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ABSTRACT

Continuous time series of wind profiles and wind waves under growing conditions, recorded at Shirahama
Oceanographic Tower Station and discussed by Kawai, Okada and Toba, have been reanalysed for this study
of the response of one-dimensional wind-wave frequency spectra to unsteady rising winds. The factor a; in the
equilibrium-range spectral form ¢(o) = a,gu,o™* (g is gravity, ¢ is angular frequency and u, is the friction
velocity) shows a remarkable fluctuation. It becomes smaller for increasing wind conditions (i.e., increasing
friction velocity) and larger for decreasing wind conditions within a range of (5-9) X 10~2 The slope of the
spectra is very close to ¢4 generally, but it has a tendency to be slightly steeper for decreasing winds. The peak
of the spectra is broader for increasing winds, and narrower for decreasing winds, when fluctuations of several-
minute duration of «, are considered. The time scale of the adjustment of the equilibrium-range spectra is on
the order of ten minutes. This time scale is much faster than the time scale of growth of the total energy of the
wind waves, and consequently the peak frequency shifts to higher frequencies for increasing u,,, or vice versa.
This response suggests that the processes of the adjustment of the wind-wave field involve both upward and
downward cascading of the wave energy. Further evidence is presented in the form of ocean wave data recorded
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The Response of Wind-Wave Spectra to Changing Winds. Part I: Increasing Winds

in Bass Strait, Australia, where the waves, although much larger, show similar trends.

1. Introduction

Determining the energy spectral form is one of the
central problems of modern wind-wave studies. Pos-
tulating that the breaking process of surface gravity
waves imposes an upper limit to the spectral density
of wave components over wave numbers substantiaily
greater than that of the spectral peak, Phillips (1958)
proposed, on dimensional grounds, a form of one-di-
mensional frequency spectral density ¢(o) of wind
waves for the equilibrium range as

¢(0) = Bg*e™>, 1

where ¢ is the angular frequency, g the acceleration of
gravity, and the proportionality factor 8 was considered
a dimensionless constant.

Based on empirical data from various sources and
on the assumption that the wind-wave field quickly
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evolves toward a local equilibrium, Toba (1972) pro-
posed, with the aid of dimensional analysis, a similarity
law for wind waves, the three-second power law:

H* = BT*¥?, B =0.062, 2)

where H* = gH/u%, T* = gT/u,, H is the significant
wave height, T the significant wave period, and B an
empirical constant. Toba (1973) also proposed, by as-
suming a self-similarity in the spectral form, which is
consistent with the three-second power law (2), another

- form for the high-frequency side of the spectral peak:

Sk?
6(0) = asgatss™, gu = g(l + ;——é—,) 3)

with «; as a constant, where S is the surface tension, k
the wavenumber and p,, the density of water. Equations
(2) and (3) were supported by field observation data of
Kawai et al. (1977), and were used in the TOHOKU
Wave Model (Joseph et al. 1981; Toba et al. 1985a,b).
In recent years, the frequency dependence implied by
(3) has been supported by further experimental evi-
dence in Mitsuyasu et al. (1980), Kahma (1981), For-
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ristall (1981), Donelan et al. (1985), and Battjes et al.
(1987).

Kitaigorodskii (1983) derived a minus fourth fre-
quency dependence on the assumption that the wind
energy input was at low frequencies and that dissipation
occurred only at high frequencies, with the energy
transfer from low to high wavenumbers for the equi-
librium range of frequencies. By making different as-
sumptions, i.e., that in the balance of wave action
spectral density, the spectral flux divergence by non-
linear interactions among different wave groups, input
from the wind and dissipation by wave-breaking, are
of the same order of magnitude and are proportional
with one another, Phillips (1985) derived the spectral
form (3), though he used g instead of g,. He also
pointed out the difference in observed values of o,
which ranged between (6 and 11) X 1072 Phillips
(1985) assumed that, for the components whose wave-
numbers are large compared with those of the spectral
peak, the time scales of their internal processes are small
compared with the rate of change of their energy.

The assumption of Toba (1972) for the local balance
(or local equilibrium) of wind waves under the action
of wind implicitly requires that the time scale of internal
processes for the adjustment of the spectral form be
short compared with the time scale of evolution of gross
measures such as H or 7. We know that under steady
wind conditions, the evolution of the wave field is slow.

In the present paper, it is demonstrated that the time
scale of the adjustment processes of waves to pertur-
bation of the winds is very short, of the order of several
minutes, even for frequencies up to the peak frequency
of ¢, = 2 rad s™! which we observed in one set of data.

The level of the spectral density in the equilibrium
range follows the wind stress but lags behind it. The
value of « varies to reflect this lag in response to the
wind speed, but the slope of the spectrum of the equi-
librium range keeps close to o™, Such fluctuations of
the spectra are presented in section 4.

That a local similarity for wind waves should exist
is of interest. Recently, one of the authors (Toba 1987)
proposed a new concept of “wind-wave breaking ad-
justment” as a physical interpretation of the similarity
laws of wind waves. Considerable data supported this
concept. This model envisages that the wind waves ad-
just themselves by wave breaking under the overall
constraints for the coupling of the two-sided turbulent
boundary layer of air and water. The local equilibrium
conditions require proportionalities among character-
istic velocities related to air-water interface processes.
We expect that the adjustment of the wind waves to
the change of wind will occur as one aspect of the ad-
justment of the coupled turbulent boundary layers of
the air and the water, and will include strongly non-
linear processes. The present paper presents one aspect
of the adjustment processes in the form of the response
of wave spectra to changing winds.
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2. Dataset used

The data used in this paper are from two sites. Ob-
servational data on air-sea boundary processes at the
Shirahama Oceanographic Tower Station of Kyoto
University were obtained in November 1969 (Toba et
al. 1971). The data have already been used by Kawai
et al. (1977) in support of the spectral form (3) as well
as the Y%-power law (2). The data comprise two series:
Series A is a five-hour record under conditions of
growing winds and waves, presented every 15 minutes;
series B is a 30-minute continuous record in the middle
of Series A. The details of the conditions of observation
may be found in Toba et al. (1971) and Kawai et
al. (1977). The second sequence of data (Series C)
was obtained from the Kingfish platform (38°36'S,
148°11’E) in Bass Strait, as described below.

The Kingfish B oil production platform stands in
approximately 77 m of water, Wind speed and direction
were sensed using a Synchrotrac wind speed and di-
rection transmitter initially situated on a tower 37 m
above mean sea level. After a correction for height, the
friction velocity was calculated from this speed by Wu
(1980) using the expression u, = (8 X 107™* + 6.5
X 107°U,)"?U,o. The water height was sensed with a
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FIG. 1. Five-hour time series with data taken every fifteen minutes
(Series A), obtained at the Shirahama Oceanographic Tower Station
of Kyoto University. The data are reproduced from Tables 2 and 3
of Kawai et al. (1977). '
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FIG. 2. The FFT wave spectra, recalculated using the original data
used by Kawai et al. (1977) for runs 13 to 26.

Baylor wave gauge held tautly between two supports
in the manner illustrated in Jones and Padman (1983).

The above sensors, together with some additional
devices not relevant to this study, were coupled to an
Evans-Hamilton Model 4046 Data Acquisition System.
The data were digitized at 0.5 second intervals, and
averages were recorded three times per hour on digital
cassettes under microprocessor control.

The wave staff was calibrated approximately once a
month by shorting the sensor at four depths (all above
the sea surface) and comparing the observed reading
with the measured position of the shorter bar. The data
acquisition system can be put into a test mode in which
the outputs from A/D converters are displayed on the
front panel. The test mode was used for the calibrations
discussed above and well-known voltages were also in-
jected in place of the sensors, thus verifying the oper-
ation of the A/D converters.

3. Shirahama five-hour time series (Series A)

Using Tables 2 and 3 from Kawai et al. (1977), Fig.
1 shows the five-hour time series with 15-minute av-
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erage values (Series A) of u, and the wave period T,
corresponding to the spectral peak frequency, together
with those of &, m and «y, defined respectively by

&(o) = ag™™, 4

where m represents the best fit value of the observed
spectra, and by

#(o) = asguw““; (5
u is also defined as
Ue = uglas/ay) (6)
or
Uy = afga;, for m=4, @)

where «; is the temporal average value of a;. The fric-
tion velocity is u, , which was determined from profiles
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FIG. 3. Continuous data of 30-minute length (Series B) during runs
13 to 15 of Fig. 1, from Table 4 of Kawai et al. (1977). Crosses
indicate 15-minute average values of u, from Fig. 1.
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FIG. 4. Time series of FFT spectra of wind waves for Series B. Triangles, circles, and inverse
triangles indicate typical cases of increasing, constant, and decreasing winds, respectively.

of the i5-minute averaged wind speed, while 7, was
determined from the peak frequency of a spectra of
1.5 minutes of wave record in the middle of every 15
minutes. The « and m were determined from these
spectra by using the method of least squares. (The range
of frequencies used was indicated in Table 3.)

If the energy level of the equilibrium range of fre-
quencies immediately follows the change of u,, a
would be a constant and u/, would show the same vari-
ation as u,. However, since the spectrum has an ad-

justment time scale, T,q, the coefficient «; fluctuates
with wind stress changes on time scales less than T,
and hence u/, differs from u, . For changes in u, slow
compared with T,,, i/, follows the trends of u, . Thus,
u'y is presented to illustrate the variation of &, according
to (7), anticipating that #/, should have a trend similar
to #,. Up to run 8 in the Shirahama data, the swell
was more important than after the passage of a front
caused by the start of the winter monsoon. The wind
had a fetch of several tens of kilometers.



SEPTEMBER 1988 YOSHIAKI TOBA, KOZO OKADA AND IAN S, F. JONES 1235
My A |1y @) \ v
2 \ 2 2 /“
I 7 /
£
e
© 0 0 0 }
o
o
-1 -1 -1 1
-2 \ -2 ; -2
:\
-3 -3 -3
-1 0 ] 2 -1 0 | 2 -1 0 ] 2
log o (rad s")

FIG. 5. Ensemble averages of ten of the raw spectra marked by triangles (increasing wind), circles (constant wind),
and inverse triangles (decreasing wind), respectively, in Fig. 4.

It is seen in Fig. 1 that u, increases according to
a trend similar to u,,, but m and «; retain their nearly
constant values throughout the fluctuations in wind
speed. As already reported in Kawai et al. (1977) the
average values and the standard deviations of m and
a, for this dataset are m = 4.15 + 0.25 and o = 0.062
+ 0.010, respectively. There is a tendency for «;, to be
negatively correlated with the variation of u, (on
shorter time scales). This point will be discussed in the
next section in more detail. It is also noted that a neg-
ative correlation of T, with u, is evident.

Figure 2 shows the FFT wave spectra, which have
been recalculated using the original data for runs 13
to 26. The data used for each spectrum are 2048 data
points sampled at 10 Hz, and a Hamming filter has
been used five times. The inserted straight lines are
drawn by using the appropriate u, value with the mean
value a; = 0.062. It is seen that the peak frequency
shifts with the change of wind and corresponds to the
variation of T, in Fig. 1. The increase in u, causes the
increase of «. If the total energy of the wind waves does
not increase as rapidly, the upward shift of the high-
frequency slope (increase of «) should be achieved at
the expense of the energy of waves near peak frequency.

Furthermore, it seems that the increase in « also
corresponds to a reduction in the swell energy, as seen,
e.g., in runs 17, 21, 24 and 26, in Fig. 2. This may be
a manifestation of nonlinear coupling.

4. Shirahama 30-minute continuous time series (Series
B)

In Fig. 3 are shown, as Series B, continuous data of
30 minutes duration during runs 13 to 15 of Series A.
This corresponds to Table 4 of Kawai et al. (1977).
Fifteen-minute average values of u, are shown by
crosses. Again » maintains a value around 4 with a
mean value of m = 4.11 £ 0.13, and #’, values follow
the general trend of u,, but the undulation of a time
scale smaller than about ten minutes remains. The
value of m is very close to 4 for increasing u, but has
a tendency to become slightly larger for decreasing u,, .
The value of o, shows a conspicuous variation having
a negative correlation with the short time scale variation
of the wind speed. The general trend of u, in the 30-
minute series is to increase, but the general trend of a;
is to remain constant, with an average value of a;
= 0,065 = 0.010. This is interpreted as showing that
the level of the high-frequency side of the spectra (the
equilibrium range) adjusts itself to the trend (i.e., slow
changes) of the wind, but cannot adjust itself to the
variation of wind with time scales smaller than about
10 minutes. , ’

Figure 4 shows a time series of spectra from Series
B. This has been calculated from the original digitized
time-series data used by Kawai et al. (1977), but FFT
analysis has been applied to each 1024 data points from
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FIG. 6. As in Fig. 5, except normalized by the representative mean values of &,gu,o™*.

10 Hz sampling, moving through the time series in 30
s increments to produce about two-thirds overlap of
data in each sequential spectra. Five passes of a Ham-
ming filter have been applied. When 1, is increasing,
the wind wave part of the spectra has a broad peak, as
indicated by triangles; and when u, is decreasing, it
has a narrow peak, as indicated by inverse triangles.

Figure 5 shows the ensemble averages of ten of the
raw spectra as marked by triangles, circles (constant
wind), and inverse triangles. The aforementioned ten-
dency of the peak can be clearly seen. In the case of
increasing u,, the peak is round on both sides; in the
case of decreasing u, , the peak is sharp on both sides,
with a high peak value. The straight lines show (5) with
the average value of a, and u, for the appropriate ten
runs. Figure 6 shows the same spectra in a form nor-
malized by the respective mean values of a,gu,o~%; the
same tendency is clearly seen.

It appears that when u, increases, the energy of the
peak frequency wave quickly feeds energy to the waves

on both sides of the spectral peak. When u, decreases,
the energy of the waves on the high frequency side of
the peak (the equilibrium range) decreases and it is
partly transferred into the waves around the peak; the
energy of the waves on the low-frequency side is also
transferred to the peak wave. This suggests that there
is some effect that keeps the shape of the spectra around
the peak rather symmetrical on a logarithmic diagram.
The shape of the spectrum for the nonchanging winds
lies between the increasing and the decreasing wind
cases.

Since in Series B the time scale of the processes con-
cerned is small, neither the total energy of the wind
waves nor the peak frequency seem to change appre-
ciably, in contrast to the longer term variation in the
five-hour time series.

Based on the same transforms as Fig. 4, a time series
of the spectra of Series B, normalized by a,gu,o ™, is
shown in Fig. 7. Each spectrum is generally indepen-
dent of ¢ above a spectral peak of ¢, ~ 2 rad s™', but
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FIG. 7. As in Fig. 4, except normalized by a,gu,c™*. The shaded
area represents values larger than unity of the degree of saturation
defined by (8).

there are smaller scales of undulations of the order of
1 rad s™! in the frequency scale. In order to trace the
change in the spectra, the shaded area shows the part
above the line of normalization. The quantity plotted
is conceptually similar to Phillips’s “degree of satura-
tion” (1984), though the definition is different, namely,

B(o) = (asguso™) ' ¢(0). ®)

Since the data length used is 102.4 seconds, or ap-
proximately 1.7 min for each spectrum, the adjacent
spectra are made from partly overlapping data. How-
ever, spectra 2 minutes apart are completely indepen-
dent of each other. One can trace some excesses or
deficits in the degree of saturation for a considerable
time if the frequency of excess saturation is considered
to shift to larger or smaller values. Sometimes one re-
gion of excess bifurcates and a new deficit grows in
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between. Sometimes two regions of excess merge to
become one. These features are partly a result of a kind
of interpolation between the independent spectra.
However, though single values of power spectral density
vary within the 95% confidence limit, which is shown
in the figure, the consistent characteristics of these
variations in the degree of saturation encourage us to
believe those observations are more than statistical
fluctuation. The variation of the normalized spectra
reminds us of resonant nonlinear wave interactions,
but it should be noted that the actual energy level be-
comes small with increasing o. The distribution of re-
gions of excess saturation seems nearly uniform across
the spectrum.

Figure 8 shows the time variation of the saturation
spectra B(o, t), where f, is the run number. The fre-
quency scale of the excesses or deficits in saturation is
about 1 rad s™! and the time scale is of the order of
several minutes. To examine the patterns in the fluc-
tuation in saturation spectra, the values of B(s, i) were
transformed for frequencies 3.0 < ¢ < 14.9. The re-
sultant two-dimensional spectra is shown in Fig. 9 and
has about 20 degrees of freedom due to a 2D Hamming
filter. One axis is cycles per rad s~', while the other is
cycles per minute. Two peaks are evident. Both have
time scales of about ¢! = 0.18 min™! (i.e., t = 6 min)
but one is associated with fluctuations in frequency of
0.8 cycle per rad s~!, while the other occurs at 0.3 cycle
per rad s™!. These peaks are the patterns in B(o, fo) in
Fig. 8 that seems to “propagate™ in time across the
frequency axis. .

Young et al. (1987) have commented on how, in
their numerical experiments, nonlinear processes re-
distribute spectral anomalies to stabilize the spectral
shape. Figure 8 may reflect such a process of redistri-
buting energy to neighboring frequency bands, though
more strongly nonlinear processes such as wave break-
ing may also be included.

5. Bass Strait sixty-minute time series (Series C)

Waves of much greater amplitude than at Shirahama
were observed in Bass Strait in 1978. Consequently the
256 heights used in the FFT were prewhitened to reduce
the spectral distortion. The wind was in general rising
for almost 24 hours before the measurements were
made. It reached about 20 m s™! and was somewhat
constant for the first 40 minutes presented in Fig. 10.
It then rose to about 22 m s™! over the next 20 minutes,
but the 15-minute averaged wind direction varied less
than 2 degrees. For this second rising period the average
value of «; calculated for frequencies between 0.4 Hz
and 0.8 Hz was a; = 0.068, a value very close to that
observed at Shirahama. Though the general trend of
o, is nearly a constant, an inverse correlation with u,
is seen here also, for the variation of u, of the time
scale smaller than 20 minutes. During this one-hour
period the currents were low, of the order of 0.03 m
s~!, while the significant wave height was between 5
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FIG. 8. Time variation of the “degree of saturation” shown in Fig. 7 for fixed frequencies.

and 6 m and the zero crossing period between 8 and
10 seconds.

6. Discussion

The similarity laws for the local equilibrium of wind
waves describe a condition toward which waves evolve.
The factor o for the “equilibrium range” of frequencies
above the wave spectral peak is a “universal constant™
only for siowly varying winds and varies in response
to rapidly increasing or decreasing wind speeds (or pre-
sumably direction). Phillips (1985) pointed out that
the empirical average values of «; varied from the 0.062
of Kawai et al. (1977) and the 0.087 of Mitsuyasu et
al. (1980) to the 0.11 of Kahma (1981) and Forristall

(1981). Battjes et al. (1987) reported. an average value
of 0.13. There are some difficulties with the different
methods of determining the friction velocity u, . This
is a subject that merits further study. The difference in
o, may also be due to the underlying current, which
was not always reported, as Battjes et al. (1987) have
suggested. Our two experiments showed good agree-
ment both for the slowly rising trends and for the period
of almost no trend at the start of Series C. Mitsuyasu
et al. (1980) suggested that the a; may be fetch depen-
dent; but our two experiments at very different fetch
do not support this suggestion. The role of peak en-
hancement or of swell in influencing the value of a5
deserves further investigation.
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The value of m also has a weak variation: for rapidly
increasing u,, m becomes close to 4, and for rapidly
decreasing i, it becomes slightly larger. A commonly
reported tendency—that average values of m are
slightly larger than 4—seems to come from this fact.

Accordingly, it is plausible that, for situations in
which the wind changes rapidly, the energy input from
the wind, spectral flux divergence by nonlinear wave
interactions, and loss by breaking are not proportional
to one another as Phillips (1985) assumed for the equi-
librium range. In the case of increasing u,, the input
and dissipation may increase before the nonlinear in-
teraction term, while in the case of decreasing u,, the
spectral flux divergence may become the dominant
term and transfer energy in the frequency direction
opposite to that of equilibrium.

When the wind increases rapidly, the degree of sat-
uration becomes smaller than unity since the spectral
level takes time to reflect the increase in u,. With a
larger u, the supply of energy to the equilibrium range
waves by the wave—-wave interactions increases at the
expense of the energy of waves near the spectral peak.
Physically, the form of the individual waves becomes
distorted, leaning forward (Bailey et al. 1988, have
shown that the wave shape can be expressed as a func-
tion of C/u,), and wave breaking of the waves near the
peak frequency feeds energy to waves on both sides.
For a while, the peak frequency shifts toward the high-
frequency side, until the energy input from the wind
restores the deficit of the energy needed for a new equi-
librium.

When the wind decreases rapidly, the energy loss by
wave breaking may decrease, and the form of the in-
dividual waves may become less distorted. Slowly the
energy level of the equilibrium range of frequencies

cycle (rads®?

cycle min?

FIG. 9. Two-dimensional spectrum of the values B(o, {,) of Fig. 8,
in the range of frequencies 3.0 < o0 < 14.9.
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FIG. 10. Sixty-minute time series of #, and «; in Bass Strait,
Series C. Three-minute average values are plotted.

reduces to its lower new equilibrium value. In view of
the form of the spectral adjustment, we suspect that
the wave interactions transfer excess energy from higher
to lower frequencies, which is in the direction opposite
to that in the rising wind case. This increases the energy
of the peak wave, and for a while the peak frequency
shifts to a lower value.

From the above data, the time scale of these processes
seems to be less than several minutes to change a; and
10 to 15 minutes to produce a shift in the peak fre-
quency.

The tendency of the spectral shapes to have a sym-
metrical appearance in the logarithmic representation
(around the peak frequency) was already noted in the
context of Fig. 5. If we assume a symmetrical spectral

form, the complete spectra is expressed by
¢(°’) = asgu*a_4 (0 = o’p)

¢(o) = asgu*ap-sa"' (o < ap).

&)

This form, taken from the TOHOKU Wave Model
(Joseph et al. 1981; Toba et al. 1985a; Toba et al.
1985b), allows intergration to produce

E= J:o o(o)do.

An alternative form of (2) was presented in Toba (1978)
as

(10)

E* = B,g*73, an
where B = 0.051, E* = g?E/uj and o = o,u,/g.
Integration of the symmetrical spectral form, (9), when
compared with (11), was shown by Joseph et al. (1981)
to be

y _ 8
B, = T3 % (12)
However, in the case in which there is peak enhance-

ment, the right-hand side of (12) will be larger by some
amount, say v. Thus,
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a, = ‘?% = 0.096/7.

(13)
For the Shirahama data v is near unity but for the Bass
Strait data it was greater than unity. Thus the value of
a, between 0.06 and 0.07 in this study is only a little
below that expected from (11).

Toba (1988) has proposed a physical concept of
“wind-wave breaking adjustment” to provide a ratio-
nale for the similarity laws of wind waves, including
(2) and (3). At the air-sea boundary, which includes
the wind waves, in order to fulfill the overall constraints
for the coupling of the two-sided turbulent boundary
layer (i.e., air and water), proportionalities hold among
the Stokes drift, the average surface velocity of water,
the effective wind drift, the square root of the turbulent
intensities above and below wind waves, and the fric-
tion velocities of air and water. It follows from the
above model that the time scale of variation of «;, due
to changing winds represents the time scale of the pro-
cesses of adjustment in the turbulent boundary layers
above and below wind waves, and in turn, the time
scale of above velocities.

Further detailed studies, using data on different scales
of waves and changing winds, will be necessary to make
these points more certain.
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