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1. Introduction

There have been a number of developments in
computer-based wave specification and forecasting
models in addition to the ones cited in Hasselmann et al.
(1976) that relate to the efforts described by Pierson
et al. (1966). For one thing, the model we described
then is now being used operationally for the Northern
Hemisphere oceans at the Fleet Numerical Weather
Central in Monterey, Calif., with fairly satisfactory
results. Moreover, a model that includes the effects
of wave refraction for forecasting waves in hurricanes
has been developed and is being tested at the NOAA
Atlantic Oceanographic and Meteorological Labora-
tory against measurements of hurricane waves. Per-
tinent references are Cardone (1974), Pierson (1976),
Salfi (1974), Lazanoff ef al. (1973) (for a model for the
Mediterranean Sea), Cardone et ¢l. (1976) and Lazanoff
and Stevenson (1975).

These models are defined in such a way that the
winds need not be uniform either in speed or direction
over a fetch or with time, and the land boundaries
can be highly irregular. They all use the same model
of spectral growth based on the Pierson-Moskowitz
(PM) spectrum is a way quite different from the way
the PM spectrum is used in Hasselmann et al. (1976),
hereafter referred to as H. The way that the PM
spectrum is used in the above models is ever so much
simpler than the way it is used in H. Yet, it can easily
be shown that comparable results are obtained without
the need for a peak enhancement factor, once the
errors due to bias, which are introduced in the pro-
cedures used in H, are understood and eliminated, and
once the high-frequency limitations of the data that
were used are considered.

These comments are divided into four main sub-
jects. They are 1) a derivation of v and ey as given in H
from the model described by Salfi (1974) as specialized
to the simple case of a constant wind over a constant
fetch, 2) a demonstration that the procedures used to
fit the spectrum E(f) as in H bias the value of v (and
hence the spectral peak) to too high a value, 3) a dis-
cussion of the use of the wind at 10 m instead of at
19.5 m, and 4) a discussion of the so-called equilib-
rium range.

2. Derivation of ay and v

To keep notation simple, E(f) will represent Eq.
(2.1) of H, S(f) will represent the PM spectrum, and
E(f) will represent a spectrum estimated from an ocean-
wave time history by either the old Tukey method or
the new fast Fourier transform method.

The function S(w) given by Pierson and Moskowitz
(1964) can be transformed to

5
S(f) =agi(2m)f-* exp{ —;(fM/f){I, M

where
fu=(2m)71(48/5) gu, 2

and where 8=0.74 and u is measured for a neutral
atmosphere at an elevation of 19.5 m. The wind speed
is the wind that generated the fully arisen sea. Eq. (1)
has been modified in the models cited above for high
winds and high frequencies, and this point will be
discussed last.

Eq. (H2.1) (i.e., Hasselmann et al. Eq. 2.1) has five
parameters, am, ¥, fm, 0. and ¢s, and much of the
effort in H is related to the study of v and au as a
function of the nondimensionalized value of f., namely
v=uf»/g. Note that the a in (H2.1) has been defined
to be ag in these comments because it was determined
in a different way from the o in (1).

Eq. (H2.1) can be factored into two functions. The
first function looks like (1), except that f,,, which is the
frequency of the spectral peak of whatever spectral
estimate B (f) is being used, has been substituted for
fu, which is uniquely defined by the wind velocity.
The second factor is the peak enhancement function
defined immediately below Eq. (H2.1).

Given a spectrum E(f) as estimated from a wave
record, if it has a single peak, the analysis procedure
used in H is to calculate y and ag in terms of B(fn),
which is the peak value of the spectrum, and E(J),
and then relate v and an to fm (or ») and the fetch x.

From the definitions given in H, the value of v is
computed from (3):

/5
y=B () Q) exp(;)(angzrl e



128

and the value of an is computed from (4) as defined in
H (Section 4a, p. 212), apparently with a (2r)* missing:

2fm

an=(0.65fm)* /

1.35/m

e i exp[Z(f—}")]s (Pdf.
@

At 1.35 fa, for the values of g, given in H, the effect
of the peak enhancement factor is usually negligible
and can be neglected in calculating ag.

In the model being compared with H, the spectrum
is specified by integrals of S(f,X) over either 13 or 15
frequency bands and over either 12 or 24 direction
bands. The frequency bands are 1/180 s~ wide for low
frequencies, 2/180 s~! wide for intermediate frequencies
and still wider for higher frequencies. The spectral
growth is calculated for each time step A¢ using S(f:; %)
as the initial value and getting S(f;, t+ Af) as the next
value. The propagation of each spectral component
at the correct group velocity in the correct direction
then accounts for the effect of fetch since zeros are
propagated from land. The spectral growth theories of
Phillips (1957), Miles (1957, 1959, 1959b, 1962), and
Phillips (1966) are used. When the spectral components
propagate out of an area of high wind, they auto-
matically become swell.

Each spectral component will grow in amplitude in
the model until it reaches the value given by (1) as
defined by the wind speed via fu, unless the effects of
duration or fetch prohibit the growth. The high fre-
quencies grow very rapidly, followed by slightly lower
frequencies, and so on to saturation.

For a well-defined fetch and a constant wind over
that fetch, the result is quite simple. The spectrum
at x is given by Eq. (3),

G(fux), 0<f<fm
S.(f)=
! {S(f,u), fa<f< )

where, of course, S(f, #)=S(f, fu) (see Inoue, 1967).
The values of G(f,u, x) lie between zero and S(f,u)
and are less than S(fm,%) so that S(fm,u) is the peak
of the spectrum. To calculate S:(f) for f> fn it is
simply necessary to evaluate (1) for f> fm. Those
who recall Pierson et al. (1955) will recognize this as
the equivalent of the co-cumulative spectrum. Of
course, G(f,u,x) is also found, but it is not required
for this discussion. The function G(f,u,x) is calculated
directly from the Phillips-Miles-Phillips theory.

The factor v in H and the peak enhancement function
related to it are simply highly circular ways to correct
for the fact that what appears to be the PM spectrum
in E(f) [Eq. (H2.1)], really is not because fm is used
instead of f» when the function is evaluated for > f.
To demonstrate this, it is only necessary to substitute
(5) for fu<f< o as defined by (1) into (3) and (4)
as if the spectra being fitted were those predicted from
the model being compared with the model given in H.
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The results are given by (6) and (7), where v and an
are functions of f, and fa:

aH

y— eXPG(l—(fu/fm)‘)), ©)
2fm |

an=a(0.65fn)! f

1.35fm

<ol =[(5)-() e 0
Now let f/fy=K and fn/fu=Kn. Then v is given by

- (21r)—1(i4§)*1<,. -

8)
=fufg for 1<K,< . .
Eqs. (6) and (7) can be put in the form
o 5 .
y=expl ~(-K.7) | ©
oy 4
O (0.65K ) el (k. o)
—=(0.65K,.)~ exp[—( ) .
a '/;.351{,,. S\ K¢ /.
A further transformation of variables yields
ag 1_35 2/1.35 §[ Km4_1 ] p (11)
—_——— ex ——y 4 {tdy.
o 065 1 p{4 (13Km)4

A series expansion about the center of the range of
integration then yields (12) for ease of evaluation.

2 exp[0.1588 (1 — K ) [1-+0.0080 (1 — K )
* +0.00278(1—Kn)*]. (12)

Clearly ag=a only if K,=1, and ag>a if K,> 1.

The various functions involved are graphed in Fig. 1.
The method of calculating ag in H does not yield the
asymptotic value of @ in (1) of the PM spectrum. The
values of y range from 1 to 2.95. If the curve for v in
Fig. 1 were plotted on Fig. 2 of H it would fit the data
fairly well and explain about 90%, of the “average”
value.

The average value of y according to H is 3.3 for the
mean JONSWAP spectrum as shown in Fig. 1. This
is a pretty good value for » greater than 0.21, but, of
course, the values of y are biased too high, as will be
shown later when the scatter in v is discussed. It would
be interesting, using all data sets, to compute the
average value of ¥ over small bands of », say, 0.14 to
0.16, 0.16 to 0.18 and so on.

From (H2.2) it is possible to calculate the non-
dimensional fetch £=gx/4? for different values of »,
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F1c. 1. Graph of v and am as used by Hasselmann ef al. (1976) as derived from operational
numerical wave prediction model described by Salfi (1964).

and the values of £ are also given in Fig. 1. As » varies
from 0.14 to 0.21, which is 25%, of the range shown, £
varies from 17.2X10? to 5.04X 103 so that a mean value
of v equal to 3.3 only applies to the first 299, of the
fetch as measured from the shore. The value of vy
decreases quite rapidly as » decreases from 0.21 to 0.14
so that in terms of fn, the spectral parameters change
rapidly, but in terms of fetch on a linear scale the
values of vy change slowly. The final transition to a
fully developed PM spectrum occurs in the final stage
of development as a function of », (H, p. 208) but
certainly not as a function of fetch.

From Fig. 1 and statements and equations in H, the
following example can be worked out. Consider a non-
dimensional frequency » of 0.42; for this value of »,
the nondimensional fetch is 620. If the wind speed is
30 m s, then the frequency of the peak of the spec-
trum for this fetch limited wind-generated sea will be
0.1372 Hz, which corresponds to a wave with a period
of 7.29 s. The fetch is 57 km. For these values of »
and ¢, the peak enhancement factor v is about 2.95 on
the average in order to obtain the best fit to E(f)
(Eq. H2.1). The spectrum whose peak is enhanced in
E(f) is the PM spectrum for a fully developed wind
generated sea with a peak at 0.1372 Hz, which cor-
responds to a wind of 10 m s and which has been
multiplied by 1.18.

The question that arises, however, is that of pro-
viding a reason for the use of a spectrum associated
with a wind one-third as strong as the actual wind for
the underlying spectrum that is to be emnhanced by
the peak enhancement factor in order to explain the
observed spectrum. In the models cited above the

controlling factor for the calculation of a fetch, or dura-
tion, limited spectrum is the actual wind, and the
spectrum grows to a limit given by the PM spectrum
for the observed wind for frequencies greater than fn
and to a value less than the PM spectrum for frequen-
cies less than f.. If the PM spectrum is evaluated at a
frequency of 0.1372 for a wind of 30 m s, this value
is 3.49 times the value of the PM spectrum at 0.1372 for
a wind of 10 m s™.

The ramifications of this particular example are
explored in what follows in greater detail. The main
point to be emphasized, however, is that the underlying
spectrum, which is enhanced in the procedures given
by H, has no connection with the wind that is generat-
ing the waves. That the spectrum for a fetch-limited
sea for a wind of 30 m s~ has a peak that is about 3.5
times higher than the peak of a fully developed sea
at the same frequency that is generated by a 10 m s™*
wind is explainable by the model described by Salfi
(1974).

It would have been ever so much simpler to evaluate
(1) for f> fm using far in the equation in order to define
most of the fetch limited spectrum. The only remaining
area to study is the shape of G(f, %,x), if necessary,
to see if it is properly predicted by the model. There
would be no need, then, for the peak enhancement function.

Stated another way, the spectral wave forecasting
and hindcasting model being compared with the results
of H predicts nearly the same spectral shapes and nearly
the same peak spectral values without the use of a peak
enhancement function and without recourse to very
intricate appeals to nonlinear wave interactions.
Moreover, it is much simpler to apply, and it is a special
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Fic. 2. Example of comparison of the Hasselmann et al. (1976) model
and the Salfi (1974) model.

:ase of the general proof of Kitaigorodskii (1961) in
which, for > f., S(f) no longer depends on x but only
on u.

A specific example of these considerations is given
in Fig. 2. The partially developed fetch-limited spec-
trum predicted by the model being compared with
the results of H for a wind of 17.84 m s~ is given
by (1) evaluated with fs determined by a wind speed
of 17.84 m s~ for f,,>0.091. The function G(f,x,x) from
(5) is sketched by the dashes and x’s. Except that «
instead of ey has been used, the function given by
(H2.1), using f. instead of fu, is shown by the solid
curve before multiplying by the peak enhancement
function. This solid curve corresponds to the fully
developed PM spectrum for a wind of 15 m s The
ratio au/e is the amount by which the solid curve has
to be multiplied in order to make it agree with the
17.84 m s curve for frequencies between 0.122 and
0.182 Hz. In this example, the value of any/a is 1.87
so that »=20.168. The peak enhancement function
inflates a spectrum that is too low (because a different
wind speed has been used than the one actually present)
to the values of the PM spectrum evaluated with fu
as a parameter for f> fn.

3. Sampling variability and bias

The spectra estimated from an ocean-wave time
history as in B(f) are statistics in the true sense of the
word (Mood et al., 1974, for example). As shown by
Tukey (1949), each point of an estimated spectrum is
distributed according to chi-square with the degrees of

freedom determined from the length of the record, the
value of Af and the resolution. Missing from Fig. 1
of H are the 909%, fiducial confidence intervals on E(f)
or at least an indication of the degrees of freedom of
the spectral estimates. A spectrum predicted by any
prediction model can only be verified against spectral
estimates, and the exact value of a particular estimate
used for verification cannot be predicted because of
sampling variability.

The arguments in H do not justify throwing out the
cases of multiple peaks. They are a real part of the
problem even for theoretically unimodal spectral forms.
The problem becomes doubly complicated if one
attempts to separate double peaks caused by a real
physical effect from double peaks caused by sampling
variability.

Typically, most estimates of £(f) have from 20 to
40 degrees of freedom. For 20 degrees of freedom, the
909, fiducial confidence interval values are about 1.5
and 0.6 times the spectral estimate. For a particular
point of an estimated spectrum, the estimate can
easily fluctuate by 420 to 309, or more of the value
actually obtained. '

Efforts to parameterize ocean-wave spectra by refer-
ring everything to the frequency of the spectral peak
fm as done originally by Darbyshire (1952), and as is
done in H are fraught with grave difficulties. Spectra
with two or more peaks are unjustifiably excluded
from the sample although it is perfectly possible for
E(f) in a pure, simple fetch-limited seaway to have
more than one peak. Were the spectra in the extensive
data set of H analyzed at twice the resolution (and
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consequently half the degrees of freedom per estimate)
many of the single-peaked spectra would be replaced
by multiple-peaked spectra. An analysis technique
should be general enough to handle all possible esti-
mates of the spectra being studied and not just a
subset of them.

Multiple-peaked spectral estimates serve to empha-
size how poorly defined, from a sampling point of view,
the location of the peak in the spectrum actually is.
This effect is partially masked in the data sets analyzed
by H because equal resolution over » and not f would
be desirable if spectra truly scale according to v=uj/g
(Pierson, 1964). When spectra for all wind speeds are
estimated with the same resolution, the resolution for
v for a 20 m s! wind is only half as good as for a 10
m s~ wind. Thus spectral estimates for high waves
and high winds tend to have more single peaks than
spectra for low winds for the same ».

That the location of fm, for a given wind speed and
fetch is itself a random variable can be seen from the
plots in Fig. 1 of H. With confidence intervals of say
0.6 and 1.5, or perhaps even 0.8 and 1.3, it is a matter
of mere chance that the first of the two highest points
in the west Atlantic example is the larger of the two.

For the AVA example, the points on each side of the
peak are about 0.8 times the peak. Since 1.3X0.8
is larger than 0.8 X1, the peak could just as easily have
been one spectral band width to either side of the peak
that happened to have occurred by chance.

The simplest way to show that the selection of the
peak as a dominant scaling parameter for a spectral
model biases the data is to show what happens near
a flat peak that is four, three or two spectral bands

TasrLE 1. Sampling variability outcomes for four spectral
bands near a flat peak of an estimated spectrum. A plus means
that the estimate exceeds the expected value, and a minus means
that it is less than the expected value.

Probability  Probability

Spectral of single of multiple
Outcome band peak peak

12 3 4
1 + + + + 1/3 2/3
2 + + + - 2/3 1/3
3 + 4+ -+ 1
4 + 4+ - - 1/2 1/2
5 + -+ + 1
6 + -+ - 1
7 + - - 4+ 1
8 + - - - 1/6 5/6
9 -+ + + 2/3 1/3
10 -+ + - 1
11 -+ - + 1
12 -+ - - 1/2 1/2
13 - - 4+ + 1/2 1/2
14 - - 4+ - 1/2 1/2
15 - - - + 1/6 5/6
16 - - - = 1/3 2/3

P(single peak) =1/3. P(multiple peak)=2/3.
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TaBLE 2. Sampling variability outcome for three spectral bands
near the peak of an estimated spectrum.

Probability Probability
Spectral of gingle of double
Outcome band peak peak
1t 23
1 + + + 2/3 1/3
2 + 4+ - 1
3 + - + 1
4 + - - 1/2 1/2
5 -+ + 1
6 - 4+ - 1
7 - — 4+ 1/2 1/2
8 - - - 2/3 1/3

P(single peak)=2/3. P(double peak)=1/3.

wide and to assume that the spectral estimates are
independent as with the fast Fourier transform method.
For low values of chi-square the expected value of chi-
square does not equal the 509, value. The difference
is small compared to the range of variability so that
there is almost a 509 chance that a given estimate
will exceed the expected value, and, consequently,
there is almost a 509, chance that it will be less than
the expected value. What happens at four, three or
two spectral bands near a fairly flat peak will be worked
out as examples. The details become somewhat different
near the peak of a spectrum that may not be flat,
but similar results can be obtained.

Table 1 illustrates the outcomes if four spectral bands
can be resolved near the peak. Of the 16 possible out-
comes, only one can yield values for all four estimates
below the expected value. Consider outcome number 2.
The permutations of 1 (low), 2 (middle), and 3 (high)
for the three plus signs yield four possible outcomes
with a single peak and two with a double peak so that
if this pattern occurs (44 —) there are two chances
out of three for a single peak. Similar analyses for out-
comes 3 to 15 yield the other tabulated probabilities.
The probabilities for outcomes 1 and 16 have been
found from the permutations of the numbers (1, 2,
3, 4). For a relatively broad spectral peak of four bands,
the probability that the estimated spectrum will have
a single peak is 0.33. The single peak will be a biased
overestimate of the true shape of the spectrum near
the peak 15 times out of 16 if it is used. Approximately
seven out of ten spectra cannot be fitted by the tech-
nique under discussion, since sampling variability will
produce a double peak.

Table 2 illustrates the sampling variability outcomes
when only three spectral bands can be resolved near
a relatively flat peak. The probability structure for the
eight possible outcomes is much simpler. Two out of
three spectra will have a single peak. I the spectral
estimate has a single peak, there are seven chances
out of eight that the peak will be an overestimate of
the true spectral value.
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For a peak resolved by only two spectral bands,
the outcomes are simple and need not be tabulated.
A single peak results every time, and three times out
of four the fit to the peak overestimates the expected
value.

For typical record lengths, as the waves get higher,
the spectra tend to look more peaked simply because
of the decreased relative resolution near the peak. The
probability that chance fluctuations near the peak
will produce a single peak increases from 0.33 through
0.67 to 1 as the resolution at the peak decreases from
four bands to three bands to two bands.

For spectral estimates of nearly fully developed seas,
generated by low winds, rejecting multiple peaks may
cause as many as two-thirds of the available data to
be rejected unjustifiably. For those that are kept, the
estimate at the peak [i.e., S(fm)] will exceed the
expected value 939, of the time, and hence v will be
an overestimate of the true value of the peak. For
intermediate winds, one out of three spectra will be
rejected, and of those used 87%, will have peaks ex-
ceeding the expected value. For higher winds, where
only two bands can be resolved, the peak exceeds the
expected value 75%, of the time. The penalty, of course,
is that in the long run the waves will be forecasted to
be too high with such a model.

The data (Moskowitz éf al., 1963) used by Moskowitz
(1964) were reanalyzed by H. More than half of the
estimated spectra contained multiple peaks, as would
be expected from the above tabulations. Those for
the lower wind speeds had the most muiltiple peaks,
which again is explained by the tabulations. The
multiple-peaked spectra were discarded, which biased
the data. Those that had single peaks yielded a «
of 1.40, which shows that selecting only single-peaked
spectra biased the peak to 409 higher than the value
calculated theoretically in the preceding section.

Moskowitz (1964) also. illustrated the effect of using
a higher resolution on the spectral estimates. Even
the “averaged” spectra had multiple peaks at a resolu-
tion increased by a factor of three. The procedures that
use (H2.1) are very sensitive to record length and
spectral resolution.

In the work of Moskowitz (1964) for five different
wind speeds, 12, 8, 12, 8 and 14 spectra were averaged,
respectively. It was shown that a large number of the
estimated values. for different spectral bands in the
data set did indeed behave as if they had been drawn
from an appropriate chi-square distribution. Spectra
from wave records drawn at random from those
available and stratified only as to wind speed were
shown not to have come from the same population.

The main reason for trying to obtain a number of
spectra for each wind speed was to increase the number
of degrees of freedom for each spectral estimate at the
given wind speed. Since each separate spectrum had
19.33 degrees of freedom for each frequency band, the
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averaged spectra had 232, 155, 232, 155 and 271
degrees of freedom, respectively, for each frequency
band. The increased number of degrees of freedom
made the ‘“‘averaged” spectra the equivalent of the
spectra that would have been obtained from wave
records 8 to 14 times longer than the individual records,
and accordingly stabilized the frequency of the peak
and the value at the peak to a greater extent than
estimates from a single spectrum.

Fitting the spectra by the techniques given in H
gives more sharply peaked spectra than are actually
found “on the average” because of the coupling be-
tween S(f») and f, as random variables. There may
be a difference between the average shape of the
spectrum and the shape of the average spectrum, but
in most statistical estimation procedures the estimate
of a parameter should converge to the true population
parameter. A biased estimation procedure does not
do this and is, therefore, undesirable.

The values of an couple into the calculation of vy
to complicate the interpretation of v even further.
If because of sampling variability, ag is 0.8 times its
expected value and if any/e, which is independent of
ay, is 1.6 times its expected value, then v will be twice
its expected value. Values of v equal to 6 and higher
would, therefore, not be unusual.

The parameter v is a random variable (as well as a
statistic) since it is estimated from values of E(f),
which are themselves random variables. The different
values of v are not all drawn from the same population
since all spectra are not resolved equally over » and
since the length of the integral that determines an
is variable. However, the probability density function
for v could probably be derived.

The distribution of ag in the denominator of the
definition of + is probably close to chi-square 'with the
degrees of freedom given by sums of the degrees of
freedom of the spectral bands in_the integration given
by Eq. (4). The distribution of S(fa) would be some-
thing like Eq. (20) of Mood et al. (1974, p. 183) form=2,
3 or 4, and the distribution of the quotient could be
found from Eq. 28, of Mood et al. (1974, p. 187).
The values of v would have many different detailed
distributions based on such an analysis. The simplest
way, however, is not to use the techniques of H and
return to the well-known properties of spectral esti-
mates given by Tukey (1949).

4. The use of winds at 10 m

In the model described by H the winds were referred
to an elevation of 10 m instead of to 19.5 m as in Pierson
and Moskowitz (1964). The separation of sea from
swell at a » of 0.14 is inconsistent with a wind measured
at 10 m since this value of » corresponds to a fully de-
veloped form like Eq. (1) with the wind defined at 19.5
m. Since the PBL model of Cardone (1969) is used, the
ratio of #;9 to %95 is Dot strictly a constant.
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The ratio #0 to w5 is approximately 0.93 so that
v=0.13 more nearly corresponds to the fully developed
situation. Moreover, unless some correction is made,
the wave heights would be 869 of the values calcu-
lated from a 19.5 m wind if the 10 m wind were sub-
stituted into (1), and the spectral areas would be 759,
of those for a correct 19.5 m wind.

A quick fix to make the situation consistent would be
to change 8 to 0.56 to compensate for the lower wind
speed at 10 m. This would require the replotting of v
and *H.

An alternate correction would be to use a 19.5 m
wind, which would require the recalculation of all of the
nondimensionalized plots. Either way, as now pre-
sented, the results of H are internally inconsistent.

5. The equilibrium range

Although the value of « in (1) apparently does well
in describing the dominant shape of the spectrum over
70% of ocean scale fetches and for most of the fre-
quency range of mid-ocean waves, there is increasing
evidence that there is no equilibrium range of the form
ag?(2r)~*f~° for high frequencies. For frequencies
above 0.2 Hz, or so, the spectrum appears to respond
rapidly to the local wind, and these waves appear to
grow and shrink in direct response to the wind. This
variation is particularly important from 5 to 30 Hz
in the capillary range. Further discussion of these
matters can be found in Pierson and Stacy (1973),
Stacy (1974) and Pierson (1976). The growth of short
waves with wind speed is clearly shown in “State of
Sea Photographs for the Beaufort Wind Scale 1971”
(Meteorological Branch, Department of Transport,
Canada). Clearly, the spectrum for waves 3 m long
and shorter is growing with wind speed at these wave-
lengths in the presence of extremely high seas in mid-
ocean, so that high spectral values for these wave-
lengths (and frequencies) are #of due to a short fetch.

"More needs to be learned about the high-frequency
behavior of waves. The short fetch data of JONSWAP
can provide this information, but it might be better
to study the behavior of a given frequency solely as a
function of wind speed and not after scaling by means
of v=fu/g. For the hurricane model (Cardone et al.,
1976) a.correction for high frequencies is added to the
PM spectrum of the form

o Se(f)=ausg/ uim3(2m) f, (13)

according to a theory of Kitaigorodskii (1961), where
#sm=12 cm s7? and the number 3 is a frequency (Hz).
The function S.(f) intersects S(f) at

Ji= Bthicm/ 1 (14)

and S.(f) replaces S(f) for > f;.

The friction velocity (#4»=12 cm s™) corresponds
to a wind of 3.5 m s~ at'19.5 m based on the results of
Cardone (1969). No waves at all are forecasted to grow
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for winds associated with #, values less than 12 cm s—.
For a u, of 36, corresponding to a 19.5 m wind of 10.0
m s~ f;=1, and for winds around 20 m s™! the correc-
tion begins to be important.

The Baylor gage! has a different frequency response
from that of the Tucker shipborne wave recorder, and
there are many problems associated with recording the
spectral components from about 0.2 to 5 Hz under
conditions of high wind and waves. )

The modification introduced by Eq. (13) affects the
higher frequencies in the spectrum for a given wind
speed. For high values of f. (short fetches) portions of
the spectrum as defined by (13) will be included in the
interval 1.35 f.<f<2f. as used by H to obtain ag.
As fn decreases, this interval moves toward lower fre-
quencies and less and less of (13) is included. Finally,
for fm low enough, no part of (13) may be included.
The method for finding ey would then yield a decreasing
am as a function of v, and yet the spectrum at the higher
frequencies, not sampled when f, is small, might not
have changed at all.

From Eqs. (H4.13) and (H4.14), it follows that

an=3.3X10"2(fuu/g)}, (15)
so that asymptotically
E(f)~3.3X1072Q2m) g (fuu/g)}f"  (16)

For a fixed fn, the JONSWAP spectrum grows as #3,
whereas in (13) it grows as u,. However, as fn de-
creases, according to H, the spectral values at high
frequencies decrease, whereas in (13) these values re-
main high. The JONSWARP data could help clarify this
difference if the wave recorders have the same response
at high frequencies at all fetches.

The excellent array of wave recorders used in
JONSWAP is providing much valuable data for
programs in remote sensing. Compared to the Tucker
(1956) shipborne wave recorder that cannot sense
waves with frequencies much higher than 0.25 Hz, the
JONSWAP data provide reliable information on much
higher frequencies. However, it does not appear that
these effects scale according to v=uf/g, and so no
attempt has been made to incorporate (13) into the
comparison of the two models. The high values for an
for moderate and high values of » may be in part due
to differences in wave recorders, and in part, due to
effects such as those just described. There is much
data in the literature that shows that these higher
frequencies grow with wind speed just as much as
shown in H—but very far from land and in the presence
of fully developed waves.
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Reply

K. HasseLmann,! D. B. Ross,? P. MULLER? aND W. SELL!
26 August 1976

1. Introduction

In his comments Pierson has raised a number of
interesting questions. To place the discussion in proper
perspective, we should perhaps first point out that the

1 Mazx-Planck-Institute fiir Meteorologie, Hamburg.

2 Sea-Air Interaction Laboratory, NOAA, Miami, Fla.

3 Sonderforschungsbereich 94, Meeresforschung, University of
Hamburg, and Max-Planck-Institut fiir Meteorologie.

purpose of our paper was not to experiment with various
parametrical representations of the wave spectrum—
as interesting as these are—but to apply recent results
on the energy balance of the wave spectrum to the
practical task of wave prediction. These results,
summarized in Hasselmann et al. (1973, hereafter
called J), have changed the structure of the wave
prediction problem.

On the one hand, the problem has apparently be-



