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A method based on the equation of radiative transfer has been developed for predicting
the two-dimensional wind wave spectrum in the North Atlantic Oecean. The model takes
account of wave generalicn by both resonance and instability mechanisms. A simple repre-
sentation for wave breaking is also included, as are the effects of nonlinear wave interactions.
This combination of energy transfer mechanisms is used to compute wave spectra, that are
in reasenshle accord with observations, The resulte question the concept of a ‘fully developed’
spectrum. The work also poinds up a lack of understanding of the particulars of various
energy transfer mechanisms, as well as the shortcomings of the basic predictive input data.

1. Inrmopucrion

During the past ten years a number of
theories have been presented io ascount for
the growth and decay of wind-generated gravity
waves. Unfortunately, thete is very little dats
with which te confirm or dispute these theories.
Thig increase in theoretical work has been
matched by a definite need for more reliable
open ocean wave predictions. It is the intent
of this paper to combine these theoretical re-
sults and the results of recent experiments into
a mathematical model that will lend itself to the
evaluation of the individual theories and, at the
same time, offer the basic framework for useful
numerieal wave prediction. Tht former goal will
be accomplished by determining the quantitative
theoretical forms that are required o produce
suceessful hindeasts of wave energy spectra.
The comparisens of these forms with those
determined from theory make it possible 1o
comment on the validity of individual theories.
The latter objective, obfaining a useful wave
prediction model, is implied by successfully
computing waves under varied metecrological
circumstances.

The reader is here warned not to expect to
fnd the wave prediction problem solved in
this paper. The emphasis is rather on estab-
lishing a framework for rational wave predie-
tion. The details of the present scheme built
within this {ramework will change greatly as
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our kneowledge of wind waves increases. The
results of the present paper help to point up
both the practical and the theoretical areas
where some of these changes must oseur.

2, BACKGROUND

-Recent advances in wave prediction.  Signifi-
cant progress has been made in the Held of
ccean wave prediction sinee the first efforts of
Sverdrup and Munk [1947]. Substantial con-
tributions have been made by Pierson et ol
[1855], Wilson [1963], and others. The most
important advances have come, however, from
a group at New York University working under
the diveetion of W. J. Pierson, Jr. [Pierson
el al, 1860] sand a group in France headed by
R. Gelci [Fons, 1066]. The interested reader is
referred to these sourees for any details.

Theory. (elet et al. [195G], Hasselmann
(19607, and Groves and Melcer 19617 have all
independently proposed that the equation of
radiative travsfer provides an adeguate deserip-
tion of wave propagation and the processes of
generation and dissipation. This equation, which
may be made to serve as a framework for wave
prediction, reads
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where I is the two-dimensional energy spectrum
and V is the group velocity of the component
with true frequency § and geo-oriented direction
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¢ measured clockwise from north, The speetrum
715 defined so that

[ ro 0 aa0 = @

with { behrg the wave height. The frst ferm on
the right of equation 1 represenis the propa-
gation of wave energy and the second term, &,
is o general representation of all processes that
are adding energy to, or subiracting energy from,
the specirum. A formal derivation of (1) hag
been given by Snyder [1965]. We assume, as the
boundary econdition associated with (1), that
there is no energy flow Into the ocean from a
coastiine {no reflection). The initial conditions
are F(f,0,x,0}, which, for the purposes of this
work, will be taken ag zero. If ¢ were known
and equation 1 could be integrated, it would be
possible to predict waves with an accuracy that
would depend only on the accuracy of the pre-
dicted wind fleld. A first attempt at incorpo-
rating recent concepts of wave generation and
decay into G and solving the resulting equation
are two goals of this paper.

It seems likely that a major part of the &
Tunction can be explained Ly the general theory
of weale interactions recently suggested and
developed by IHasselmann [1867]. The theory
gives the rates of energy fransfer for all expan-
sible mteractions between the wave field and
the geean-atmosphere fields, The wave genera-
tion theories of Miles [1957], Phillips [19577],
and, presumably, Phillips [i566] are included
in Hasselmann's theory. The general thecry
cannot, however, be quantitatively evaluated at
the present time. In this paper, then, we con-
sider a simplified & function. Two wave genera-
tion terms are used. They add energy to the
spectrum in a linear [Phillips, 1957} and ex-
posential [eg., Miles, 1957; Phillips, 1966]
manner. Wave dissipation within the generating
region will be represented by wave brealdng
[Phillips, 1958]. The deseription of the ¢ fune-
tion is completed with the inclusion of wave-
wave scattering processes, which may aet in
either a generative or a dissipative way. A more
detailed deseription of G is deferred until sec-
tion 3.

ERecent sbservations of wave growth and dis-
sipation.  Until quite recently no reliable ob-
servations existed on the rate at which waves
grow or decay. The first measurements of this
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kind have been made by Suyder and Cox
(19661, Snodgrass et ol. [1908], and Barnett
and Wilkerson [1967], The result of these three
experiments will be of considerable importance
later in this paper, and hence we review them
here briefly.

In Snyder and Cox's experiment, a sevies of
wave recorders was towed at o constant speed
downwind from the lee of Kleuthera Island in
the Bahamas. A singularity in the speetral
transformation, relating the true frequency and
direstion of the wave to its apparent frequency
and direction as observed by the moving re-
corders, allowed an eslimate of the intensity of
a single speclral component during s initial
growth phases. This component had a group
velocity that was equal to the towing velocity.
Spectral growth curves were obtained for this
single fixed-frequency compenent over a range
of wind speeds. From these data it was possible
to evaluate quantitatively the relative impor-
tance and correctness of the theories of wave
growth previougly mentioned,

In the swell attenuation study by Snodgrass
et al. [19667, low-frequency spectral compen-
ents were observed as they propagated along a
greabt circle path across the Pacifie Ocean from
generating regions in the Antarctic and South
Pacific oceans to the coast of Alaska. The study
indieated that moesé atienuation takes place
shortly after the waves leave the generating
area. The authors concluded that this attenua-

tion was not inconsistent with the energy trans-

fer due to noulinear wave interantions. After the
primary attenuation, the components traveled
over most of the Pacific Qcean (thousands of
wavelengths) and exhibited no  significant
growth or decay, aside from that attributable
to geometric spreading and island scatftering,
Neirther following nor opposing winds seemed to
have had any affeat on the ohgerved components.

In their Lmited-feteh study, Barnett and
Wilkerson [1367] measured the rate of growth
of the energy specirum of ocean waves under
steady wind conditions. Estimates of spectral
growth were obtained from observations of
steady-state, fetch-limited wave speetra that
bad been developed by an almost geophysically
wniform wind field. The experiment was made
after a strong low-pressure system had passed
over the east coast of the United States and the
steady offshore winds behind the frontfal system




GENERATION, DISSIPATION, AND PREDICTION OF WIND WAVLES 515

had established a stationary wave system in the
area within several hundred nautical miles of
the coast, An alreraft equipped with a high-
regolution radar altimeter recorded continuous
profiles of the sen surface from the coast to a
distance of 190 nautical miles downwind from
the coast. A similar run was made apwind, Con-
siderable amounts of data were analyzed to
show that the wind field wag uniform in a geo-
physical sense.

Suceessive but independent sections of the
mensured sea surface prolile along the direction
of the wind were spectral analyzed to give the
‘spectrum of encounier.” Care was taken to as-
certain that the original data for each section
met the condition of at least quasi-homogeneity.
The true spectrum of each section was recovered
on the basis of fundamental conceptions de-
veloped by Cartwright [1963]. The true specira
were ingensitive to the assumed spectral spread-
ing factor used ir the recovery process. These
data were then compared with various wave
grawth theories.

3. BrerorrrcaTion or TEE F FUNCTioN

The purpose of this section is to construct an
expression for ¢ {equation 1) that is jointly
compatible with theory and experimental evi-
dence and that will yield reasonable wave hind-
casts. In early work it was thought that two
generative terms, Phillips” and Miles’, plus a
wave breaking term based on an empirical rep-
regentation for a ‘fully developed’ spectrum
would be adequate to set up a working model
with which 1o prediet ocean waves. Under sim-
ple meteorological conditions, sueh hindeasts
were of reasonably good quality. If the weather
situation was eomplicated or the spectrum was
changing rapidly, however, the results were
poor, The failure, it turned out, was due in part
to inadequate quantitative description of the
generative terms and to the neglect of wave-
wave interactions.

In the following specification of G, it has
been guflicient to nelude four physical mecha-~
nisms that appear to have a first-order effect
"on the energy balance of the wave spectrum.
Hach of these mechanisms ig treated separately,
the pgoal being to make each agree with hoth
theory and observation insofar as is possible,
The individual mechanisms will he added to

form the net function @, which then will be
tested independently by hmdeasts.

Bealualion of Phillips' resonance theory, The
resonance theory of Phillips predicts that the
energy of a particular speciral component grows
Huearly with time. The coefficient of this linear
growth will be denoted by the parameter a =
ol ¢x,8). Tt has been shown by Hasselmann
[1960] that

47’ ke’

o = pwzg;f Pk, o) {2

where P{kqw) is the three-dimensional spectrum
of the randorm atmespherie pressure fluctustions,
o= Zw] = (gk)**) is the circular frequency of
gravity waves of wave number k, py Is the
density of sea water, and o has units of length
squared per ¢ycle.

From recent measurements by Priesiley [1965]
it has been possible to estimate P and hence «
[Snyder and Coz, 1966; Barnett, 1966]. The mea-
surements are consistent with the following form
of P

_ P ( )
Plk, o) = T 7122 + i sin’ o)

‘(uf + (& CV(;S(;’) — A)ﬂ) (3)

The symbol ¢ indieates the angle between the
wind (W) and wave directions. For ¢ = 0,
equation 3 reduces o the approximate relation
(17) of Snyder and Cox [1966]. The other
symbals are defined below.

1. A = /U, U bemng the local ‘convection
velocity. Priestley’s data show that under con-
ditions of atmospheric mstability U == W several
meters above the ground and for stable condi-
tions U =~ W as measured at 0.2 wavelength
above the mean surface. A has units of meters™,

2. v and w, are empirically determined fune-
tions of A and are given hy Priestley,

3. Plw) = (W, s 1) ¢{w) and is the pres-
sure power spectrum. i is apparently a uni-
versal function of-w. The data of Priestley show
that it 18 given reasonably well, over the range
of typical wind wave frequencies, by 1.23 ™. O
18 a turbulent scaling factor depending on the
wind speed (W), atmospheric stability (s), and
prohably a number of other parameters, More
will be said about £ shortly.
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Fig. 1. Predictions of « (for W = 30 knots) from Phillips’ [19571 theory, using estimates
of the atmospheric pressure spectrum dervived from the work of Priestley [1865]. ¢ is the

angle between the wind and wave directions.

A plot of the resulting form of (2) for &
typical wind speed of 30 knots {154 m/sec) is
shown in Figure 1. The magnitude of o has
been nermalized pending o more detailed dis-
cussion of the furbulent sealing factor Q. We
note that « shows maxima at frequencies and
angles that satisfy the ‘resonance’ condition, ag
predicted by Phillips.

To estimate the magnitude of «, 1t is neces-
sary fto arrive ab a representation for Q. Using
the qualitative results of past experiments and
Priestley’s data, Suyder and Cox took © propor-
tional to the fourth power of the mean wind
speed. This form deoes not give a good com-
parison between (2) and measurements. Quite
good agreement is obiained if Q is taken pro-
portional to the sixth power of the wind. This
agreement is shown in Pigures 2 and 3 for the
Sayder and Cox experiment and the lmited-
feteh study. The comparisons are made more
meaningful by the fact that the two sets of
measurements each had a different geophysical
variable (wind speed versus wave frequency).
For the purpose of this paper we assume
Q ~ T

Representation for an exponenticl growth mech-
antsm. Miles [1957] has considered the inter-
action between the wave field and the mean
(laminar) atmospheric flow fleld. Phillips [1966]
hias considered the interaction between the wave
field and undulatory turbulent flow due to the
waves. Both these mechanisms give an expo-
nential growth rate for the waves. The coefli-
clent of this growth will be denoted by the
parameter § = B(f,¢, x, £). Limited data indicate

that the theories are apparently not adequate {o
predict the observed exponential growth rate.
Hence, the empirical form of 8 that we shall use
should be regarded only as a working hypothesis.
Excellent information en § is provided by the
measurements of Snyder and Cox. At least .
twenty-three estimates of the parameter were
made for the ratios of wind speed to wave speed
(W/c) between 1 and 2. A nondimensional plot
of these estimates is shown in Figure 4. In the
fimure, the plus signs indisate lower spectral
intensities (and presumably more acourate deter-
mination of §) and the squares indicate more
advanced spectral development where nonlinear
effects might be significant. Miles’ theory is
shown by the curve M, and the empirical relation

8 = (ou/pu)(&-W — 2rj) (4)

suggested by Synder and Cox is denoted SC.
Here p, is the density of alr, mid W is the wind
velocity measured one wave length above the
mean sea swrface. Measurements of 8 made
by Barnett and Wilkerson are also shown
Tigure 4, the open circles and solid dois indi-
cating data from the up- and downwind runs,
respectively. For the downwind case, the agree-
ment between the data and (4) iz unexpectedly
good. For the upwind case, there was practically
no agreement. The disagreement bebween the
up- and down-wind runs was explained by
Barnett and Wilkerson as being due either to
seatiered, nolsy data, and relatively poor curve
fitting or to small changes in the near-shore
wind feld.




GENERATION, DISSIPATION, AND PREDICTION OF WIND WAVES

& T 1 ; T H
44— —
Sb =
3
o
[
i
=
(5]
d
=
d
oL o
e _
X
o i ! | | !
B 190 3 13 I8 20

14
WIND  (KNOTS)

Fig. 2. DPredicted values of « from section 3
(solid curve) compared with the measurements by
Snyder and Coxr [1966) (crosses).

On the basis of the above data, it will be
assumed that a slightly modified form of (4)

}8 . 9&1 (J_KWGM . 0.90) (5)
Du ¢
gives a reasonable estimate of B over a wide
range of typical cceanic conditions. The modi-
fications are prompted by the lack of knowledge
of the wind profile over the occean and by the
fact that (5) gives a slightly befter fit to the
data. In the cvaluation of (5}, we take W as
the wind measured at 19.5 meters above the sea
surface (in accord with Pierson et al. [19667;.
For {W cos ¢/C) < 090, equation 5 represents
a damping rather than a growth term. The
measurements of Snodgrass ef el. [1988] indi-
cate that for long waves, at least, the damping
is mnegligible, 'We shall accordingly assume
B = 0 for (W cos ¢/C) < 0.80. Both this
assumpiion and the form of (5) will have to be
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Fig. 3. Measurements of « from the limited-fetch
study versus predictions of theory.
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Fig. 4. Nondimensional plot of § versus wind
speed. Data talien from Snyder and Cox [1966]
(plug slgns and squares) and Barnett and Wilker-
son [19671 (open circles, upwind; solid dots, down-
wind). The curves marked SC and M represent
the empirical suggestion of Snyder and Cox and
the theory of Miles [1957}, respectively. The
dashed line iz the form of g to be used in the
prediction tests.
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modified if the recent theories of Plillips [ 1966}
and FHasselmann [1967] are verified.

Fualuation of the nonlinear wave-wave inter-
action theory. The evaluation of the wave-
wave interactions involves cubic integrations.
This requires several hours on a CDC 16804 com-
puter [Hasselmann, 19637, Clearly, this is in-
compatible with a practical wave predielion
scheme, The purpose of this section, then, is to
parameterize IMassehmann’s resuls in a manner
that will readily lend itself to rapid lmt accu-
rate calgulation.

The energy transfer due to wave-wave inter-
actions is of the form

(F/at)y A~ T —~ +F (6)
where T’ and r are integral functions of . To
arrive at approximate expreszions for T and 1,
we characterize the wave field by the following
parameters:

Bnergy

2= [ 76, & ar a0

Mean frequency

Jo = ﬁ jf F(f, 6)f ch.dB

Mean divection

%zéﬂﬁwﬂwwﬁ

In terms of these parameters, good agreement
with IHasselmann’s computations were found
by taking

_ 7.5 X 16°E

' g'f
(14 16 [eos (6 — ) fs"(f — 0.53)°
f> 0.53 f (7)
= () otherwise
I ]PSE“]’DS

I

exp [mcj-(l - %)2 + (”G”)}

[ > 0.42f, |8 — 6} < =/2
(8)

and

= 0 otherwise
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Hquations 7 and 8 apply to spectra whose
shape iz not too dssimilar from a ‘fully devel-
oped’ spectrum. They also do reasonably well
for a partly developed spectra, althcugh the
results wonld be enhanced by mtroduction of
spectral shape factors. Estimates of r from
{7) are compsared in Figure 5 with computations
by Hasselmann for a Newmann spectium with
cos' spreading factor. Figure 6 shows compar-
ison of the rates of energy transfer as functions
of wave frequency computed {for a Pierson and
Moskowitz [1064] spectrumy [Snodgross et al,
19667, With the above parameterizations, the
computational time reguired to evaluate (6)
was reduced to the order of a millisecond.

Representation for wave breaking., Within
the wave-generating region and immediately
beyowd, 1the process of wave breaking (white
capping) is of prime mportance to the energy
balance of the spectrum. Unfortunately, neither
adequate observations nor a quantitative theory
of wave breaking exists. Phillips [1958], using
dimensional arguments, propoesed that the fune-

]
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s pig .28 .2
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th

Fig. 5. Hstimates of the reciprocal decay time
from the theory of Hasselmann (crosses) and the
parameterization equivalent from section 3 (sclid
Jines).
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Tig. 6. The rates of nonlinear energy transfer
for & typical “fully developed’ sea. Solid lne de-
notes transfer rates from section 3, and crosses
denote transfer rates from full thecry [Snodgross
et al, 1966, Figure 39].

tiopal form of the spectrum in the frequency
range dominated by wave hbreaking, the ‘egum-
Ibrium-range,” should be given by

vg
(2 f)”
where v is a universal constant, # is an un-
Jnown angular spreading factor, and ¢ is the
acceleration of gravity. The quantity B s the
hmiting value that the (fo, ¢.) component can
attain. The [ power law has found a good deal
of fifst-crder experimental support [e.g., Hidy,
. 19657

There is, however, a disturbing amount of
variability in the exponent of f among various
observers [eg., Kinsman, 1960; Burling, 1958].
The limited-fetch study indicates that the proc-
ess of wave breaking (or more generally, the
energy balance of the higher-frequency parts
of the spectrwm) may be partly dependent on
the location of the spectral pealk, which would
explain some of the scatter [Barnett, 1866].

For the present purpose, however, we will
assume that an equation of the form (9) is an
adequate first-order representation of the equi-
Librium range. Wave breaking will be taken into
account by multiplying the wind generative
terms o and 8 by the quantity (I — xu), where

R, ¢} = H($)

SFU 01/ EHekovelE)

(9
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where d; and d. being constants. Data of Lon-
quet-Higgins et al. [1963] as amended by D, 1.
Cartwright (personal communication), suggest
that the angulsr spreading temm in B might
reasonably be taken proportiomal to cos' ¢,
with the aceompanying normalizing {actor.
Sinee the wave-wave interaction effects are al-
ways negative in the wave-breaking region in
the frequency ranpe of interest, d, must be lass
than one n order to aftain an equilibrium. The
relative importance of the wave-wave effects
in the breaking region is given by d., sinee for
steady-state conditions

d: =1~ [T — wR) /(e + BR}]

The limited-fetch data indicate that 4, is in the
range 0.7 %0 0.8 for ¢ = 0. The 0.8 value was
used in the prediction tests. The exponential
form of p was chosen to achieve a sudden trans-
ition te equilibrium. The ‘suddenness’ is deter-
mined by d.. In practice, d. 15 limited by the
size of time step used in the numerical integra-
tion of equation 1. More will be said about this
and the computational manner in which wave
breaking was handled in the next section. The
value d, = 14 was chosen fo agree with the
Hmited-fetch data and the numerical reguire-
ments.

4. NumeErican SoLurioNn or RADa®rve
Transrer EouaTion

Numerical method. Adding all processes dis-
cussed above, we obfain the energy balance
equation

aF

ar = TVVE

F e+ B — ) + T — 7F
A pumerical solution of (10) by the method of
characteristics did not appear feasible, since
different characteristics are ecoupled through
the nonlipear {erms. The numerical methods
developed for similar radiative transfer prob-
lems in astrophysics [Chandrasehhar, 19507
and neutron transport [Fleck, 1963] are gener-
ally not applicable. This is due again to the
nonlinearity in (7 and also to the deterministic,
rather than probablistie, nature of the problem.
The numerical approach that was used to solve
(10) was & finite difference method.

(10}

SRR
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The full detnils of $he numerical procedure
are presented elsewhere [Barnett, 19667, and
only a snmmary is given here. The basic differ-
ence scheme was centered in both time and
space, although backward time differcnces were
used in the G function. The computational sta-
bility of this scheme for homogeneous forms of
{10} is weil known. For the full form of (10),
it was not possible to determine the stability
analytically. Tixtensive computer tests showed,
however, that the nonhomogensous numerical
model produced stable solutions to steady-state
problems. This strongly implies stability for the
general nonhomogeneous case. Sinee the differ-
ence scheme did not appreciably amplify or
damp solutions, the numerical errors {due to
truncation} showed as changes in the velocity
at which wave energy was propagated. The
larger the truncation error, the slower the en-
ergy appeared to travel. As shall he shown
later, truncation errors can, under certain cir-
cumstances, be of considerable significance.

The difference formulation was programmed
and run on CDC 3600 and 3800 digital com-
puters. Kach machine had a core storage of
slightly less than 65,000 48-bit words. For the
open-ocean test case described in section 5, the
run time was about 2.5 min/time step or about
1 hour per simulated day. Although steps were
taken te optimize the program (eg., huffering
tapes forward gnd backward}, it is {elt that the
run time could siill be cut by about 20-509%.
The computer program was general enough, so
that it could easily allow for ehanges in param-
efers, generating function, and geometries,

Grid systems. The spatial system chosen is
almost identical with that used Ly Baer [1963]
and Prerson and Tick [1965]. The grid was
square with approximately two degrees of lati-
tude (120 nautieal miles) on & side when
mapped on a 30-60 Lambert conformal pro-
jection. On such a projection, great circles are
almest straight lines, and, hence, a wave moving
in & constant direction on the grid system will
approximately follow a great circle. The spher-
ieity of the caril is important if a wave travels
distances approaching one-quarter of the earih’s
circurnference [Groves and Melcer, 18617, In
the test cases o be considered in seciion 5,
the maximum propagation distatice was one-
gighth of an earth’s eireumflerence and the
square grid system introdused negligible errors.

T. P, BARNETT

Shght medifieations were made to the Baer
grid. To conserve computer time, points were
dropped in the lower latitudes, where no ap-
preciable winds occurred during the test cases.
Several points were added along the edees of the
grid to render it more susceptible to finite dif-
ference technigques. Neither of these changes
significantly affected the predietion tests. The
resulting grid of 325 points is illustrated in
Figure 7,

The choice of temporal coordinate system is
equivalent to choosing the time step for the
numerigal infegration of (10), A time step
At == 1 hour was chesen, This selection resulted
from a balance of considerations involving
computational stability, computer time, and the
fact that the wind field was given every 6
hours and every 120 nautical miles. To avaid
computational instability for the relatively high
Irequencics, the spsetrum wag taken to be in
loeal equilibrium ahove a cutoff frequency, f.
This frequency corresponded to the frequency
of waves that require 6 hours {120 nautical
miles) for full development. The Timited-fetch
data were useful in determining the { function.

Adequate definition of the spectrum in (f — 4)
space is particularly important for evaluation
of the nonlinear parameters, This, coupled with
the fast that the focus of section 5 will he on
low-frequency waves generated hy high winds,
Ied to the cheice of the following eighteen fre-
quency components for open-ocean hindeasts:

1 = 0.044, 0.050, 0.056, 0.061, 0.067,
0.072, 0.078, 0.083, 0.089, 0.094,

0.140, 0.108, 0.111, 0.122, 0.133,
0.144, 0.161, 0.173 cps

Spectral resolution for low wind speeds below
15-20 knots will be rather poor, but open-oeean
Inowiedge of sach relatively light winds is also
rather poor. The directions # ware chosen in
30-degree increments (==15°) relative to the
spatial grid system. Thiz is consistent with
uncertainties in the reported wind direction
[Baer, 19631,

3. Tests anp Discussion

A Consistency Check

Before proceeding with a Iarge-scale compu-
tational efiort, the model was tried for the sim-
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Tig. 7. The spatial grid system used to specify the wind and wave fields (test A). Polar
stereographic, true at latitude at 60°, Grid is sguare on 30°-60° Lambert conformal map.

ple cage of an infinite, uniform wind field. A
steady 30-knot wind was assumed to start blow-
ing abruptly over a calm ocean at time zero.
After having blown for 30 bhours, the wind
ceased, and the spectrum was allowed to decay
for another 30 hours.

The computed spectral growth is shown in
Figure 8. Although the complete two-dimen-
sional spectrum was ecalculated, only the one-
dimensional spectrum 1s shown. It 1s seen that
the major peak of the spectrum shifts rapdly
toward the wind frequency fo(= ¢/2=W).
After reaching f., it then shifts more slowly
toward even lower frequencies. This i1s due
primarily to the nonlinear interactions. The
glight bump near / = 009 cps is due to the
discontinuous ‘cutofl” of the A mechanism. Al-
though such a sharp cutofl is unrealistic, it will
not significantly affect subsequent results.

This sequential development cannot be di-
rectly compared with measurement, but it can
be compared against recent formulations for a
‘fully developed’ sea. The heavy dashed line
of Figure 9 15 the latest Pierson and Moskowitz
[1964] spectrum. It iz interesting and encour-
aging to note that the proposed model produces
reswits that are I reasonably good apgreement
with the large amount of data embodied by the
P-M spectram, Tt is also apparent that, if the

model i5 even reasonably correct, a stationary
fully developed sea does not exist, since the
noniinear interactions constantly transfer energy
toward lower frequencies. That extreme cases
of this are not observed in nature is due to the
abnormal durations and fetehes that they
would require. The fact that the spectrum is
of constantly changing form may, however, be
a contributing facter in the controversy over
the proper empirical representations of the
fully developed spectrum (see papers and dis-
cussions in Ocean Wave Spectra, Prentice-Hall,
1963). ‘

After the wind ceases, immediste and sub-
stantial dissipation sets in, as illustrated in
Figure 9. There are mo measurements with
which to compare the prediciions, but the decay
{as intended) is in qualitative agreement with
the theery of Hasselmann (section 3) and the
results of the swell attenuation study (section
2).

The Limited-Fetch Case

© A more direct test of the model was offered
by the observations of Barnett and Wilkerson
for the classical case of a steady offshore wind.
This comparison is net strictly independent,
however, since some of the limited-fetch data
were used in construeting p and, to a lesser
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Yig. 8. Growih of the power speclrum starting from a caln sea over a 30-hour peried. The

feteh is infinite and the wind speed is 30 knots. The heavy dushed line is the iatest Pierson
and Moskowiiz [1964] spectrum for g 30-knot wind. Sclid lines, computed values fram thig

study. Wind starts to blow at 7 = 0 hour.

extenl, « and B. Foar the purposes of this test,
the grid mterval was reduced to 10 nautical
miles and the time step to 20 minutes, The
wind was taken at 52 knots, blowing directly
offshore with a duration of 14 hours.

The resulting computed and chserved growth
eurves for selected downwind components
{ ¢ = 0°) of the two-dimensional speclrum
are shown on ¥igure 10, The growth of the low-
and mid-frequency components near the spec-
tral peak is reproduced very well. For higher
frequencies, both the distance required for
equilibrium. to be reached and the value of
spectral density at equilibrium are given with

E

reasonable accuracy. The intermediate parts of
the observed growih curves are nol reproduced
well, however. This may be atfributable to
either: (1) the 7 funetion, as given In section
3. being incorrectly represented in this fre-
quency region, or (2} the fuil growth of the
higher-frequency components cceurring in only
a few grid intervals. Sinee the speeiral energy
is zero at the coast, this leads to large spatial
truncation error. The grid interval is, this, too
gross to resolve the wave growth adequately in
this case, _

From previous tests and an evaluation of the
trancation error, it sappears that item 92 is a




GENERATION, DISSIPATION, AND PREDICTION OF WIND WAVES 523

40 T T

30—

-
power M ~SEC)

F

I |

05 A0

15 .20 .25

FREQUENCY (CPS)

Tig. 9. Decay of the spectrum from ltime 7 — 30 hours, when the wind ceases, to time
) T = 60 hours.

major source of error. This indicates that the
full system (I120-pautical-mile grid) will not be
reliable for the prediction of local waves near
a lee coast. This unreliability could easily be
remedied by a wvarable {finer) grid spacing
near shore [eg., Bryan, 18637, For prediction
in the open ocean, the problem is largely re-
solved by consideration of the high-frequency
components at squilibrium with the local wind
{section 4} and by the lack of a rigid houndary.

Although the limited-fetch ilest gives some
" confidence in the model, it cannot be construed
as verification of the assumptions and sugges-
tions made within this paper. This test together
with section 3 does indicate, however, that the

present model 15 compatible with most present
theory and a wide range of geophysical data.

Open-Ocean Prediction Test

Background wave and wind dota. In mid-
December of 1959 a severe North Atlantic storm
passed over the location of weather ship ‘J
{near 52.5°N, 19°W, see Wigure 7). The mete-
orological and oceanographic aspests of the
storm are discussed in detail by Brelschneider
et al. [1962]. The storm was accompanied by
winds of 60 kuots and sippificant wave heighits
of mearly 40 feef. After passage cof the storm,
the wave heights dropped from 36 fo 14 feet in
12 hours. The storm offers an excellent but most
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difficult test to our model. This case also re-
veals most of the problems encountered in
cceanic wave prediction.

Data: The abserved wave spectra were ob-
tained from analysis of wave records taken by
the British weather ship Weather Reporter, as it
moved oub to occupy ‘J) The analysis is de-
seribed in reports by Moskowitz ef al. [1963
and by Bretschneider ef al. [1962]. The 5 and
95% confidence limits on the observed spectra
arg variable but generally average 0.8 and 1.8,
respectively. The wind field information was
obtained in the manner described by Thomasell
and Welsh [1963] and Pierson end Tick [1965]
and was made available to the auther through
the generosity of W. J. Pierson, Jr.

Test conditions: Since the initial condition
was taken to be o calm sea, the computations
were begun about 4 days before the time that
comparisons were to be made. This gave ample
time for the effect of the initial conditions to die
out. The test was conducted in two phases:
Part A was run on the 120-nautical-mile grid

shown in Figure 7; part B was run on an ab-

breviated grid with an interval of 60 nautical
miles and was designed to provide information
on the compuiational aspects of the problem.
The grid points shown on Figure 7 below sboub
latitude 43°N were excluded in part B because
of lack of computer storage. This omission
should introduce mnegligible errors, since the
storm was aboeve 45°N {for most of its life and
the observing ship was continually above 52°N.
Reduction of the grid interval required (linear)
interpolation of the wind field data for half of
the grid points; errors so introduced are also
small,

Results and discussions.

Significent wave height: The predicted and
observed signifieant wave heights (I 1) are
shown In Figure 11. The predicted valies are
taken from the grid point nearest the reported
location of the ship. For the larger grid, two
values are sometimes plotted.

The hindeasts of H 3% appear to be quite
reasonable. That the results are smooth, as
opposed to the (statistical) irregularity of the
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Tigure 10 shows the computed spatial growih curves for the case of a steady offshore wind
similar to that encountered during the limited-fetch study. The crosses are observations from

the limited-fetch study.

vhservaiions, is to be expected from both the
manner in which the winds were determined
and the computational method ussd. The wave
heights appear to grow almost at the observed
rate, but they do not drop as fast as the ob-
served waves.

Part B consistently gives valuss that are
lower than values for part A. The difference
is apparently small, however, and there is no
way to tell whether it arises from the computa-
tional procedure, better ship location on the
grid, or slight differences in the wind feld.

Spectral  comparisons:  Selecied predicted
spectra are shown versus ohservation in Figure
12, Only the one-dimensional spectra are plot-
ted, since comparisons for the two-dimensional
spectrum were nob available.

‘We see that:

1. For the most part, the shape and magni-
tude of the predicted spectra are in reasomable
sgreement with chservations.

2. The speetra peaks are well located. The
actual spectral peaks are of slightly (one lag)
higher frequency than the hindeasts, but the
difference is not significant.

3. The {° law apparently allows too much
energy in the frequency range 0.10-0.15 eps.
This is construed as further evidence {or the
complexities (wind, exponent value, spectral
coupling) involved in establishing and main-
taining the equilibrium range.

4. ‘Bpectra a, d, ¢ and [ (Figure 12} appear
to be ‘red-shifted’ relative to cbservation.

This final point deserves special comment.
For Figure 12¢ and 12f the ship was moving
at approximately-5 knots when the data were
taken. Since the ship was moving against the
sea, one would expeet the observed spectra (a
and f) to be ‘blue-shifted’ relative to the real
gpestrum. The amount of frequency shift was
estimated on the assumption that the ship was
opposing a unidirectional sea. (The predicted
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Tig, 11. Computed significant wave height for
the reported position of the OWS Weather Re-
porier from 0000 UT December 16, 1959 to 00GO
UT December 19, 1858, Open circles, computed
values from 120-nautical-mile grid; solid dots,
60-nautical-mile, grid. For the ldarger guid, twa
values are sometimes plotted,

2-D spectra indicate that this is not a had as-
sumption for the lower-frequency waves.) Fig-
ure 13 shows hotl spectra after correction for
ship motion. The agreement with the predicted
specira is considerably improved.

For specira d and e (Figures 12d and 12¢),
the ship was moving 2 and 3 knots, respectively.
Tn this case, the Doppler distortion is not sul-
Gelent to explain the discrepancies at the low
frequencies and the steep forward face of the
spectrum. Spectrum d  exhibits considerable
difference between tests A and B, hut the same
cannot be said for spectrum e. Hence, although
some of the discrepancy s due to inadequate
gpatial resolution of a rapidly changing wave
field, it also appears that these low frequencies
are reseiving oo mueh energy. Since these
waves are traveling somewhat faster than the
wind, they are being generated mainly by the
a mechanism. The most obvious deficiency in
the representation for « is the twhulent scaling
factor. More will be said about this later.

With specific reference to wave generation,
the model generally performed well. Spectrum
b is poorly predicted, but was generated during
at least 3 hours of 60-knot wind (if the weather
ship reports can be taken at face value) im-

T. P. BARNBTT

mediately behind the frontal system of the
storm. The winds used for the hndeasts shaw
40-45 lnots for this tme, This explaing spoe-
trum & but also poinis out o failing of the wine
program. IF “sharp’ fronts and small areas of
relatively high wind cannot be forecast, there
5 no way of determining the rapidly varying
spatis! and temporal featuves of the wave field

The present scheme accounts reasonably well
for the cbserved decay. It does seem to falter
in spectrum f, however, and the diserepancy
may be due to a number of cnuses:

1. The predicted winds ave generally 10
knots higher during the decay period than ob-
served by the weather ship.

2. Negleet of some unknown
mechanism in G,

3. Generation of too wuch energy in the low
frequencies initially,

4, Inherent smoothing of the finite differ-
ence approach.

5. Imaceurate ship location. Had the ship
been 60 nautical miles (one grid interval) to
the west of its reporied location, the comparison
would have been better,

dissipative

All effects probably eontribute to some degree.
For the mid- and high-frequency range, cause
1 is of major significance, owing to the expo-
nential natwre of the proposed decay and to the
Tagh that B and + are essentially additive. For
the lowest frequencies, the situztion is different,
since there is no effective way to dissipate the
energy associated with these frequencies, onee
generaled. The diserepancy in this frequeney
range may be explained by a combination of
cavges 3 and 4. The importance of cause 4 is
Hlustrated by the marksd difference betwsen
the results of test A and test B in Figure 12f
{see also seetion 4),

The gmaller grid interval gave more aceurato
comparisons than the lareer interval did for
the lowest freguencies, although no significant
difference was found in the mid- and high-fre-
quency range. The former result was to he
expected from the rapid change of the wave feld
m hoth time and space. Taking the quality of
present wind dala inte account, the method
appears adequate for present purposes {ie.,
everyday forceasting). The approach had short-
comings that could, however, be easily avoided
in future worlk.
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Fig. 12. Predicted power spectra versus measurements. The symbols are same o5 Figure 11
The speed of the ship at time of observation is also indicated.
10 aten of the North Atlantic Ocean, This tech- 1\

1.0 ¥ T T T T T
[ ooz f7peceeen 067 18 DECEMBER nigue is ag accurate as any proposed to date.
The meihod utilizes the equation of radiative
trangier and four energy transfer processes. Kx-
pressions for each mechanism were developed
from available theoretical and experimental
reguits. The reasonable success of the hindeasts
: | indicates the importance of the four processes
'?5 5 o B and, at the same time, raises some fundamental
Fig. 18. The compli:egc?uiigﬁcizi;ns of Tigures :t]}les'tions about wave growth, decay, and pre-

12z snd 12/ afber correction for ship moticn. diction.

' The expressions for wave generatlon repro-
duce the observed wave growth rather well.
6. BuMmARY Too much energy is predicted, however, at low
A methed has been developed for predicting  freguencics, indicating that the form of a used
+he two-dimensional wind wave spectrum in an  is too large atb high wind speeds. This may be
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attributable to an inaceurate representation for
the turbulent sealing factor Q. On the other
hand, it has been assumed that there are only
two generafion mechanisms. Reeent work by
Hagselmann [1967] indicates that « and 5 each
represent the sum of two separate processes and
that the generating funclions are not independ-
ent of the wave speetrum, as has been assumed
here.

The expression for wave dissipation is also
uncertam. Although it appears that wave-wave
inferactions ean account for a major part of
the dissipation in some cases, there ave stili too
many geophysieal nnknowns obscuring the Die~
ture to enable even a qualitative assessment of
the general situstion. Besides more extensive
testing of prediction models, such as the one
developed here, there is an immediate need for
better measurements than now exist.

The asccuracy of the general method is lim-
ited, at present, by the quality of available wind
data. The grid size of the prediction scheme was
adapted to the wind field resolubion. The re-
quired spectral resclution is proportional to the
propagation distance of the waves, 1.e., the size
of the prediction area. For the cases congidered,
the resolution chosen was adequate. The pre-
diction of swell Propagating over great dis-
tances, however, would require considerably
higher resolution in hoth frequency and diree-
tion.
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