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Abstract

A linear differential equation for the change of spzctral dz2naity

can be expressed by

%S{w; u, %, ¥, t) = Alw, ult, x, v} + Blo, ult, x, y}} - S{w; v, x, v, t)

where S{w;u,x,yv,?) is the spectrum, and the tarms A{w,ult, x, yv}} and
B{w, u{t, %, yv}}), can be considered to be due to the Phillips type of
resonance and the Miles surface instability growth thecry, respectively.
To determine these functions, the spectra computed from wave records
obtained by the British weather ships, '"Weather Reporter” and
"Weather Explorer” were used. Also, to make up for the lack of a
full range of those data, results obtained in the field study of Snyder
and Cox were used.
The spectral growth equation was then extended by an appro-
priate assumption for energy dissipation. The derived spectral
growth agrees with the growth of waves obtained by Sverdrup and
Munk in tke wave height sense, and the spectra grow in roughly the
way postulated by Neumann. The results of this study show that about
30 hours are required te reach 90% of the fully developed significant
wave height for a 40 knot wind measured at 19.5 m. Also about 600
nautical miles are needed for 90% full development for a 40 knot
wind velocity at 19.5 m. The family of partially developed sea spectra
is shown for wind velocities irom 20 knots to 45 knots in 5-knot incre-

ments for both the durztion limited and fetch limited conditions.
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In the process of obiaining the spectral growth equation, the
Miles mechanism growth rate had to be increased by a factor of
eight compared to the values calculated exactly from the theory, and
one -twentieth of the Phillips growth rate, as originally estimated

by Phillips, was used.
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1. Introduction

The nesd for the study of ocean waves has increased rapidly
owing to increased needs in fields iike naval architecture, optimum

ship routing and coastal engineering. One of the mosi important problems

is the forecasting of sea surface conditions. Many important contri-

butions were made by scientists after World War II that have clarified

"o

the nature of the sea. There are still many difficvities since ocean
wave problems are not simple, mainly because of the complexity of the
turbulence at the interface of the atmosphere and the ocean.
Since the introduction of the wave specirum concept, ocean wave
studies have mads ra2markable progress. New practical wave fore-
casting methods using the spectrum were walcomed. The techniques )
agreed with observations to some degree, bul many defects were '

pointed out. Later, more cbservations were obtained, and the spectral

form of the fully dev=loped sea was studied more carefully.

Wave forecasting had been done by using an empirical spectr
growth relationship. In the late 1950's, two kKinus of wave generation
mechanisms were proposed. In this paper, am attempt to determine

spectral wave growth is reported by the application of two modified

wave generation mechanisms based on the theories of Miles and

Phillips.

2 In -
2. History

gressed remarkably. This progress was initiated by Sverdrug and

Munk {1947) in the study of forecasting waves by introducing 2 new

T A fap o
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concept of wave height, the significant wave height. The relation be-

tween the wind and the ocean wave was investiigated by means of
non-dimensional parameters based on steepness and wave age. They
presented a wave forecasting method based on these concapts.

Later, the concept of wave spectrz {Pierson, 1952} was able
to describe the complex phenomenon of ocean waves. Since then,
ocean waves have been treated as a composition of many components,
and not as a sinuscidal or reguiarly shaped wave.

Longuei-Higgins {1952} presented statistical relationships for
the average height of the cne-tenth highest wave, the significant wave
height, and the mean wave height in terms of the variance of the
wave record.

Then Neumann {1953} presented a speciral form for the
waves and the co-cumulative spectral curve as derived irom many
visual observations and a record obtained off Long Bracch, New
Jersey. This spectrum was z great step forward in ocean wave fore-

casting, and it was used in a3 practical wave ifogrecasting manual by

n
iy
[
“h)
1A
LN
[

Pierson, Neumaprn and Jame

Munk and Breischneider, and {ii) wave spectrum meihod by Pierson,
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height was proportional to the square of the wind velocity against
the 2.,‘3«ﬁz power results of Neumann {1953}, Later, Moskowitz
{1964) obtained the square law. The discrepancies between the
various wave heights ang the various proposed spectra were studied
by Pierson {1964} in terms of the wind profile instead of the wind
measured at a constant height, and the wind profile eifect brings
the various proposed resulls into closer agreement, These dis-

crepancies were also discussed by Walden in Ocean Wave Spectra

{1963}).

Phillips {19586} has found the general character of the equili-
bri-m range of the spectrum. A form of ngzizes wasz derived for
the equilibrisnn range, where a is a consiant, g is the gravitational
acceleration. and w is the angular frequency. Pierson and Moskowits

{1964} then proposed the spectral form given by

2 -4
Ste) = % e PlEfo (2.1)
-3

where a= £.10x I8, B8 =0.74 and u is the wind velocily at
12.5 m height. This spectrum was based on the similarity theory

given by Kitaigorodskii {1961) and on averages of selected spectra

for wind velocities near 20, 25, 38, 35, and £0 knots.

neciral forms

Although there are various proposed wave

P

for partiaily developed seas, they have not yet been explained in

terms of wave generation mechanisms. Forth

(]

practical purpose

[

of wave forecasting {Baer, 1952, 19585} an emg iricki growih Iaw
can be applied. Io this paper, the growih rate will be steZied in

terms of the wave generation mecharisms.




LI

vummmu|mmﬁmuum|ummumr:x:wmvm [ TRy AT A

In general, three mechanisms have been proposed for wave
generation. The first one iz the asymmetry of the normal pressure
pattern over the wavy surface. The second is an incstability at the
interface of the atmosphere and the water, and the third is a
resnnance tnechanism between the atmospheric pressure fluctuation
and the sea.

The first mechanism was proposed by .}effreys (1925)., When
the wind blows over the waves which are supposed to exist already,

the wind produces a variable pressure distribution, which can be

.visualized by thinking about the eddies formed on the lee side of the

wave crests. The wind adds pressure to the windward side, and

sucks on the lee side. This pressure distribution results in the theory
of the sheltering coeificient (given as 0.27 by Jeffreys). However,
experimental results measured above a solid wave model showed that
this value was too high by about one order of magnitude. Sverdrup
and Munk (1947) suggested that it was about 0.049. Another defect

is that the wave can grow only in the case of a wind velecity higher
than the wave phase velocity.

Due to this weak point, Sverdrup and Munk decided that they
should take into account not only normal stress but also the tangential
stress acting on the sea surface, and they showed that the waves
could grow even if the waves moved faster than the wind. By assum-
ing that all the energy transferred to the water by the tangential stress
produced waves and not currents, the calculations agreed with
the magnitude of the observed wave heights,

However, another problem arose because the tangential stress

causes the wave to be rotational. In ocean waves, irrotationality

e cmme g s = - _ - I - L
i SIS i - —— EREREARE e — - - T .
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is mostly found, especially in the early stage of developiment.

From the point of view of irrotationality, normal pressures
influence wave generation in the early generating stage. As mentioned
before, Jeffreys considered only normal pressure which seems
adequate with reference to irrotationality. However, the empirical
assumption of a sheltering coefficient was introduced. Moreover, an
important assumption was made that the wave was already in exist-
ence. If there were no wave, the pressure distribution would be
uniform over the sea surface and induce no sheltering coefficient.
The waves would not grow if the sea was at rest initially.

Pnillips {1957) studied the generation of waves by a turbulent
wind. According to his theory, waves can grow from an initial calm,
and waves develop rapidly by the resonance mechanism which occurs
when a component of the surface pressure distribution moves at the
same speed as the free surface wave with the same wave number.

'ith another approach, Miles {1957) cvercame the uncertain
assumptions which were involved in the concepts of the sheltering
coefficient and the tangential energy transfer. The amplitude and
phase of the pressure fluctuations can be computed in terms of the
characteristics of the wind profile with no unknown constants. The
energy transfer from the wind to the waves is calculated, with the
result that the mean rate at which energy is transferred irom 2
parallel shear flow to a surface wave is proportional “o the cu-vature
of the wind profile at the height for which the mean wind velocity is
the same as the phase velocity and inversely proportionzl to the slope

of the wind profile.

Ly
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Thus we now know *he spectral form for a fully developed sea,
and two theoretical wave generation mechanisms. A study of wave

growth in terms of these theories should improve practical forecasting.

3. Phillips resonance theory and Miles instability theory

The resonance mechanism will be discussed first. The atmo-
spheric eddies are associated with random stress fluctuations on the
surface, both normal pressures aud tangential shear stresses. The
eddies are advected by the mean velocity of the wind, and at the same
time they develop, interact and decay, so that the associated stress
distribution moves over the water surface with a certain convection
velocity dependent upon the velocity of the wind and changes in time.

This stress distribution contains components with a very
large range of wave numbers, and each component is convected at
a different speed. These components of the pressure fluctuations
acting on the sea surface generate small forced oscillations, and the
amplitude of any component of the surface displacement depends upon
the amplitude of the corresponding component of the forcing pressure
fluctuations. However, the response of the water surface to the various
components of the pressure field is not uniform, because certain
combi~ations of wave number and frequency of the components of the
sea are excited more rapidly than others. This resonance feeds more
energy to tkat particular component.

Assume that the pressure fluctuations and the displacement of
the sea surface are stationary random functions of position. By intro-
ducing a Fourier-Stieltjes integral, the displzacement of the sea surface

i
in terms of a random prosess A{K,t).

[l 2]
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£ix,t) = [ *aa(x,t) (3. 1)

and the two-dimensional instantanecus spectrum of the surface displace-

ment is expressed by the Fourier transform of the covariance function

R(7T) = &(X) E(x+T) (3.2)

Then the spectrum of the sea can be shown as

(R, 1) = ALK, 1) dA*(K )

3.3
3, (3.3)
Similarly, the spectrum of the surface pressure fluctuations
can be written in the form
-  dalR,t') dw™(K,t +t)
I{k ,t} = 2 Sy ' {(3.4)
dK, dk
1772
The potential equation can then be obtained under the as-
sumption of irrotational motion in the water.
When the sea is at rest initially, the solwtion is shown as
dAlK,t) = Zpny j; da (t){expl-i(n; - ny)(7 - )
- exp{-i(n} + nz)('r - t)}]d‘r (3.5}
L -
where n, =K - U
3\1/2
TK
= K+ —
n, ( ge + 22

and T is tne surface tension.
This shows how the amplitude of each Fourier-Stieltjes com-
ponent of the wave depends upon the history of the given pressure

distribution from zero initial time.

o il At e gt I
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For the principal stage of development and for gravity waves,

the wave snectral function is

(K, 1) ~——piiat) (3.6)
2NZp g(U - c(k))

where U is the convection speed of the atmospheric eddies, and

c{k} is the phase velocity of the wave with a component of wave

number X.
I U>>c¢{k) by a factor of 3 or 4, equation {3.6) becomes

-~ n(x, t
Q(K,t)"———-—z—-——’ {37}
22 p Ug

For the mean square wave growth, this yields

———— (3.8)
2NZ p“Ug

where p° is the mean square pressure fluctuations.

The mean square pressure fluctuation is assumed {rom

oceanographic measurements to be given by

=z 3 2 4
p 29X 10 Py Ux

{3.9)
at 5 m height, where u,_ is a friction velocity. The friction
velocity is approximated as U=18u,.
Then {3.9) becomes
» = 9 x107 p % v (3.10)

and finally the expression for the mean square wave growth is

£.\&
£2 ~ 0,035 (-i> v t
\ P/ B

{3.11)
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quation {3.7) was derived from equation {3.6) under the

assumption that U >> c{K). The spectral growth is important

near the frequency where U= c{Kk). The assumption made above is

not appropriate from this point of view. Equation {3.11) then be-

comes
— 4
£~y 22} _Ut (3.12)
P/ 1U-cli)ig

Equation {3.12) has a singularity in the solution because £2

approaches plus infinity as U approaches c{k}. The field study made

by Snyder and Cox {1965} suggests no evidence of this type of curve

for U near c{¥). Thus the resuit {3.11} as modified is applied

later as the initial growth for all values of U.

Miles {1957} studied the wave generation mechanism in ferms

of an instability theory. The vertical wind profile was assumed to

be some functions Uiz}, with no mean water motion due io the flow

of air over the sea surface, and the fiows were considered to be

inviscid. Under these conditions, the energy is transferred by nor-

mal pressures.

The rate of energy extraction from the mean flow is

*B
— 3
E = 5;3 iuw g}ﬁz {3:13}

For an inviscid parallel flow, this leads to the fcliowing approxi-

mation:

- r Ugry T3
P~ o, Egrl- | (3.14)

“£)
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where U" is the curvature of the wind profile at the height where
U =c¢ and U*' is the slope of the wind profile at the same height

above.

Then {3.13) becomes

iE p_Tc a\i
B
Z=zZ
c

Z=Z
c

Thus, the mean rate at which energy is transierred from 2
parallel slLear flow U{z)} to z surface wave of wavelerngth
L = 2v/K and wave phase speed c is proportional to the curva-
ture and inversely proportional to the slope of the wind profile
at the height where U =c.

From equation {3.15), the generzl tendency of wave com-
ponent growth is explained. The longer the wave component, or
the larger the phase velocity ¢, the slower the rate of energy

ransfer. At first, the short waves will dominate.

One other conclusion of Miles is that measurements of the
pressure distribution on a stationary wave model with wind blow-
ing over it would not necessarily result in sheltering coefficients
that would be similar to those obtained if the wave surface were
moving at the speed c.

The essential feature of Miles® theory is that the air pressure

is ou: of phase with the water surface. The water surface is
s o ilkx-ot
7= ﬁv {ae}'{ -ot) } {3.16)

and the aerodynamical pressure exerted on a boundary defined by




{

it
{3.16) is

p=edla+ iB)p K u’n} (3.17)

whe:o a and B are real, non-dimensional quantities depending on
the wind profile, p, is the density of the air, u, is ulk {u, is

friction velocity and k is a Karman constant), and KX is a wave

number.

The energy per wavelength transferred from the air to the

water is given by

2 \2 —— .
EL =Tp ga (ii) ,Ja + B sing {3.15)

where ¢ is the angle by which the maximum air pressure leads the

wave trnigh, and

tan¢ = -f/=z {3.19)
Then the maximum air pressure occurs before the wave trough,

and the mininmium occurs a little before the wave crest,

Miles {1959) evaluated the result of the mean energy transfer

rate in terms of an assumed logarithmic wind proiile by introducing

a function B, and concluded that

ig
o0 20

Al

1

= 2§ e 8 —S— Vk?S(K, 8) cos2 0K dk 40
t ?aul i\ulcosﬁ) *
o] -3-8

13.20})
where O is the angle between the wind and the direction of propa-

gation of the wave, and S{k, 8) is the power spectral density of

the surface displacement.

I KM“M»' [Mi!llllm’\b"lli;llill“ f

it

it g
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4, Spectrum equation

When the spectral value of a component is relatively small so
that nonlinear effects can be neglected, the differential equation for

the spectral growth can be expressed by

& Slo35,%,y) = 2S{0;t, x5, v) + Wio)- VSiut, x5 v)

= Afwzult, %, v}) + Blw; ult, x, v)) - S{u; t, %, v} {4.1}

where S{w;t,x, v} is the spectral density of a frequency component,

A O O s s til!dii'i"

and A and B are unknown functions of frequency and wind speed as

a function of space and time. In what fellows, it will be assumed

Wt gty

that u is a constant and that the spectrum is either time-varying

or space-varying, but not both.

o
It

e

If the sea is at rest initially, then the spectrum is zero for
all wave numbers, or frequencies. The sea must grow by the
Phillips’ resonance rmechanism in which the first term of the last
expression, A{w;u) corresponds with this resonance mechanism.
Once the sea is formed, the Miles’ instability growth mechanism
can have an effect as the second term, Blw;u}-S{w;t).

From equation {3.11}, the mean square value of the sea sur-
face displacement is a linear function of time. So the term A{o, u)
can be considered to be

N
Ao, u) ~ 0.035 i\x v (4.2)

w E

In the next section, the term B{w, uj S{w;t} is investigated
- uncer the assumption tha! u is constant with respect to time. The

energy transfer rate by the normal pressure from shear flow is
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derived in the form of {3.20}. However, the unknown funciion

Bi{c/ I}I cos8} is included. Miles {1359} showed some relatiom

between B and cf ’{}‘1 with respect to a few different ¥ vaiues, wherse
Q= g'zgf §§ and z_ is a roughness parameter. The function 8i{c/ Ujcosd)
should be known.

In this paper, only one dimensional spectral growth can be con-
sidered because observational data to be used are ons-dimensional,
Thus equation {3.20) is integrated from -90" to +50° about the wind
direction.

Equation {3.20} thus becomes

{£.3}

oY

where (! is a constant.

The constant C' and the function 8{c/ U;) need to be determined
independently by observation. The Bic/ U,} function is considered 2o
be expressed in the form of an exponential function to keep the same
general form in terms of frequency that appeaxed in Miles {1959}

The energy rate of change can be written as




i

=
=
=
=
=

fin

i3

{4.5}

.-.a{{:.f g.

- £-5()

where D, E, and n are constants and where the FPhillips’ term

is omitied. These constanis zre to be obtzined by using wave specira
the Norxt

obtained from obsérvations of waves made In ¢ th Aflaniic.

5. Data 3nd preliminary analysis

Tke unknown constants D, E, and n must be determined to get

the B, u}S{x:t) term in equation {£.1}. Wave cbservations in the

North Adlantic were used for fhis PuUrpose.

The spécirz obtained from wave records obiained by the Britisk

weazther ships "Weather Reporier™ and “Weather Explorer” were

studied for the period from April 1955 fo March 1960, These waves

were measured with the Tucker shipborne wave recorder at the ocean

weather stations A, I, J, and X loczied as listed below
Sation A : £2°N, 33°W

’
W

Station B : 9vN, I9°W

o

Station J = 52.5°N, 20°¥%
- = o P Ve P
ion X 3 ’-'i':ii s iYW
From these wave g3tz 450 wave records were picked and

speciraily analvzed by Moskowitz, Plerson and Mehr {1962, 1953,

pproximately fifteen minotes §

-

chservaiiops werse made at three or six hour intervais,
These 460 wave records include fully developed seas, growing

For tids study, only growing sea
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specira are regquired and liftle change of the meieorological conditions
is preferable.

From this point of view, three criteria wers laid down: {5} the
significant wave height was increasing, {ii} the change of wind
velocity was Iess than fwo knois in three hoars; {331} the change of
wind direction was less than £5 degrees within three hours., After
choosing the spectra which passed the above criteria, they were
checked again from the spectral peint of view. The spectrx that con-
tained dominant values in the lower freguency regisn, or sweli, and
two or more significant peaks were rejected. Under these conditions,
only ten wave specirzl pairs, or so0, passed, The amount of data
that can be used to ihis study is not encugh, but these final spectra
seem to be rezlly growing siage spectra.

Eguation {4.1} has two unknown functions. The Phillips® term,
Afs, u3t), was expressed by eguation {4.2} and changed into more

x
-

preferable units for sase of comparison with the observad data,

The wind velocity on the Sritish weather ships is measured at

=

18 Z v hems 3 . I - rn £ .
i%.5 m height ard the specira have their variance in £ as inte-

i

grated over a freguency baud width of 1180 sec . Tke valve of
the A term was changed intc those unifs, and the mean square sar-
face dispiacement was spreac oul uniformiy over ail freguency
band widths.

In these units, {4.2} is expressed by

o 1emf o T Hl s -1 =
Ao 28X 10 X Uig.s {ft  hour } {3.1}
is.
where © is 2 wingd velocity in knots at 19,5 m. This shows
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that even for quite high winds, say 40 knots, this term does not con-
tribute much to the wave spectrum in the stage for which observed
data were obtained, Furthermore, Longuet-Higgins et alT  ob-
tained data that suggests the mean square pressure fluctuation as -
sumed by Phillips might be too high by a factor of ten to one hundred.
Therefore, for this part of the analysis, the A term can be sup-
posed to be very small so as to get the growth rate for the B term.
For this reason, the growth from cne spectrum to the next was
treated a8 due only to the Miles term,

Figure 1 shows the growth rate against the variable U/c,

U is the wind velocity in kunots at 19.5m , c is the phase velocity
of the frequency, {, So is the initial spectrum, and Sl is the
spectrurn after At hours.

The plotted points show that the growth rates are smaller in
the region for Ufc > 0.9. In that regicn, most of the spectra were
close to fully developed spectra, and growth rates were smaller.

In this study, nonlinear effects are probably important for U/c > 0.9,
Thus not all of the plotted points can be used to estimate the Miles
term. More data are needed, especially in the region of high U/c.

A field stucdy of wind wave generation was made by Snyder
and Cox {1965) in the Bahamas., The growth of a single wave com-
ponent was studied for a wind velocity range from 5 knots to 20
knots. These measurements were used and converted into U/c

units, They are scattered in the high U/c range as shown by the

T Ocean Wave Spectra {1963), p. 129.
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coded points.

By combining these data with the deep ocean data, the follow-

ing expression was obtained:

2 -0s17(c/U)? )

B{f, uj®) = 6.27{U/c) e f (hour'l) (5.2}

where f is in sec'1 .
Sayder and Cox {1965} also estimated the A, or Phillips term. ”
Figure 2 shows one-tenth and one -twentieth of the original Phillips
estimate, and the fit of the points. This figure seems to verify the
estimate made by Longuet-Higgins et al {1963). The U3 dependence

is not clearly established, but the scattered points seem to suggest

it.

N

However, Snyder and Cox suggested that the general trend
of the B term, or Miles term, is approximately linear. Accord-
ing to the diagram of their paper, the B term becomes zero in
the lower range at approximately, U/c = 0.7. The plotted points
in that diagram, however, seem to be a square or some power law
for U/c rather than a linear relationship. If the linear relation
holds, the wave spectral density does not grow below this parti-
cular frequency due to the Miles term.

From equations {(5.1) and {5.2), the A term grows as a
U3 law and the B term grows as (U/c)z. These results seem to
agree quite well with the results obtained by Snyder and Cox.

In this study, a value of one-twentieth of the original estimate

- is used for the Phillips term. Hence, the equation is written as

.,HE[![‘;IU' RN
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6. Effect of dissipation near full development

According to equation {5.3), the spectrum increases with time
to infinite values. However, once the waves start to grow, energy
dissipation is supposed to follow more or less immediately. Regret-

ably, dissipation has not been studied very much, and little is

known about it.

There is a general agreement upon the sequence of spectral
growth. The variance increases slowly after starting from zero
initial condition, and the dissipation is not dominant. Thus, it giowWs
slowly and linearly with time in the early stage. Later, when the
spectral ccmponent comes close to the steady state, energy dissi-
pation increases strongly, and the growth rate is slowed down. As
the input energy {rom the wind and the energy dissipated become
equal, the fully developed spectrum ic maintained. Between these

two stages, the initial and saturated sfages, there are the transitional

and exponential growth stages.

By considering these growth curves for the spectral wave
components, energy dissipation can be assumed to be 2 function
of the ratio of the spectrum at a particular moment to the fully

developed spectrum, and as a good approximation may be ex-

pressed in the form of

[§%]
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2
£ S5, )AL = [Alf, u) + B{E, u) S{f. t)Af] {1 -(: ggg}) } (6.1)

where S_{f} is the fully developed spectrum for a particular wind

speed.

7. Spectral growth equation and calculation

To make the manipulation of {6.1} easier, another function
is introduced in the A term which does not influence the growth

very much., Equation {6.1} is changed to the form

r 281 24
d T [ _/s\\%, 1. L {s) .
=S(s af= A1~ + BSafl 1~ 7.1
ot vacs[afi-(&) Pemedk p-(2) | o

The solution tothis equation for a zero initial spectrum and an

infinite fetch is

1 2 2+-1
S, t)AS A{ex% -1 § A {;2{823% 1} } z (7.2}

4
where A = 1.4 x 10°°0°, B = 6.27{Tk)2e -0/ ¢ Lna
t is the duration in hours.

If the sea is not at rest initially, egquation {7.3} may be used.

1
: Afexp{Ble+t)}-1] A%{ {exp(B(t+t )- 1) it
S{f, t)af= 5 i1+ I (7.3}
L B (S, A1) 3
where
. - 1 o % . BSO& 1
o B ] ZT |
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and So is an initial spectral component.

The spectral growth for wind velocities of 20, 25, 30, 35, 40,
and 45 knots was computed by using equation {7.2). In the calcu-
lation, the fully deveioped spectra (equation {2.1)) obtained by
Pierson and Moskowitz {1964) was used. These spectral growths
are shown in figures 3{a) through (f) as » function of wind duration.

If the wind has blown constantly for a long time, the sea is
considered in a steady state. The growth is then independent of time

and the differential equation becomes
d - L4 a -
i S{uw; ) = ug 5;3(&); x) = Alw, u) + Bluw, u) S{w; x) (7.4)

where ug is a group velocity of a wave component of frequency f{,

A similar computation for fetch was performed under the same
wind velocity conditions as for duration. Figures 4 (a) through (f)
show the spectra for different fetches for wind velocities of 20
through 45 knots.

These computations were made for modified Miles and Phillips
values, However, the spectra in terms of the original Miles and
Phillips values should be considered to check the spectra obtained
in this paper.

A reduced value for the Miles term of this paper was used
to fit his original value. The Phillips term was increased by a
factor of twenty and the Miles term was divided by eight. The
spectral shape became very different from the spectra obtained
in this study. Due to the large Phillips term, high variance occurred

in the low frequency range, and & quite flat spectral shape was

s = — e e B e T T e
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shown. The low Mliies term caused the slow growth rate in the
high frequency range., These spectra are shown in Figures 5 (a)

through {f).

8. Comparison with other results

The spectra obtained from the modified Miles -Phillips
mechanism can now be compared with other proposed spectra.

Neumann (1953) assumed that the spectrum of a component
starts to grow after the higher frequency components reach the fully
developed spectrum. Therefore, the spectrum of the partially de-
veloped sea can be obhtained from the spectrum of the fully developed
sea by discarding the part of the curve below a certain frequency,
and a sharp cut-off in the forward slope of the spectrum occurs.

. However, wave components which are lower than the cut-off fre-
quency probably have a small amplitude, and the correction has

been determined empirically. The wave specira for a 40 knot wind
at 19.5 m as given by Pierson, Neumann and James are shown

in figure 6. The cut-off frequency and the correction frequency baa<d
are given, but a precise forward slope of the spectra is not given,
Therefore, the spectra of figure 6 are approximated.

The spectra given in figure 6 are for a wind velocity of 36 knots
of the PNJ method, but this is the same as the spectra for a 40 knot
wind at 19.5 m. As Pierson (1964) showed, the spectral forms pro-
posed by Neumann (1953), and by Pierson and Moskowitz {1964} are
very close to each other for a 40 knot wind velocity.

In general, a comparison of figures 2{e) and 6 shows that

the spectra of this paper grow faster than the PNJ spectra in the

T e e — oEmEs S ———
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early stages, and the growth rate decreases gradually with time.
In contrast, the PNJ spaectra grow relatively slowly at first, then
they grow quite rapidly. In the spectral sense, the forward slope
of the spectrum progresses steadily toward low frequenc.es,

Both have almost the same spectra at a duration of 30 hours.
The PNJ spectra reach a fully developed spectra after 36 hours,
but it takes more time fcor the spectra presented in this paper to
fill in the fully developed curve. For practical purposes, the needed
time to complete davelopment after reaching 95% of the significant
wave height can be neglected. The required duration for the fully
developed sea is almost the same for the PNJ m~thod and for the spectral
growth of this study for 2 40 knot wind.

Several spectral growths have been proposed so far, and

discussed by Walden in Ocean Wave Spectra {(1964). There are

many discrepancies between these proposals. The shape of the
spectra, the frequencies of the maximum energy, and the highesi
spectral densities are all different in each of the proposed spectra:
forms, The reason for these disagreements can be attributed to
the different methods of observation, measurement, and analysis
of the data. One of the interesting spectra was proposed by
Bretschneider {(1959). These spectra have the property that the
energy in the higher-frequency region decrease with time. Another
striking spectral form was proposed by Gealci, Cazalé and Vassal
(1957). These spectra contain a fast-growing portion in the higher
frequency region , which increases very slowly later, and another

portion in the lower frequency region, which develops rapidly with

A T« e o o it
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time. The latter part has a maximum energy after four hours for
a 20 knot wind and the frequency of that maximum energy is nct
changed ever though the spectra are growing. This is uncommon
compared to “he other kinds of growth that have been proposed.

All the different proposed spectra have different character-
istics, so it is hard to say which are closest to the spectra pre-
sented in this study. There is still another way to check the growth
rate. It is by a comparison of the significant wave heights in the
many proposed growth curves.

Figures {72} and (b} show the growth rate of significant wave
height for duration and {etch for wind velocities from 20 through
45 knots, according to equations {8.2} and {8.4). These curves are
similar to the ones which were obtained by Sverdrup and Munk
(1947, as given in H. O., Misc., 11, 275). Their curves were piotted
against "wave height", not significant wave height, but in the
ordinary sense, both quantities can be considered to bz the same.
To avoid confusion, only 30 and 40 knot wind wave growth curves
are plotted on this figure. In this study, wind velocity 2t 1%.Z m
is used, so the wind velocities were corrected for the difference
in elevation between 10 and 19.5 meters,

Other duration and fetch curves for 2 40 knot wind are shown
in Figures 8(a) and 8(b}. The curves of this study have 2 similar
character to the curves of PNJ and Titov {1955} rather than the others
in that it takes a longer time to reach a fully developed sea. The

others show a faster growth,

o
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This may be explained 2§ an «f:ect of the initial conditions.
One of the most significant characteristics of the spectrzl growth
of this study is whether or not the sea is at rest initially. I
the sea is not at rest, there is zome background spectrum present.
Therefore, if 2 background specirum exists, the Miles term,
B{w, u}* S{w; t] affects the spectral growth stronglvy at all {requencies
from the initial stage. Thus the growth is very different {rom the
non-background spectrzl sea. When the sea is not at rest initially,
the wave height will be observed to grow much faster.

A similar spectral growth computation was made by using
equation {7.3} under the assumption of a background sea. The back-
ground level {assumed white} was approximated from the observed

wave spectra for 20, 30, and 40 knot winds listed below:

wind velocity variznce {z’tz; frequency band of 1/180 sec-}‘}
20 5.011
30 6.160
40 g.z280

The results of the computation are shown in figures 9 {3}, {b},

and {c). flearly irom these Hgures, the growth ralte is very large.

developed spectrum after 18 hours if there exists a background sea
as given above.
rates of this study.

In the open sea, background spectra are always expected iIo

exist, and this leads to faster wave height growth. This may be
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one of the reasons for the discrepancies befween the reiatively slow-
growth rate groip and the rapid-growth group. The comments by

Phillips {Ocean Wave Specira, p. 37) are well substantiated by these

results, and the correct description of low background spectra will

" be an important part of any numerical wave forecasting procedure.

9. Test run for observed spectra

Several spectra for the actual sea were computed and are shown
in figures 10 {a) through {d}). The observed specira were obtained
from wave records three or six hours apart. The wind velocities
are scattered from about 40 knots to 60 knots. Unfortunately, a
moderate wind changes its force and direction frequently and does
not give a steady mieteorological condition. This is the reason why
the higher velocity winds were used.

All of the seas whose spectra were used in this study were
accompanied by a strong low pressure in the Noxth Atlantic., For
example, the spectra shown in figure 10{a) were taken at Ocean
Weather Station I at 0CZ and 06Z on 8 Nov. 1959, and the low
deepened to 948 mb at 06Z to the northwest of the station. All
other spectra had almost similar conditions. The best fit for 2
sample hindcasted spectra is shown in figure 10{b}. These spectra
were taken at 00Z and 03Z on 17 Dec. 1959 at station J. The
wind condition before that observation was as followse:

16 Dec. 15Z 210°% 31 knots
182 250° 32 knots

21z 250° 44 knots
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Fig. 10. Test calculations for actual observed spectra.
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Then the wind start=d to blow very strongly,

17 Dec., O00Z 250° 60 knots

03Z 250° 61 knots

This storm weather situation and the wave spectra were pre-
sented in detail by Bretschneider et al {1962). The spectra are far
from the fully developed spectrum, and less advective and nonlinear
effecis are possible in comparison with other spectra for moderate

weather conditions. The computed spectrum can be assumed o be

quite ideal and fits the observed specirum quite well. Other ob-

served spectra may have advective phenomena.

Furthermore, the observed spectral densities have sampling
variability, The influence of sampling variability in the hindcasled
spectra must also be considered. Im figure 11, two examples are
shown for a irequency of 0.061 for the spectra shown in figureg ci{a}

and {c). The rectangle is bounded by the upper and lower 95%

and 5% confidence intervals and by the =1 knot of the observed

wind velocity. The bigger the cverlapped area of the observed and
hindcasted rectangles, the higher the reliability of the hindcasted
spectra. Even though the specira of figures ?{a} and {c) show
disagreement at a frequency of 0.061, the hindcasted spectra can
be said to be in zood agreement within the expected sampling

variability.

10. Energy balance

The spectral growths of this study show reasonable rates

even though the ap, :oach to the problem has been different from
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the approaches described in Ocean Wave Specira. However, one

defect is lack of data. The data used were very limited and data
irom the different sources were combined. This suggests that an-
other method is required tc check this growth.

Energy considerations may be one solution to this probiem.
When the sez is fully developed, the energy input from the winds
must be balanced by the energy dissipaiion in the water. I the
dissipation assumption in equation {6.1} is neglscted, the spectrum
can keep growing higher than the saturated value.

Energy input estimations from the winds tc the waves are
very vague. One possible way for an energy investigaticon is the
consideration of the amount of available energy in the atmosphere.
Until the sea is saturated, the energy from the wind feeds the
waves, After saturaticn, however, the energy input from the wind
balances the dissipative energy in the sea. At 2 given height, the
air moving with some mean horizonial velocity receives energy

from the upper layer, and that energy equals

E;=1u {i0.1}

where T is the stress which is exerted on the air at that level,
and u is the mean horizontal wind velocity. This stress is
computed by using 2 drag coefficient * hen the vertical wind profile
is assumed to be the logarithinic wind profile,

2.
. 4 bg

-y
[
[ ]
L]
[
gt

where C D is the drag cosfficient.
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In this study, the drag coefficient obtained by Sheppard {195R)

was used.

— ¢ =z 1 -3 F ]
Ci{} = {0.80 4 {}.Ilé'{.yj) X 19 {16.3}

where BI{} is the wind speed in meters per second at 10 m™.

Until the sea reaches the saturated state, a part of the erergy
is transmitted to the sea surface, and raises the wave height. After
saturation, the energy transmitted from the air should be balanced
by the energy dissipated in the breaking waves. The transmitted
energy at a given level in the air can be more than the energy dis-
sipated in the water because it can be dissipated in the lower layers
of the air. I the dissipated energy is much larger than the trans-
mitred enezrgy, tha speciral growth of this study must be rejected.
The transmifted energy is computed at the level of one half of the
significant wave height.

Calculations of the energy transmitied downward at the level

o
oy

cne hzlf of the significant wave height and the energy dissipated
in the breaking waves of a fully developed sea are shown in figure
12. The two curves are close. The energy input irom the winds is
not known to gooé accuracy, but this energy consideration can be
considered one of the means to check the growth rates of this

paper.

11, Conciusion
The spectra were computed for the wind velocity from 23 to
45 knotis and are shown in the figures, The growth rate of this

> -

study is not rapid, but it is similar to the growth rate of Piersonm,
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Neumann and James {1955}, and of Titov {1355} in 2 general sense,
The spectrum of this study needs 30 hours or 600 nautical miles
to reach the 90% of the fully developed significant wave height for a
40 knot wind at 19.5 m. These figures sesm large in comparison
with the other proposed values like the growth rate of Darbyshire.
But these discrepancies may be explained by the existence of
background specira. Also the Phillips term affects the growth
rate quite sirongiv.
The lack of more adeqguate data was the weak point of this
study, so an enexgy balance between the atmosphere and the waves
was considered, and the resxzlt skowed good agreement. :
test calculations were made to check the actual observed spectr
and some of them showed good reliability.
The result of this stedy can be used for a practical wave
forecasting technique instead of the empirical growth relztion.
But even a litfle change of the constexnts obtained in this study
affects the growth rate of spectra. Further studyiniermscia

numerical hindcasting procedure should improve on these resuils.
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APPENDIX
List of Code Symbols
Record Number  Wind velocity Duration  Positicn
{knots) {hours)
JH 26 -JH 27 50-50 3 A
JHA ¢ -JHA 10 60-61 3 J
JHC 38 - JHC 39 45-42 5 J
JHC 73 - JHC 74 43-43 3 J
JEC 74 - JHC 75 43-44 3 J
JHC 156 - JHC 157 40-41 3 J
DL, 50 - DL, 51 55-56 6 A
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