peak wave frequency with fetch, as well as the predicted
local features of the directional wavenumber spectrum: the spectral shape of the dominant wave direction slice,
together with the directional spreading function. In view of the customary practice of constraining the shape of
the spectral tail region, this investigation required relaxing the constrained tail assumption. This has led to new
insight into the dynamic role of the spectral tail region.

The calculations have focused on the influence of two of the source terms in the spectral evolution (radiative
transfer) equation for the energy density spectrum—those due to wind input and to dissipation predominantly
through wave breaking. While the form of the wind input source term exerts some influence, the major impact
arises from the dissipation source term, for which the authors explore a range of variants of the quasi-linear
form proposed by Hasselmann. Due to the nonlinear coupling of spectral components through the wave-wave
interaction term, it is only possible to obtain a detailed physical understanding of spectral evolution through
such numerical experiments,

The resuits point to basic shortcomings in the present source terms. These lead to predicted local spectral
properties and fetch evolution characteristics that differ significantly from the available observations. It is concluded
that further refinement of the dissipation source term is required to improve modeling capabilities for wind sea
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evolution.

1. Introduction

Reliable prediction of sea state for a prescribed wind
field has been a long-standing oceanographic goal with
very significant scientific, engineering, and economic
benefits. While earlier wind wave generation models
focused on the behavior of the significant wave height,
more recent models have pursued the prediction of the
full directional wave spectrum, based on the numerical
solution of the radiative transfer equation. Forms for
this general evolution equation appropriate to simpli-
fied situations such as homogeneous wind and wave
fields with fetch-limited or duration-limited conditions,
have been investigated quite extensively for various
formulations of the driving (source ) terms due to wind
input, nonlinear wave~-wave interactions, and wave
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dissipative processes. These source terms have been
synthesized from both observational and theoretical
results, with the dissipation source term being the least
well understood. Additional deep water effects such as
refraction by horizontally sheared currents can also be
included, but this study is concerned primarily with
fetch-limited conditions for which the form of the radia-
tive transfer equation is described in detail in section 3.

Overall, it should be pointed out that operational
wave models presently in use (3G-WAM: S. Hassel-
mann et al. 1988) appear to be successful in predicting
significant wave height and peak spectral period over
regional areas using observed wind fields. However, as
will become apparent in the discussion that follows,
certain fundamental aspects and implications of the
modeling appear to have been overlooked. These pro-
vide a primary focus of this study, in conjunction with
a detailed examination of the poorly understood dis-
sipation source term. In this context, it is of interest to
comment critically on the present status of these terms.
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Following many years of observational and analytic
effort, the wind input source term Si,(k) is known to
a reasonable approximation in the wind direction. It
is now fairly well established that in the wind direction,
S;»(k) may be parameterized using a measure involving
a representative wind speed to wave phase speed ratio.
There is an ongoing debate as to whether the wind
influence at wavenumber k is best described by the
friction velocity u,, the 10-m height mean wind speed
U0, or the mean wind speed at a height of half a wave-
length U(X\/2). However, to relate the present findings
to previous studies, we have retained u, as the velocity
scale parameterization in the input source function,
with a detailed description of this term appearing in
section 4. It should be mentioned, however, that in
directions oblique to the wind direction, the directional
dependence in S;,(k) is not well understood. Both co-
sine (Komen et al. 1984, henceforth referred to as
KHH) and cosine squared (Janssen 1991) forms have
been proposed. Walsh et al. (1989) argue that their
fetch-limited open ocean data is consistent with a
cos 0 wind effectiveness dependence near the spectral
peak. Observational data capable of directly resolving
the question over the full gravity wavenumber range
is yet to be obtained.

The source term Sy, (k), described more fully in sec-
tion 3, represents nonlinear wave-wave interactions
within the spectrum. The theory for weakly nonlinear
interactions for a homogeneous wave field with quasi-
Gaussian statistics was developed by K. Hasselmann
(1963a,b) and has been described in detail subsequently
by several authors (e.g., Webb 1978; Young and Van
Vledder 1993). Extensive computations have con-
firmed that this complex mechanism has a dominant
influence on the evolution of the wave spectrum, but
Sa(k) requires a large amount of computational effort
for its evaluation as the spectrum evolves. Approximate
methods have been devised to reduce this computa-
tional effort significantly [e.g., the direct interaction
approximation, S. Hasselmann et al. (1985)], which
is of particular concern in operational wave modeling
applications.

The dissipation of wave energy is believed to be
dominated by wave breaking, with additional wave
damping associated with wave—-turbulence interactions.
The impact of these processes is modeled collectively
in the term Syg( k), whose form is presently not known
from observations. Theoretically, K. Hasselmann
(1974) proposed a model based on the proposition that
the wave breaking is weak in the mean and is quasi-
linear in the spectral density, whereas Phillips (1985),
among others, has argued that Sy(k) needs to be a
nonlinear function of the spectral density. The Has-
selmann model has been adopted widely both in model
studies and in operational wave models, with apparent
success. The K. Hasselmann (1974) formulation,
however, only provides insight into the general func-
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tional form of Sy(k), and a wide range of variants is
possible within this general form. Their suitability can
only be determined through numerical experiments
(e.g., KHH).

The focus of the present paper is primarily on the
effectiveness of the K. Hasselmann (1974) form of
Sas(k). This has been motivated by the recent avail-
ability of data on the shape of the high wavenumber
spectrum for gravity waves, together with further ob-
servational data on the fetch evolution of wave energy
and peak period. In presenting a detailed examination
of the behavior of model predictions with these more
demanding criteria, this study serves to extend and re-
fine aspects of the key modeling paper by KHH. In a
similar manner to their study, we use a full solution
to Su(k) (Resio and Perrie 1991), which takes into
account all nonlinearly interacting wavenumber com-
ponents in the computational grid. We investigate in
detail the performance of the model in fetch-limited
growth, examining a range of local spectral properties
together with the development of the total wave energy
and peak spectral frequency with fetch. These predic-
tions are compared with the available observations,
which are reviewed in detail in the following section.

While the variations of Sy( k) investigated here are
necessarily empirical [within the general theoretical
framework of Hasselmann (1974)], they provide an
intriguing investigation of the physical behavior of a
nonlinearly coupled wave model. Due to this nonlinear
coupling between spectral components, the sensitivity
of the model results to the details of the source term
selection is often difficult to predict: this aspect has
been largely overlooked in previous investigations.

2. Brief review of relevant observational data

a. Integrated properties of the spectrum and their
evolution

The now classic JONSWAP wind wave experiment
(Hasselmann et al. 1973) provided a valuable dataset
on the fetch-limited evolution of the nondirectional
frequency spectrum, and offered strong observational
support for the major role played by weakly nonlinear
wave-wave interactions in the evolution of the spectral
peak to lower frequencies and the attendant growth in
total wave energy. These growth characteristics have
been expressed in nondimensional form and have been
used in model calculations (e.g. KHH) to set the pro-
portionality constant level of the dissipation source
term Sy(k). The JONSWAP data was also analyzed
to provide a standardized parametric frequency spec-
trum shape with five shape parameters: these were
needed to describe the peak frequency, the peak en-
hancement factor, its asymmetry, and the spectral level
of the tail. The variation of these parameters with di-
mensionless fetch xg/u3 was also determined. At the
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time, a spectral tail exponent of —5 was adopted for
the frequency spectrum on the basis of equilibrium
spectral ideas advanced by Phillips (1958). Subsequent
reanalysis of the JONSWAP dataset by Battjes et al.
(1987) showed that statistically an exponent of —4, as
first proposed by Toba (1973), was a better approxi-
mation to the data.

The very detailed observational study by Donelan
et al. (1985, henceforth referred to as DHH) of deep-
water wind wave evolution on Lake Ontario provided
new insight into the behavior of the frequency spectrum
up to three times the peak frequency. Their dataset
spanned a particularly wide range of wave age, C,/
Uyo, where C,, is the phase speed of components at the
spectral peak and U, is the wind speed measured at a
reference height of 10 m. An array of 14 wave gauges
was used to provide relatively high directional resolu-
tion for frequencies up to 1.6,, where f, is the fre-
quency of the spectral peak. Above this value their di-
rectional spreading appears to become noisy. The di-
rectional spreading characteristics reported by DHH
differ substantially from those reported in earlier studies
based on pitch-roll buoy data with intrinsically poorer
directional resolution (e.g., Mitsuyasu et al. 1975;
Hasselmann et al. 1980). The major differences are
shown clearly in Fig. 7 of DHH, with the pitch-roll
buoy directional distributions showing a much more
rapid broadening with increasing distance from the
spectral peak.

DHH estimated the effective fetch from the domi-
nant wave direction and the effective wind velocity, U
cosf, where 6 is the angle between the mean wind and
dominant wave directions. On this basis, they reported
on the evolution of the key spectral parameters as a
function of the nondimensional fetch, but these proved
to be considerably different from the JONSWAP fetch
correlations. Using their aircraftborne surface contour
radar, Walsh et al. (1989) reported a case of fetch-
limited evolution off the U.S. East Coast that showed
closer conformity to the JONSWAP fetch relationship
than to the DHH correlation. At very long fetthes,
reliable data is rare as the requirements of steady state
are seldom met. The classic dataset of Pierson and
Moskowitz (1964, henceforth referred to as PM) in-
dicates an asymptotic limit to growth.

Figure | shows the nondimensional growth rate (£*
= Enwg2/ud vs x* = xg/u%) and peak frequency de-
velopment (f* = u,f,/g vs x* = xg/ul) for these
studies. The original results for all these studies were
scaled in terms of the observed wind speed U)g, so in
order to construct Fig. 1 it was necessary to determine
an appropriate drag coefficient C, and hence u, for
each case. For the JONSWAP dataset the measured
value of C; =-1.00 X 1073 was used. For each of the
other datasets a representative value of U)o was selected
and the relationship of Wu (1982) used to determine
Cy. The values adopted were DHH: Ujp ~ 10 m s ™,
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F1G. 1. Development of the nondimensional energy E* and non-
dimensional peak frequency f ¥ as a function of nondimensional
fetch x*. Results from the observational data of Donelan et al. (1985);
Walsh et al. (1989); the combined JONSWAP (K. Hasselmann et
al. 1973) and PM (Pierson and Moskowitz 1964 ) results; and Donelan
et al. (1992) are shown.

C;=145X 1073 Walshetal: Uy~ 12ms™}, Cy
=1.58X 1073 and PM: Ujp =~ 15ms™, C; = 1.80
X 1073, ‘

It is noted that following the pioneering work of Do-
nelan (1982), recent studies conducted in waters of
limited depth (e.g., Geernaert et al. 1987; Smith et al.
1992), have confirmed a sea state influence on the wind
stress, with a significant enhancement of Cj, reported
for very young wind seas. The impact for deep water
conditions 1$ not yet known and the Wu (1982) for-
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mulation used above includes no sea state dependence.
Even if the deep water implications were known, it
would require a complete reanalysid of the datasets in-
volved to determine how the deep water growth curves
shown in Fig. 1 would be modified. While this is beyond
the scope of the present study, the potential impact of
including a sea state influence was addressed in this
study, as described in section 5.5 below.

The differences between the fetch-limited datasets
mentioned above are significant and despite a detailed
reexamination of the respective datasets by Kahma and
Calkoen (1992), the reasons for such differences are
yet to be fully resolved. Further elucidation of this issue
is provided by the very recent detailed study of deep
water wave evolution with fetch on Lake St. Clair by
Donelan et al. (1992). They used a line array of wind/
wave measurement towers deployed along the fetch
and examined the differential growth between these
stations to avoid the usual assumption of homogeneous
wind conditions over long fetches. When scaled in
terms of U)o, their analysis provided fetch relations for
the nondimensional wave energy, peak frequency, and
wave age close to the JONSWAP relations except that
these show a smooth transition to a fully developed
state consistent with the PM result. The recent open
ocean field results reported by Ebuchi et al. (1992) also
conform closely to the Lake St. Clair results. However,
when scaled in terms of u, (assuming U;p ~ 7m ™',
Cy = 1.26 X 107?), the Lake St. Clair results diverge
from JONSWAP and yield an asymptotic level greater
than the PM result (see Fig. 1). Notwithstanding such
difficulties and the unresolved differences between da-
tasets, the basic trends of these datasets provide a useful
basis for assessing the model performance in predicting
the growth of wave energy and peak frequency evo-
lution with fetch.

b. Observed wavenumber spectral properties

From their extensive directional wave gauge array
measurements, DHH proposed a form for the direc-
tional frequency spectrum near the spectral peak. This
includes a spreading functional dependence of the form

D(6; k) = sech?B(6 — 8,,), (2.1)

where k is wavenumber, 8 is the polar direction, and
6., is the wind direction. DHH found that the primary
variation of 8 was on k/k, or (f/f,), where k, is the
wavenumber of the spectral peak (see DHH Fig. 32),
with no appreciable dependence on wave age (C,/ Uo).
For f/ f, < 1.6, the DHH spreading function (2.1) using
g given by their Eq. (8.4) provides a very useful ob-
servational reference for the spreading function close
to the spectral peak. This is one of the spectral shape
diagnostics used in assessing the model performance
in this study. However, to examine the quality of the
model predictions at shorter scales than this, it is noted
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that beyond f/ f, ~ 1.6, the DHH data for 8 become
very noisy and a more realistic account of the direc-
tional properties of the wind wave spectrum needs to
be used.

Based on a synthesis of available wavenumber and
frequency spectral observational data, Banner (1990,
henceforth referred to as B90) has highlighted the key
role of directionality in shaping the frequency spec-
trum. Banner argued that the DHH proposal that 3
= 1.24 for f/f, > 1.6 cannot hold, and that 8 must
continue to decrease with increasing f/ f,. Banner [ his
Eq. (2.9b)] presents a form for 8 that transitions from
the DHH values below f/ f, ~ 1.6 to values consistent
with the high gravity wavenumber results reported by
Banner et al. (1989). This deduced behavior for 8 has
since been confirmed observationally by M. Donelan
(1990, personal communication ).

Banner also argues that the limited available wave-
number spectrum data are consistent with a wind di-
rection slice (6 = 6,,) for the wavenumber spectrum of
the form

F(k, 8,) = 4.5 X 105U/ C,)*k™*  (2.2)

(k is in cycles per meter), for the spectral region cor-
responding to 1.2 < f/ f, < 3. This form is also appli-
cable for f/f, > 3, as discussed in 2.3 below. For 1.2
< f//f, < 3, B90 has shown that (2.1) and (2.2) with
the extended DHH parameterization for @ based on
Eq. (2.9) in B90 yield a frequency spectral dependence
of f~37_ This is entirely consistent with the observed
behavior of the frequency spectra shown in DHH Fig.
12, to which DHH have chosen to fit f ~*. In any event,
this degree of conformity proves suitable for our choice
of (2.1)and (2.2) as a representative basis for observed
wavenumber spectral behavior near the spectral peak
and beyond, as discussed in the following section.

c. Observed spectral properties toward higher
wavenumbers

Toward shorter scales, the behavior of the tail of the
wavenumber spectrum in the ocean has come under
recent observational scrutiny with studies by Banner
et al. (1989) and M. Banner and 1. Jones (1993, per-
sonal communication ) covering the short gravity range
from 5- down to about 0.3-m wavelengths, which em-
braces the shortest wavelengths (1.85 m) resolved in
the present study. The main results for the short gravity
range were:

1) The wavenumber spectral slice in the dominant
wave direction is close to k™*, with a very weak wind
speed dependence [cf. (2.2)]. '

2) The directional spreading width typical of this
short gravity wave regime is broad, consistent with iso-
tropic (circular) folded directional wavenumber spectra
obtained stereophotogrammetrically. These findings
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are consistent with L-band (23 c¢m) radar backscatter
data reported by several investigators, most recently
Kelier and Plant (1990).

Based on these high wavenumber observations, the
relations (2.1) and (2.2) with the spreading factor 3
modified for higher wavenumbers (corresponding to
gravity wave scales with f/f, > 3) were also used by
B90 to predict the shape and level of the gravity range
tail of the frequency spectrum for f/f, > 3. Close
agreement with observed frequency spectra was
achieved over a wide range of wave age conditions,
after including the influence of Doppler shifting effects.
It is noted that while some margin for variation of the
dependences in (2.2) is certainly possible, calculations
indicate that the wavenumber exponent needs to be
close to —4 in order to maintain consistency with ob-
served levels of the mean square slope of the sea surface
(e.g., Cox and Munk 1954; Jackson et al. 1992).

The wavenumber spectral dependences embodied
in (2.1) and (2.2) for the high wavenumber wind di-
rection slice and directional spreading were used as the
basis for assessing the model predictions in the short
- gravity wavenumber tail region. Comparison with the
model predictions was carried out by transforming the
above forms using (5.1)~(5.4) below. ‘

The availability of these local observational results
for the spreading near the peak and the higher wave-
number spectral behavior extends the basis for assessing
wave model performance, particularly the validity of
proposed forms for the dissipation source function.
This has further relevance in the context of coupling
wind and wave models (e.g., Janssen et al. 1989; Jans-
sen 1991). In that application,. the short wave scales
support a significant fraction of the wave-coherent wind
stress, so that unrealistic representation of the short
scales is likely to contribute to less reliable wind stress
estimates.

3. Description of model

In the absence of currents, the evolution of the wave
spectrum can be described by the energy transfer equa-
tion (Gelci et al. 1957; K. Hasselmann 1960; Wille-
brand 1975), which for deep water is

oF

"a_t‘ + gg‘sz Stot:

(3.1)

where F = F(k; x, t) is the two-dimensional wave-
number spectrum. Equation (3.1) describes the evo-
lution of the spectrum, components of which are ad-
vected at their respective group velocity C,. The source
term S, represents all processes that transfer energy
to or from spectral components. It may be written in
the form (K. Hasselmann 1960)

Stot = Sin + Snl + Sds, (32)
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where Sj, represents the atmospheric input from the
wind, Sy is the nonlinear interactions between spectral
components, and Sy, is the dissipation due to white
capping and other processes. Here, and in the remain-
der of this paper, the wavenumber dependence of all
source terms is not explicitly shown.

For the case of steady-state fetch-limited growth,
(3.1) reduces to

. oF
Ce cosﬁ—); = Siot, (3.3)

a

where x is the distance offshore measured perpendicular
to the assumed infinitely long shoreline. Following

.KHH, (3.3) was solved using a first-order forward dif-

ference scheme. The space step Ax was dynamically
adjusted so as to maintain numerical stability and ac-
curacy.

a. Details of the computational grid

The directional wavenumber spectrum F(k) was
defined on a polar grid. A total of 37 angular bands
were defined in the range +120° of the wind direction,
thus yielding a directional resolution of 6.67°. A log-
arithmic wavenumber spacing consisting of 43 bands
spaced according to the relationship k, = 1.13k,_;,
with ko = 3.18 X 1073 cpm was adopted. Hence, the
highest spectral component resolved by the model was
0.540 cpm (0.92 Hz with a wavelength of 1.85 m).
Resio and Perrie (1991) have investigated a number
of spectral resolutions and found choices comparable
to the one utilized here to be adequate.

b. Source terms

The forms for S;, and Sy will be described in detail
in the next section. The nonlinear source term, Sy,
was evaluated using the technique described by Tracy
and Resio (1982) and Resio and Perrié (1991). This
technique was favored over the better-known technique
of Hasselmann and Hasselmann (1981) as it is slightly
more computationally efficient. A number of evalua-
tion tests were performed to ensure the two methods
produced comparable results. An exact comparison
cannot be performed due to the different computational
grid formulations used by the two techniques.

The nonlinear energy transfer represented by Sy, in-
volves the interaction of four wavenumbers k,, ks, ks,
and k,, which satisfy certain resonance conditions
(Hasselmann 1962). The solution technique of Resio
and Perrie (1991) defines the values of k; and k; on
the polar grid described above. With a selected com-
bination of k; and k3, the values of k, and k, that satisfy
the resonance conditions will trace out two ‘‘egg-
shaped” loci in wavenumber space. The nonlinear en-
ergy transfer can be evaiuated by integrating around
these loci. In keeping with the suggestions of Resio and
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Perrie (1991), these loci were discretized with 50 points
to perform these line integrations.

Although the values of spectral energy are defined
at each of the k,, k; points, the k,, k4 values will gen-
erally be at nongrid points and the energy at these
points was evaluated using bilinear interpolation within
the computational grid defining the k,, k5 points.

COMPUTATIONAL ASPECTS OF THE HIGH
WAVENUMBER REGION

Some of the loci defining the k,, k4 points extend
beyond the high wavenumber cutoff (0.540 cpm). To
include these interactions, the energy at such points
was evaluated by extending the computational grid with
an analytical tail (Hasselmann and Hasselmann 1981),
henceforth referred to as the computational tail exten-
sion. Sensitivity tests were performed with a number
of forms for this tail. Provided the explicit computa-
tional grid was extended to relatively high wavenum-
bers (relative to the wavenumber of the spectral peak ),
as adopted above, the computational tail extension
biased only the last two or three computational points
in the explicit grid. A form for this tail with F(k)
oc k33, which is equivalent to E(f) oc £ ™4, was finally
adopted. The constant of proportionality was set in-
dependently for each directional band so that the en-
ergy of the first point of the computational tail exten-
sion was equal to the last point in the explicit com-
putational grid for that direction.

The S, computations have been assumed valid for
gravity wave components out to 0.540 cpm, and one
must question the high wavenumber validity of the
Hasselmann (1962) S, representation. K. Hasselmann
(1993, personal communication ) indicates there is no
rigorous derivation of the limits of the nonlinear ex-
pansion method. There are, however, a number of
limiting conditions that arise in the derivation of the
transfer integral.

(i) One requirement is that the characteristic time
scale for the rate of change of the spectrum for any
spectral component must be large compared with the
wave period. This is satisfied for essentially all waves,
even at very high wavenumbers.

(it) A second requirement, which is appropriate for
the peak of the spectrum, is that the characteristic time
scale must be large compared with the inverse fre-
quency width of the spectrum. This is always satisfied,
even for very narrow spectral forms. This condition
has no influence on the high wavenumber validity
of Snl-

(iii) Finally, there is the requirement that the con-
ditions at the surface boundary can be linearized using
a Taylor series about the mean water level. As the high
wavenumber waves are superimposed on the lower
wavenumber components of the spectrum, they will
be periodically displaced above and below the mean
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water level. As the wavenumber of these short waves
increases or as the amplitude of the longer waves in-
creases, the accuracy of the Taylor series expansion
gradually decreases. K. Hasselmann (1993, personal
communication ) indicates that the limit to validity can
be expressed in terms of the ratio of the rms spectral
wave height to the short wave wavelength, H,ms/ Lenor: -
The expansion is valid provided H; s/ Lshor 18 less than
O(1). In the present computations H,,s reaches a
maximum value of 0.3 m and the high wavenumber
spectral cutoff corresponds t0 Lgox = 1.85 m (k
= 0.540 cpm). Hence, we approach but do not exceed
the high wavenumber limit on the validity of S. As
this limit is not rigorous, an additional run was per-
formed where the high wavenumber limit was trun-
cated at 0.3 cpm (approximately half the standard value
used). Although there are minor differences between
the runs as one would expect, there were certainly no
major changes in spectral development that would lead
one to believe that our choice of high wavenumber
cutoff invalidated the nonlinear theory.

Another consideration concerns the size of the in-
homogeneous terms in the transport equation ( Has-
selmann 1971; Watson and West 1975) for high wave-
number spectral components. For the calculations re-
ported in this paper, typical Doppler shifting of the
high wavenumber spectral components by the lower
wavenumber components was, at worst, 0.25 times the
intrinsic frequency. In addition, calculations of a typical
inhomogeneous term showed a worst case level of less
than 10% of the homogeneous S, contribution. On
this basis the homogeneous terms appear to dominate
the development of the spectrum in the adopted wave-
number range. Consequently, it has been assumed that
the contribution of the inhomogeneous terms can be
neglected.

¢. Initial conditions

The initial condition selected for all runs consisted
of a mean JONSWAP spectrum with a cos?4 directional
spread. The peak frequency f, was varied depending
on the wind speed being investigated (Ujp = 5ms™',
fo,=05Hz; Uy =10ms™!, f, = 0.3 Hz; Uy = 20
ms™', f, = 0.2 Hz). Again, a number of sensitivity
runs were performed with alternative initial spectral
forms. As reported by Komen et al. (1984), model
results are very insensitive to the assumed initial spec-
tral form, the spectrum very quickly being shaped to
a form consistent with the source terms. The only in-
fluence of the initial condition is that it sets the initial
total energy for the run. As the specification of f, is a
convenient method to set this initial energy, this pa-
rameter was varied for the differing wind speed runs.

4. Scope and aims of computations

The numerical wave model study using the radiative
transfer equation by KHH provides the starting point
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for this investigation. These authors examined the

asymptotic (long fetch) behavior for fetch-limited wind
wave growth, corresponding to well-developed seas.
Their choice of source terms was as follows:

Sin: Snyder et al. (1981) form, converted from Us to
U, assuming a wind speed-dependent drag coefficient
due to Wu (1982), applicable over the entire spectrum.
This form is based on the observed dependence of the
variable (Us cos8/C — 1), which expresses the relative
wind to wave component velocities.

S EXACT-NL form due to Hasselmann and Has-
selmann (1981).

- Sgs: Hasselmann (1974 ) whitecap pressure pulse model
form with Sy = Sa[ k, F(k)], tuned to give the Pierson-
Moskowitz (1964) fully developed spectrum equilib-.
rium range level. Specifically, KHH explored the im-
plementation of the form

A

«

! m
Sas(k) = —ca(-‘_ﬁ) (—) F) (4.1
w / \apm

for different values of the exponent / and the level con-
stant c¢. In (4.1), @ represents the mean spectral fre-
quency [& = Eq [ wF(k)dk] and & is a measure of
the mean wave slope (& = E,q@*/g); &pm is the theo-
retical value of & for a PM spectrum (KHH). These
numerical experiments were necessary since the Has-
selmann ( 1974 ) theory provides only the general func-
tional form for S,,, many variants being possible within
this functional framework.

A key feature of the KHH calculations should be
noted: to accelerate the computations, a fixed shape
high-frequency spectral tail (“diagnostic tail””) of the
form E(f) oc f~° was imposed for frequencies f
> 2.5 f,, where f, is the spectral peak frequency. No
explicit computations were performed in this spectral
region, the diagnostic tail defining the spectral form.
It was stated that the results obtained were insensitive
to the details of this high-frequency tail parameteriza-
tion, as well as to the choice of frequency and direc-
tional discretization and the numerical integration
scheme used in the computations. What will become
apparent from the present study is that the imposition
of this fixed spectral tail shape has a very significant
influence on the calculations and on the evolution of
the spectral peak.

In essence, KHH optimally tuned the coefficient ¢
in Sy [Eq. (4.1)] for different values of the exponent
I, under the fixed tail shape approximation. The end
result was a two-dimensional frequency spectrum for
well-developed seas that approximated ‘“‘reasonably”
the available empirical growth curve data (KHH Figs.
6 and 8) and had a reasonable directional spectral dis-
tribution of energy (KHH Fig. 9).

The focus of the present study is on the validity of
the Hasselmann form of Sy, in light of recent im-
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provements in our understanding of the wavenumber
spectral form both near the spectral peak and at high
wavenumbers in the gravity range. Clearly, this neces-
sitated relaxing the constraint of a fixed diagnostic tail
shape and embracing higher wavenumber components
in the tail of the spectrum, which are more strongly
wind forced. Based on the availability of fairly well-
established refinements to the input source function
for strongly forced wave components (e.g., Plant 1982;
Donelan and Pierson 1987), we decided to introduce
the composite form for S;,(k) proposed by Yan (1987):

Suk) = {[0.04(#2)" + 0.00544 X2
in{X o) T C

+ 0.000055] cosf — 0.00031 }wF(i_{). (4.2)

This reduces to the Snyder et al. (1981 ) form for spec-
tral components with weak wind forcing, and to the
Plant (1982) form for the more strongly forced com-
ponents.

The impact of these two changes was assessed in the
context of the KHH model, with the computational
experiments documented in Table 1. Having isolated
these influences, the free tail computational runs (des-
ignated by UT descriptor in Table 1) with the com-
posite form for S;, (designated by Y descriptor in Table
1) were then extended to a detailed examination of the
effect of varying the parameters in the Hasselmann dis-
sipation source term Sy,. Finally, the consequences of
assuming a sea state-independent aerodynamic drag
coefficient as in the Wu (1982) formulation is assessed
by a comparison with a run utilizing the sea state-
dependent relationship of Geernaert et al. (1987). All
experiments are listed in Table 1, with details of the
various wind speeds and dissipation parameters. The
results of the suite of computations are described in
detail in the following section.

5. Results of the numerical experiments
a. Source term performance diagnostics

Section Sb describes results of the various numerical
experiments presented in Table 1, together with com-
parisons with available observational data. In partic-
ular, we focus on four spectral characteristics: (i) total
energy and peak frequency development with fetch,
(ii) wavenumber spectral slice characteristics (spectral
slope and level) in the dominant wave direction, (iii)
the full directional wavenumber spectrum, and (iv)
the directional spreading distribution. The commonly
used one-dimensional or omnidirectional frequency
spectrum is a weighted integral of (ii) and (iii). As
such, comparisons between observed and model results
of one-dimensional frequency spectra are often incon-
clusive. From such comparisons it is not possible to
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TABLE 1. A summary of the atmospheric input, Sj,, and dissipation, Sy, source terms used for each of the numerical experiments. The
relative tail energy parameter e obtained from Eq. (5.5) is also shown where appropriate.

Name Form of S;, Form of Sy, Comment €
K10UT Komen et al. Komen et al. Unconstrained tail 2.60
KsUT Komen et al. Komen et al.

K20UT Komen et al. Komen et al.

KI10CT Komen et al. Komen et al. Constrained tail 1.68
K5CT Komen et al. Komen et al.

K20CT Komen et al. Komen et al.

YI0UT Yan Komen et al. 3.41
KI0UTN Komen et al. 0.1 X Komen et al. 3.77
KI10UTL Komen et al. 0.5 X Komen et al. 3.04
K10UTH Komen et al. 2.0 X Komen et al. 2.24
Y10UTO3 Yan (w/@) Sas o€ @ 2.76
Y10UTO4 Yan (w/@)* Ses o w? 0.96
KI10UTCD Komen et al. Komen et al. Sea state-dependent Cy 2.81

determine whether differences result due to differing
energy levels in the wind direction or different direc-
tional spreading. In contrast to previous studies, interest
is not confined only to the energy-containing region
near the spectral peak. However, it has been shown by
several authors (e.g., B90) that for frequencies above
approximately 3 f,, the frequency spectrum is distorted
by orbital Doppler shifting by waves at the spectral
peak. As with all previous models, the numerical model
used in this study does not include such effects. For
these reasons frequency spectra are not included in the
following discussion.

Although examination of the full two-dimensional
spectrum 1is insightful, its two-dimensional nature
makes detailed comparisons with observational data
cumbersome. For this reason, a number of integral
spectral parameters have been adopted as performance
diagnostics for comparisons between model results and
observations. These diagnostics include

(1) The evolution of the nondimensional energy,
E*, and peak frequency, f}, with nondimensional
fetch, x*.

(ii) The behavior of the wind direction slice of the
wavenumber spectrum, F(k, 6,), which for wave-
numbers significantly above the spectral peak can be
represented by a power relationship of the form

F(k, 8,) = auy2m g opn, (5.1)

where k has units of cpm. The parameters o and n were
determined using a least squares fit to wavenumbers
greater than 6.25k, (2.5 1,).

(iii) The directional spreading of the spectrum as
defined by the wavenumber-dependent directional
spreading function, D(#0; k):

F(k) = F(k, 0,)D(8; k). (5.2)

(iv) It will be shown later that, in contrast to most
observations, model results do not always indicate that

the directional energy maximum is in the wind direc-
tion. In such cases, the magnitude of the ratio of the
maximum energy in the spectrum to the energy in the
wind direction can be represented by the lobe ratio, A:

A(k) = F(k, 0)max/ F(k, 0.), (5.3)

where F(k, 0)max 1S the maximum value of the direc-
tional wavenumber spectrum at wavenumber k.
Hence, a value of A = 1 indicates a unimodal direc-
tional spread.

(v) A further useful parameterization of the direc-
tional spreading can be achieved through the definition
of a mean spectral width, 8(k), given by

/2

F(k, 6)6d6

(k) = (5.4)

/2
f F(k, 0)ds
(o]

(vi) It is desirable to know whether a change in a
particular source term results in an increase or decrease
in the magnitude of the energy level of the spectral tail.
Examination of « obtained from (5.1) cannot always
provide this information directly, as the energy level
also depends on the exponent n. Hence, a further in-
dicator e is introduced, where

_ F(k=0.5cpm,0,)
F(k =0.5 cpm, 0w)Eq.(2.2) ’

where both spectra are evaluated at C,/u, = 16. That

1s, € is the ratio of the wind direction energy at a given

wavenumber and wave age to that predicted by the
B90 relationship [Eq. (2.2)].

€ (5.5)

b. The role of the spectral tail

1) PRELIMINARY REMARKS ON THE
COMPUTATIONAL METHODOLOGY

As the numerical method used to evaluate S, in the
present model differs from that used in the study of
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KHH, a series of initial runs were performed with a
prescribed (or constrained ) tail of the form /= for fre-
quencies above 2.5 f,. The runs had the standard KHH
S;, term and the M2 dissipation defined by KHH. Wind
speeds of Ujo = 5, 10, and 20 m s~' were used and the
runs given the names K5CT, K10CT, and K20CT,
respectively, in Table 1. Corresponding values of u,
for use in S;, were determined using the formulation
of Wu (1982). To the accuracy with which the pub-
lished results of KHH could be compared, the present
model produced essentially identical results.

With the model performance established, the con-
strained tail was removed and explicit computations
(designated UT in Table 1) were conducted for all
wavenumbers within the computational grid. This
procedure has a significant computational penalty with
typical computation times rising by more than an order
of magnitude. This occurs since much smaller space
steps are required to maintain numerical stability in
the rapidly responding high wavenumber regions of
the spectrum. As a result, computational times for typ-
ical runs were as long as 10 days on a dedicated IBM
RS6000/530 (approximately 25 Mflops) workstation.
Hence, runs were terminated as soon as obvious trends
were apparent. As a result, the figures presented in the
remainder of this paper terminate at a variety of stages
of development. In all cases, the available computa-
tional results are presented. Although runs were per-
formed at different wind speeds, we concentrate here
on the case with U;p = 10 m s 7! (K10UT of Table 1).

Although the UT run has no direct artificial con-
straint on the tail behavior, the computational tail ex-
tension [section 3b(1)] was used to represent the spec-
trum for wavenumbers beyond the last computational
wavenumber (0.540 cpm) of the discrete spectral grid.
This was included to account for nonlinear interactions
with spectral components above this high wavenumber
cutoff. In principle, this is similar to the diagnostic tail
imposed in the CT run for f>'2.5 f,. In practice, how-
ever, the results are very different. Extensive numerical
sensitivity tests showed that, provided the explicit
computational grid was extended to quite high wave-
numbers, such as used here, the computational tail ex-
tension only biased the highest two or three spectral
wavenumber bins. These components were excluded
from all subsequent analysis. In contrast, the diagnostic
tail of the CT run significantly influences the devel-
opment of the entire spectrum, as it is applied at wave-
numbers relatively close to the energetic spectral peak.

2) COMPUTATIONAL RESULTS

Figure 2 shows the nondimensional growth rate and
peak frequency development for runs K10CT and

KI10UT compared with the JONSWAP-PM results.

Both runs exhibit growth rates significantly lower than
the observations with a very slow transition to full de-

JOURNAL OF PHYSICAL OCEANOGRAPHY

VOLUME 24
10 *— T T
107 - 3
* r 4
= L 4
10 3 b
F — — K10UT ]
E e K10CT .
i JONSWAP—PM ]
i «++ s+« K1Q0UTCD ]
- -
1 L a4l n 1o nn.xnl " L1
Qo 0° . 107 10°
X
2 R R B B B B R — T
10 * .
* a ol 1
Gy
°F RSN 1
_ _ KiouT RN
L K10CT
—— JONSWAP-PM
I «+ses K10UTCD
]
s L1l 3o p vl 1 Lo 1
10° 107 1i0°

0° .
X

FIG. 2. Growth rates for the constrained (KI0CT) and uncon-
strained (K 10UT) tail runs compared with the JONSWAP-PM result.
The results for the sea state-dependent C, run (K1QUTCD) are also
shown.

velopment. The KI10CT run, however, appears to
asymptote close to the PM level. Indeed the dissipation
was tuned by KHH to ensure such asymptotic large
fetch behavior. The K10UT run yields significantly
lower growth rates and higher values of f } than either
KI10CT or the JONSWAP data and appears to asymp-
tote well below the PM limit. This result is surprising
as the only difference between the two runs is the re-
moval of the constrained tail. It should be recalled that
the constrained tail was originally included by KHH
merely to increase computational efficiency and was
claimed to have no influence on spectral development.



JuLy 1994

Figure 2 clearly shows that the tail has a marked influ-
ence, not only locally on the spectral evolution of the
tail but also on the development of the energy-con-
taining spectral region at lower wavenumbers.

Figure 3 shows values of the nondimensional spectral
parameters « and # [Eq. (5.1)] as functions of wave
age C,/u,. The B90 results are compared with both
KI10CT and K10UT runs. The B90 result yields an
exponent n equal to —4.0. The K10CT result is also n
= —4, as this corresponds to the selected constrained
tail form [E(f) oc f~°]. The unconstrained tail run,
K10UT, yields a high wavenumber form that decays
less rapidly with a value of n approximately equal to
—3.6. The values of «a vary quite markedly, with
K10UT being less than the B90 result and the K10CT
result being larger. In addition, ¢ = 2.60 for KIOUT
and ¢ = 1.68 for K10CT. Hence, a very different struc-
ture of the high (k > 6.25k,) wavenumber tail emerges
for the two runs. The imposition of the constrained
tail has resulted in significantly less energy in the high
wavenumber regions than for the unconstrained tail
case.

Clearly, the imposition of the artificial constrained
tail for f> 2.5 f, has had a significant influence on the
development of the spectrum. Since the dissipation
term was determined by KHH using a constrained tail
model, relaxation of the constrained tail now yields
results at considerable variance with observations. To
understand why the tail should have such a significant
influence requires a detailed investigation of the indi-
vidual source terms.

Figure 4 shows polar-shaded isoline plots of the di-
rectional wavenumber spectrum together with each of
the source terms for the two runs. The two spectra
shown in Fig. 4, one with the constrained tail (Fig. 4a)
and one without (Fig. 4b) were selected such that the
total energy of the two spectra (E* ~ 4.57 X 10?) were
within 1% of each other. To the accuracy with which
J»(and hence C,,) can be determined in a discrete spec-
tral model, the wave ages of the two spectra were also
equivalent. Due to the different growth rates of the two
cases, however, the spectra are from very different
fetches. The ordinates of the directional spectra are
very similar in magnitude. Both spectra have a.
“squarer” directional spread than could be expected
for typical sech?B6-type directional distributions. The
isolines have less curvature than the angular grid lines
of the plots and hence cut the angular grid. This is an
indication that more energy is located at angles to the
wind than in the wind direction. This feature, which
is stronger for K10CT than K10UT, will be highlighted
later. The widths of the directional spreads also differ.
K 10CT is broader near the spectral peak and narrower
in the tail.

The atmospheric input, S;,, and dissipation, Sy, are
similar both in magnitude and shape for the two runs.
The minor differences are due to the slightly different
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FiG. 3. Values of o and n from Eq. (5.1) as a function of wave
age. Results for the runs described in Fig. 2 are presented. For com-
parative purposes, the Banner (1990) (B90) results are also presented.

directional spreading of the respective spectra. It is no-
ticeable that the directional spread of S;, is narrower
than Sy. The directional dependence in Sy occurs due
to a product involving F(k) [see Eq. (4.1)]. In contrast,
Sin involves both a product with F(k) and a cosine
dependence on the angle to the wind. Hence, S;, decays
more rapidly with direction from the wind.

The nonlinear terms, Sy, for both runs show the
typical plus-minus signature previously shown in one-
dimensional presentations of Sy (Hasselmann and
Hasselmann 1981), in which energy is transferred to
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FIG. 4. Two-dimensional polar representations of the wavenumber spectrum and the three source terms, together
with the total source term. Results are for (a) the constrained tail run, K10CT, and (b) the unconstrained tail run,
KI10UT. The color bar at the top right corresponds to the spectrum, F(k) (units m™*), while the coded bar to the left
relates to the source term plots (units m* s™'). The radial tick marks are drawn at the origin, &,, 4k,, 9k,, and 16k,.
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FIG. 4. (Continued)
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wavenumbers slightly less than the wavenumber of the
spectral peak. In addition, however, S, causes a direc-
tional redistribution. Energy from components in the
spectral tail close to the wind direction is transferred
to much larger angles. Such a redistribution is required
if the sum of the source terms is-to be zero in these
regions as S, + Sy is always negative at such angles.
Hence, it is clear that S, not only causes the continual
migration of the peak to lower wavenumbers but is
also responsible for the typically broad directional
spread of wind seas. , '

Although S, for both runs reproduces these same
gross features, the fine detail is considerably different.
The magnitude of S, for the constrained tail run is
significantly larger than the unconstrained tail case.
The maximum negative ordinate is twice as large and
the maximum positive ordinate is 50% larger. In ad-
dition, the directional spread of both positive and neg-
ative lobes is greater for the constrained tail case, re-
flecting the broader spectral spreading near the peak.

The sum of the three source terms, Sy, is also
markedly different in the two cases. For K10UT a bal-
ance is achieved between the various source terms for
almost all angles and wavenumbers. The only region
of spectral evolution is near the spectral peak where
there is a continual growth at wavenumbers less than
the spectral peak. A small spectral decay is also visible
at wavenumbers above the spectral peak [the “over-
shoot” phenomenon (Barnett and Sutherland 1968)].
The balance is far more complex for K10CT. The result
at values of k > 6.25k, should be ignored as this is in
the region where the diagnostic tail is imposed and
hence the resulting source terms have no relevance to
spectral evolution. That the source terms do not bal-
ance in this region, however, demonstrates that the
diagnostic tail is not consistent with the remainder of
the spectrum. Even below this limit, however, the
source term balance is not as complete as for the un-
constrained tail case. More importantly, the magnitude
of both positive and negative lobes are significantly
greater than for the unconstrained tail case. Hence,
spectral growth is significantly greater for the con-
strained. tail case as already observed in Fig. 2.

It is clear that the imposition of the constrained tail
has resulted in a marked change in the form of S;,; and
an accelerated transfer of energy to wavenumbers near
the spectral peak. Due to the many millions of inter-
actions that comprise S;,, it is difficult to be precise as
to how such a coupling between the spectral peak and
the tail occurs. Hasselmann (1963b) and Young and
Van Vledder (1993) have both shown that the coupling
between components in the tail and those at the peak
is weak. It is more likely that interaction occurs as a
cascade of energy toward the peak. Components in the
tail will interact with neighboring components at
slightly lower frequencies and as the spectrum evolves
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these interactions gradually cascade energy toward the
spectral peak. ' ,
The result of such a mechanism is profound. The
detailed structure of the tail clearly has a significant
influence on the development of the energy-containing
region near the spectral peak. This clearly demonstrates
the importance of accurately modeling the tail region
of the spectrum. ,
Figure 5 shows the directional spreading function,
D(6; k) [Eq. (5.2)], at values of k = k,, 4k,, and 9k,
for the two spectra shown in Fig. 4. Observed direc-
tional spreading functions are often parameterized in

K10CT

—
(o]

—
o

0.5

Spreading Function

120

- —-
o (4]

Spreading Function

FIG. 5. Angular spreading functions as defined by Eq. (5.2) for
runs K10CT and K10UT. An angle of 8 = 0 corresponds to the wind
direction.
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terms of unimodal forms such as cos?*6/2 (D. Has-
selmann et al. 1980; Mitsuyasu 1975) or sech2g6
(DHH). In contrast to these forms, the spreading
functions shown in Fig. 5 are unimodal at the spectral
peak but become bimodal at higher frequencies. More
energy is contained in off-wind directions than in the
wind direction. The magnitude of these side lobes is
greater in the K10CT run than in the K10UT run.
These features were also evident in Fig. 4.

Although spreading functions of this form appear
quite strange, Fig. 4 shows that they produce plausible
directional spectra. Although the bulk of observational
data favors unimodal forms for the spreading function,
there is some evidence for the existence of bimodal
distributions in the high directional resolution data of
Holthuijsen (1983), DHH, and Walsh et al. (1989).
It is clear that more extensive observational studies
with high directional resolution instruments are re-
quired to resolve whether such features really exist.

Again, an explanation of how such sidelobes develop
requires an examination of the individual source terms.
As mentioned above, the directional dependence in Siy,
occurs through a linear dependence on the directional
wavenumber spectrum F(k) and through a cosine de-
pendence on the angle to the wind vector. In contrast,
the only directional dependence in Sy, occurs through
a linear dependence on F(k). Hence, S;, must decay
more rapidly with direction from the wind than Sy,
(see Fig. 4) and thus the sidelobes cannot develop due
to an imbalance between these terms. As shown in Fig.
4 and reported by Young and Van Vledder (1993),
S causes a directional broadening of the spectrum
and it is evident that it is the nonlinear term that is
responsible for the creation of the sidelobe structure.

This mechanism also explains why the sidelobes are
larger in the K10CT run than the K10UT run, S, being
of larger magnitude for K1OCT. This can be seen more
clearly by examining the development of the sidelobe
ratio, A [Eq. (5.3)], as a function of wave age.

Figure 6 shows A(4k,) as a function of wave age for
both K10CT and K10UT. The considerably larger
sidelobes in the constrained tail run are clearly visible.
It is also interesting to note that as the runs approach
full development, the magnitude of the sidelobes de-
creases. This occurs since the magnitude of S,,; decreases
as the spectrum approaches full development (Young
et al. 1987; Young and Van Vledder 1993).

Figure 7 shows the development of the mean spectral
width, 8 [Eq. (5.4)], as a function of wave age for
K10CT, K10UT, and the B90 result. Both model re-
sults are similar and produce spectra that are broader
than the observational data at the spectral peak and
narrower than the observations in the spectral tail. The
imposition of the constrained tail has, however, yielded
spectra with a more uniform spectral width as a func-
tion of wavenumber. This occurs since the CT run has
a spectral width, which is constant for f> 2.5f,. The
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FIG. 6. The magnitude of the lobe ratio A from Eq. (5.3) at 4k,
as a function of wave age. Results for runs K10UT and K10CT are
shown.

interaction of this imposed fixed spectral width with
the remainder of the spectrum reduces the rate of spec-
tral broadening with wavenumber.

¢. The influence of the level of dissipation
1) GROWTH OF WAVE ENERGY WITH FETCH

The K10CT run showed that the inclusion of the
constrained tail together with the form of dissipation
proposed by KHH produces growth rates consistent
with observations. The details of the directional spread
and high wavenumber tail are, however, not consistent
with observations. Removal of the tail significantly re-
duces the growth rate as well as also altering the direc-
tional spread and tail structure. To obtain reasonable
results with an unconstrained tail model requires a
modification to Sy. As an initial examination of the
role Sy, plays in spectral development, a series of runs
was performed varying the proportionality constant,
¢, in Eq. (4.1). Runs were performed with values of ¢
equal to 0.1, 0.5, and 2.0 times the KHH value of 3.33
X 107°. These runs have been given the names
K10UTN, K10UTL, and K10UTH, respectively. With
the exception of the value of ¢, all other aspects of the
runs were identical to K10UT.

Figure 8 shows the development of E* and f} asa
function of nondimensional fetch. Not surprisingly,
increasing the level of dissipation retards the growth
rate. All runs produce growth curves that show a grad-
uval transition to full development in a similar manner
to the Lake St. Clair data and at variance with the
more rapid transition in the measurements of Walsh
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wave age. Results are presented at k, (top) and 4k, (bottom). The
results of Banner (1990) (B90) are compared with the runs K10UT,
K10CT, and K10UTCD.

et al. (1989) or shown by the corﬁbined JONSWAP- .

PM result. At short fetches, however, the Lake St. Clair
data produces growth rates that approximate a JON-
SWAP-type power law formulation. None of the runs
in Fig. 8 reproduce this power law growth at short
fetches. Run K10UTL does, however, asymptote close
to the PM level. This is achieved, however, at the ex-
pense of growth rates significantly larger than the ob-
servations at shorter fetches. Thus, while there is a def-
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inite lack of agreement as to the observed form of the
fetch-limited growth behavior, the computed fetch
evolution for all runs departs significantly from all
available data.

2) HIGH WAVENUMBER BEHAVIOR

The structure of the high wavenumber tail of the
spectrum as represented by the parameters « and 7 is
shown in Fig. 9. The level of dissipation has some in-
fluence on the exponent parameter 7, which decreases
with increasing dissipation. Values range between —3.3
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FiG. 8. Nondimensional growth rates for different values of the
parameter ¢ in the dissipation source term [Eq. (4.1)]. Results for
runs K10UT, K10UTN, K10UTL, and K10UTH are compared with
the combined JONSWAP-PM result.
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FIG. 9. Values of the parameters « and n [Eq. (5.1)] for the same
runs as in Fig. 8. The results of Banner (1990) (B90) are included
for comparison.

and —3.8, compared to the B90 value of —4.0. The
parameter « is significantly influenced by the level of
dissipation. Increasing the level of dissipation increases
the value of «. In addition, all runs show that « in-
creases as a function of wave age, in contrast to the
decreasing trend reported by B90. Increasing the level
of the dissipation decreases the energy in the spectral
tail: for KIQUTN, ¢ = 3.77; KIOUTL, ¢ = 3.04;
K10UT, € = 2.60; KIOUTH, ¢ = 2.24, Even the high
dissipation run, K1QUTH, however, still has signifi-
cantly more energy in the spectral tail than the B90
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result. Reducing the dissipation, as in the K10UTL
run, produced a more favorable comparison with the
observed growth rates than the original K10UT run.
It has, however, resulted in a poorer reproduction of
the high wavenumber (k > 6.25k,) portion of the
spectrum with three times the energy level proposed
by B90.

3) DIRECTIONAL SPREADING

In addition to altering the high wavenumber tail
structure, Sy also has an influence on the directional
spread. Figure 10 shows the mean width at k, and 4k,
for the four cases under consideration here, together
with the B90 results. At k, all runs produce values of
# significantly broader than those of B90. As the level
of dissipation is increased, the spectral width gradually
decreases. A similar situation also exists at 4k, with
the spectral width decreasing as the dissipation in-
creases. All runs produce spectra that gradually broaden
with increasing wavenumber, in qualitative agreement
with observations. Although all runs were broader than
the observations at the spectral peak, K10UT and
K10UTH are narrower than the B90 result at 4k,.

The detailed response of the spectrum can again be
explained in terms of the source term balance. Irre-
spective of the level of the dissipation, the spectrum
always evolves to a stable equilibrium shape. This is
largely due to the flexibility of the nonlinear term. An
increase in Sy results in an equilibrium shape with
reduced energy in the spectral tail. In addition, the di-
rectional spread of the spectrum is also reduced. This
occurs since it is only possible for the nonlinear terms
to transfer a limited amount of energy from the mean
direction to other directions. Hence, as the dissipation
is increased, the sum Sy + S, becomes negative at
progressively smaller angles and the angle reduces at
which the positive S, can balance these values with a
nonzero spectrum.

Overall, this series of runs has clearly shown the fu-
tility of attempting to reproduce observations merely
by altering the level of the dissipation. To obtain a
reasonable asymptotic level, the dissipation needs to
be reduced by approximately one-half as compared to
KI10UT. This level of dissipation, however, results in
short fetch growth rates that are too high and a spec-
trum with far too much energy in the high wavenumber
tail. In addition, the spectral width at the peak is sig-
nificantly greater than reported in observations. At
higher wavenumbers, the spectral width is in better
agreement with observations with this level of dissi-
pation but is still marginally too wide.

d. Distribution of dissipation within the spectrum

The above results clearly show that in order to re-
produce the observed details of fetch-limited spectral
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FiG. 10. The mean spectral width, 8 [Eq (5.4)], at k, and 4k
for the same runs as in Fig. 9.

development, not only the level of spectral dissipation
but also its distribution with wavenumber and direction
needs to be modified. One means of altering the wave-
number distribution of Sy within the framework of
(4.1) is to alter the exponent /. Runs were performed
with the exponent [ set at 3 and 4, compared to the
KHH value of 2. These runs were designated
Y10UTO3 and Y10UTO4 (see Table 1). The runs are
not directly comparable with K10UT as the atmo-
spheric input term was also altered to use the Yan
(1987) formulation rather than the KHH form. This
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alteration alone has only a minor effect on spectral
development. A comparative run with the Yan (1987)
input and the dissipation exponent /[ set at 2 was also
performed, called Y10UT. This run produces similar
results to K10UT. The growth rate for Y10UT is
slightly lower than K10UT. This occurs since the Yan
input is larger at higher wavenumbers. As a result more
energy is input to the tail of the spectrum, resulting in
a further elevation of the energy level in this region (e
=3.41 for Y10UT cf. e = 2.60 for K10UT). In a similar
manner to the process already highlighted with the
constrained tail run, the elevated tail results in a re-
duction in the magnitude of S,;. Hence the develop-
ment of the spectrum was retarded merely by a redis-
tribution of the energy input with wavenumber. It was
considered prudent to use the Yan input at this stage
since a form proportional to (u,/C)? has a greater de-
gree of support at high wavenumbers than the KHH
form. As we are now concerned with the detailed in-
fluence of dissipation on this region of the spectrum,
it is essential that the most appropriate form for S;, is
also used.

Figure 11 shows the development of both EF* and
f ¥ with nondimensional fetch. Increasing the expo-
nent / of Sy in (4.1) has the effect of increasing the
growth rate. Values of / = 3 and 4 both produce short
fetch growth rates in excess of observations. A value
of [ = 4, however, appears to asymptote close to the
PM level, whereas [ = 3 falls below this level. The pa-
rameters o and n of the high wavenumber tail param-
eterization of the spectra are shown as a function of
wave age in Fig. 12. The Y10UTO3 run produces val-
ues of « and n very similar to Y1QUT. As reported for
the previous cases, e is greater than one (e = 2.76 for
Y10UTO3), corresponding to a more energetic high
wavenumber tail than reported by B90. A further in-
crease in the high wavenumber dissipation as repre-
sented by the YI0UTO4 run, however, completely
overpowers the other source terms and results in spectra
proportional to approximately k>, high « values, and
spectra with significantly reduced energy at high wave-
numbers (e = 0.96 for Y1I0UTO4). Again, the mech-
anism by which the growth rate is altered is through
Sm. Increasing the dissipation at high wavenumbers
results in a reduction in the level of energy in the spec-
tral tail (as indicated by ¢). This reduction in energy
causes an increase in S, and hence accelerated growth
in the spectrum.

The Y10UTO3 run produces growth rates and a
wind direction slice of the wavenumber spectrum in
only fair agreement with observations; the directional
spread of the spectrum as shown in Fig. 13, however,
is even less encouraging. Increasing the exponent / in
Sy4s results in” a redistribution of the dissipation
throughout the spectrum such that the dissipation is
reduced near the spectral peak and increased at higher
wavenumbers. This results in a broadening of the spec-
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trum at the peak and a narrowing at higher wavenum-
bers. This is the exact opposite of what was required
to obtain directional spreading consistent with obser-
vations.

The sidelobe structure indicated earlier is also present
in these runs as shown in Fig. 14, which presents
spreading functions for three typical spectra with sim-
ilar total energy and wave ages from runs Y10UT,
Y10UTO3, and Y10UTO4. At 4k, the sidelobe struc-
ture increases with an increase in the exponent /in Sys.
This occurs mainly since the nonlinear term that con-
trols the development of the sidelobes increases as the
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energy in the spectral tail is reduced. At higher wave-
numbers, however, the high levels of dissipation over-
come S, and the magnitude of the sidelobes decrease.
Indeed, at wavenumbers higher than those shown in
Fig. 14, the directional spread returns to a unimodal
form for Y10UTOA4.

e. Atmospheric input

The discussion above has focused on the sensitivity
of the spectral evolution to the dissipation term Sy,.
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FIG. 12. Values of the parameters « and n[Eq. (5.1)] for the same
runs as in Fig. 11. The results of Banner (1990) (B90) are included
for comparison.
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The behavior of all the diagnostics used can also be
influenced by alterations in the atmospheric input term
Sin. Whereas there is only limited theory and no mea-
surements to support the form of Sy, both theoretical
formulations and comprehensive laboratory and field
measurements exist for S;,, at least in the alongwind
direction. Hence, the scope for gross errors in the for-
mulation of Sj, are significantly less than for Sg. Debate
as to the form of S;, has largely focused around two
issues. First, whether the scaling is in terms of a char-
‘acteristic wind speed parameter [ U,g, uy or U(A/2)]
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divided by the phase speed, C, or the square of this
quantity, and second, whether the drag coefficient, and
hence u,, is a function of sea state.

The consequences of introducing an Sj, term de-
pendent on (u,/C)? at higher wavenumbers was in-
vestigated earlier by the introduction of the composite
Yan (1987) form for the input. Although this change
has an influence on spectral development, the mag-
nitude of these changes are significantly smaller than
some of the éffects demonstrated with the permutations
of Sds- S . )

Observations by Donelan (1982) and Geernaert et
al. (1987), among others, show clearly that the aero-
dynamic drag coefficient, C,, depends on the sea state.
In particular, the sea surface roughness as represented
by the spectral energy of the high wavenumber com-
ponents of the spectrum has a significant influerice on
C,. Both field data and the numerical results presented
earlier clearly show that the energy in the high wave-
number portion of the spectrum, as represented by the
parameters « and ¢, is a function of wave age. Hence,
it could be argued that performing fetch-limited sim-
ulations with a constant value of u, is unrealistic. To
investigate whether the apparent poor performance of
the source term representations was due to the as-
sumption of a constant value of u,,, a further simulation
was performed with a constant value of U,q. The as-
sociated value of u, was determined using the rela-
tionship (Geernaert et al. 1987)

Ca=0.012(Cy/uy) 3. (5.6)

Janssen (1989, 1991) has presented a sophisticated
coupled wave-atmospheric boundary-layer analysis for
the determination of the sea state dependence of Cj.
As the present simulations are for fetch-limited con-
ditions, in which the spectrum is entirely wind sea [ for
which simple relationships like (5.6) are valid], it was
felt that the added sophistication of the full coupled
analysis was not warranted.

The source terms used for this run (designated by
K10UTCD) are identical to K10UT. The only differ-
ence is that », now varies along the fetch. When pre-
sented as a function of the nondimensional variables
x* and C,/u, as shown in Figs. 2, 3, and 7, the de-
partures from the standard K10UT run for all diag-
nostic indicators are only minor. Hence, it appears that
the sea state dependence on the aerodynamic drag has
insufficient influence to account for the apparent in-
ability of the model source terms to reproduce the ob-
served data. o

6. Conclusions

The major conclusions of this study on modeling
the fetch-limited evolution of the wind wave spectrum
are as follows:
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1) The use of a constrained diagnostic tail shape in
computational models has certain fundamental im-
plications that were not recognized previously.

(1) The level and form of the dissipation source term
Sas(k) required to match the observations can be very
different from that required if the spectral tail shape is
unconstrained and is computed as part of the model
predictions.

(ii) The same Sy(k) applied to constrained and
unconstrained tail cases can lead to very different
tail shapes and to significantly different evolution of
spectral energy with fetch. This interaction between
the spectral tail and the energy-containing region
near the spectral peak is primarily caused by Su (k).
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FIG. 14. Angular spreading functions as defined by Eq. (5.2)
for runs Y10UT, Y10UTO3, and Y10UTO4. An angle of §
= 0 corresponds to the wind direction.

These differences can be reconciled only if the form
for S¢(k) implemented in an unconstrained tail
shape calculation is intrinsically able to reproduce a
spectral tail matching the prescribed constrained tail
in both shape and spectral level, and even then, the
directional distributions differ significantly. There-
fore such constrained tail calculations may not rep-
resent realistically the balance of source terms in the
spectral evolution. This is likely to provide uncer-
tainties in the model predictions for more complex
wind sea situations, such as turning winds, slanted
fetches, etc., where the higher wavenumber spectrum
is possibly different from the idealized fetch-limited
case.
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2) For unconstrained tail calculations, present vari-
ants of the Hasselmann form for Sy.(k) do not yield a
uniformly satisfactory representation for all key diag-
nostics: (i) the evolution of total wave energy with fetch,
(ii) the directional spreading function near the spectral
peak, and (iii) the form of the high wavenumber tail
region. Generally the directional width at the spectral
peak is broader and at high wavenumbers narrower
than reported in observational data. In addition, the
amount of energy in the tail is significantly higher than
the observational data. Modifications to Sy (k) that
increase the dissipation at high wavenumbers and
hence reduce the energy in the tail also cause a reduc-
tion in the directional spread in this region. Hence, it
is not possible to satisfy all diagnostics with the func-
tional form of the KHH Sy (k) term.

3) Observed data indicates that at short fetch, the
growth curve for total energy approximately follows a
power law formulation (JONSWAP) and transitions
smoothly to full development at larger fetches. In con-
trast, all variants of the source terms used here produce
growth curves with no portion approximating a power
law. The growth rate continually decreases with fetch.
Hence, in order to obtain realistic asymptotic levels to
growth, short fetch growth rates are far higher than
observations. -

4) For developing wave components just above the
spectral peak, a very robust feature of the spectra pro-
duced by this model is the appearance of strong direc-
tional lobes that result from the nonlinear wave-wave
interactions. The structure of these lobes is different
for the fixed and unconstrained tail models. The ex-
istence of such characteristic directional spreading dis-
tributions remains to be confirmed in observed direc-

tional spectra, which have been limited by the poor

directional resolution capabilities of pitch—roll buoys.
However, recent approaches using observational tech-
niques with superior angular resolution (e.g., DHH;
Walsh et al. 1989) promise to correct this deficiency.

5) These results have potentially significant impli-
cations for third-generation operational wave models
such as WAM. It is generally believed that the apparent
success of WAM in predicting H; and f, has been due
to its realistic representation of the physical source
terms. The present results show that the source terms
used in WAM will only produce reasonable results if
the artificial diagnostic tail included in the model purely
as a computational aid is retained. Even with this tail,
the detailed structure of the resulting spectrum will not
be consistent with observations. The inability to re-
produce features such as the directional spread is likely
to also influence parameters such as the directional
relaxation of the spectrum under turning winds. Such
effects, along with inadequate knowledge of the driving
wind fields, are likely to account for the majority of
the cases of poor performance of such sophisticated
models.
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6) Based on this study it is evident that no variation
of the quasi-linear KHH form for Sy(k) will reproduce
the detailed observational data. For the more realistic
modeling of such observations, an alternate form for
Sas(k) is required. Work toward this goal is in progress
and the results will be reported in Part II of this paper.
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