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Abstract Wind and wind-generated waves were measured
in a wind-wave tank. A clear transition was found in the
relation between the wind speed U,, and the wind fric-
tion velocity u. near u. = 0.2 m/s, where U, is the wind
speed at 10 m height extrapolated from the measured
wind profile in a logarithmic layer, and u. = 0.2 m/s cor-
responds roughly to U;, = 8 m/s in the present measure-
ment. Quite a similar transition was found in the relation
between the spectral density of high frequency wind waves
and u.. These results suggest the existence of the critical
wind speed for air—sea boundary processes, which was pro-
posed by Munk (J Marine Res 6:203-218, 1947) more than
half a century ago. His original idea of the critical wind
speed was based on the discontinuities in such phenomena
as white caps, wind stress, and evaporation, which com-
monly appear at a wind speed near 7 m/s. On the basis of
the results of our present study and those of earlier stud-
ies, we discuss the phenomena which are relevant to the
critical wind speed for the air—sea boundary processes.
The conclusion is that the critical wind speed exists and it
is attributed to the start of wave breaking rather than the
Kelvin—Helmholtz instability, but the air—sea boundary
processes are not discontinuous at a particular wind speed;
because of the stochastic nature of breaking waves, the
changes occur over a range of wind speeds. Detailed dis-
cussions are presented on the dynamical processes associ-
ated with the critical wind speed such as wind-induced
change of sea surface roughness and high frequency wave
spectrum. Future studies are required, however, to clarify
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the dynamical processes quantitatively. In particular, there
is a need to further examine the gradual change of break-
ing patterns of wind waves with the increase of wind speed,
and the associated change of the structure of the wind over
wind waves, such as separation of the airflow at the crest of
wind waves, the turbulent stress, and wave-induced stress.
Studies on the dynamical structure of the high frequency
wave spectrum are also needed.

Keywords Air-sea boundary processes - Critical wind
speed - Sea surface roughness - Breaking waves - High
frequency wave spectrum

1 Introduction

More than half a century ago Munk (1947) proposed an
attractive idea of the existence of the critical wind speed
for air-sea boundary processes. His idea is based on dis-
continuities in the wind-speed dependence of such phe-
nomena as white caps, soaring of birds, wind stress, and
evaporation, all of which commonly appear at Beaufort
4 (U;y = 5.5-7.9 m/s). Furthermore he attributed the dis-
continuities to the change of sea surface roughness caused
by unstable wavelets generated by the Kevin—Helmbholtz
(K-H) instability which occurs for wind speeds exceeding
U = 6.5 m/s (Lamb 1932). Here U is a wind speed which
has a vertically uniform distribution over the water surface.
At that time, his idea was quite a new and consistent one
that the unstable wavelet generated by the K—H instabil-
ity changes sea surface roughness from smooth to rough,
and the change appears abruptly at the critical wind speed
for the generation of the K-H instability. However, data
to support Munk’s idea were few and not always accu-
rate enough. Many later observations of the sea surface
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Fig. 1 Schematic figure of
wind-wave tank. Wind and
waves were measured at the
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roughness did not show a clear discontinuity. Furthermore,
the idea for attributing the critical wind speed to the K-H
instability has not been thoroughly investigated. More fun-
damentally Miles’ (1959) study has shown that the K-H
instability at the air—sea interface is unlikely at commonly
observed wind speeds. Therefore, Munk’s attractive idea
has been gradually disregarded; no discussion is given in
prominent texts such as Kinsman (1965), Phillips (1977),
or Jones and Toba (2001), though quite recently Babanin
(2009) referred in his review paper to Munk’s study in the
discussion of the wave-breaking probability.

In 1992, more than 20 years ago, we carried out an
experimental study on air—sea boundary processes focused
on microwave backscattering from the wind wave surface.
The results of the study were published partly in two short
papers: the proceedings of PORSEC ‘92 in Okinawa (Mit-
suyasu et al. 1992) and that of PORSEC ‘98 in Qingdao
(Mitsuyasu 1998). Recently, however, on looking closely at
the data of our previous study we noticed the interesting
fact that the wind speed U, at 10 m height above the water
surface, the spectral density ®(f) of high frequency wind
waves (f >10 Hz), and microwave backscattering cross sec-
tion Hyy' show commonly quite similar changes against
the wind friction velocity u., and their wind-speed depend-
ence changes near the wind friction velocity u. = 0.2 m/s.
The friction velocity u. = 0.2 m/s corresponds roughly to
the wind speed U, at 10 m height, of 8 m/s in our present
study, and we naturally recall the existence of the critical
wind speed for air—sea boundary processes which was pro-
posed by Munk (1947) but later gradually disregarded as
mentioned above.

Triggered by the new findings we performed a detailed
analysis of the data of the wind and wind waves to clarify
the properties of the critical wind speed in a modern con-
text, and to find the dynamical processes behind it. In the
analysis of the data we fully used the results of our ear-
lier studies (Mitsuyasu and Honda 1975; Mitsuyasu and
Kusaba 1984) which are closely related to the present

! Results of the microwave backscattering are not included in the
present paper to focus on the fluid dynamical problem.
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study. The former contains photographic data showing fine
structure of wind waves, in addition to the spectral data,
and the latter shows fundamental properties of sea surface
roughness including the effect of soluble surfactant on the
air—sea boundary process.

In Sect. 2 we briefly describe the wind-wave tank and
measurements of wind and waves in the tank. In Sect. 3 we
present measured results of the wind and waves. In Sect. 4
we summarize important results of the experimental study.
In Sect. 5 we discuss the present results in the context of
the critical wind speed. In the discussion, to clarify the
complicated phenomena relevant to the critical wind speed,
in addition to the present results, we use the results of our
earlier studies which contain additional and important
information.

2 Experiment
2.1 Wind-wave tank

The experiment was carried out in a large wind-wave tank
54 m long, 1.5 m wide, and 2 m high, which is shown sche-
matically in Fig. 1. More detailed figures are shown in
Kusaba and Masuda (1988). The water depth was kept at
1.2 m in the present experiment. All measurements were
performed at the fetch X = 9.3 m.

2.2 Measurements

Wind waves were measured by using a capacitance-type
wave gauge. The capacitance wire is 0.2 mm in diameter.
The gauge can measure high frequency wind waves up to
approximately 60 Hz (Mitsuyasu and Honda 1974, 1975).
The vertical wind profile over the water surface at the
center of the test section was measured by using a Pitot
static tube which is fixed to a vertical traverse mechanism
controlled with a personal computer. In order to avoid dis-
turbance in the wind field by the wave measuring system,
the measurements of the wind profiles were made indepen-
dently of the measurements of wind waves under the same
experimental conditions. The mean wind speed at each
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Table 1 Wind data

U, (m/s) u: (m/s) 20 X 10° (m) U, (m/s) Cp x 10°
2 0.130 9.87 3.74 1.20
3 0.179 12.2 5.01 1.25
4 0.194 4.20 6.00 1.05
6 0.210 0.44 7.68 0.75
8 0.331 2.61 10.6 0.98
10 0.548 23.7 14.6 1.40
12 0.763 68.2 18.3 1.74
14 1.020 164 222 2.11

U, reference wind speed (wind speed at an inlet of the test area), u.
friction velocity of the wind, z, roughness length, U,, wind speed at
10 m height obtained by extrapolating the wind profile in a logarith-
mic layer, Cp = (u./U,)* drag coefficient over water surface

point (height) was determined as a time average of 5 min
of fluctuating wind speed. The average time of 5 min was
determined after several trials to obtain stable and reliable
mean values (Kusaba and Masuda 1988).

The wind speeds tested in the study were U, = 2, 3, 4,
6, 8, 10, 12, 14 (m/s). Here U, is a reference wind speed
which is measured at a center of the inlet of the test area
of the wind-wave tank, and corresponds approximately to
a cross-sectional mean wind speed at the test section, while
the exact cross-sectional mean wind speed at the test sec-
tion needs a small correction for the change of the cross-
sectional areas. The relations of the reference wind speed
U, to the wind speed U, at 10 m height above the water
surface and the friction velocity of the wind u. are shown
in Table 1.

The measured signal of the wind waves was digitized at
the frequency of 200 Hz and recorded on a tape recorder.
Wind wave spectra were computed through an FFT method
by using 2048 data of 60 samples for each wave data cor-
responding to each wind speed: the total length of the wave
data for each wind speed is roughly 10 min. Sample mean of
the spectra was taken for 60 wave spectra corresponding to a
definite wind speed. Furthermore, a spectral filter was applied
by taking a moving average of five successive line spectra in
each case in order to increase the reliability. The degrees of
freedom of the measured spectra are approximately 600.

3 Results
3.1 Wind profiles and water surface roughness

Vertical wind profiles measured over the water surface at
the center of the test section are illustrated in Fig. 2. Each
profile near the water surface shows the following logarith-
mic profile:
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Fig. 2 Wind profiles over the wind wave surface. Reference wind
speed U, (m/s) is the wind speed at the inlet of the test area (see
Fig. 1). Dots show measured wind speed and the straight line indi-
cates the regression line for the logarithmic layer of the measured
wind profile
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Fig. 3 Plot of the wind speed at 10 m height U,, versus the wind
friction velocity u.. The straight line indicates the regression line for
the data in the region u. > 0.2 m/s

U(2) = (ux/x) In (z/20), (1)

where U(z) is the mean wind speed at a height g,
u. = (t/p)"? the wind friction velocity (7 is the wind shear
stress, p is the density of air), ¥ the von Kdrman constant,
and z;, the roughness length.

The wind friction velocity u., the roughness length z,,
and the wind speed U, at 10 m height above the water sur-
face were determined from the wind profiles in a logarith-
mic layer by the least square method by choosing « = 0.4.
The results are summarized in Table 1, where the drag
coefficient Cp, obtained as (u./U,)* is included. Note that
U, is the wind speed extrapolated from the wind profile in
the logarithmic layer.

Figure 3 shows the relation between u. and U, in the
present study. It is very interesting that the relation changes
near the wind friction velocity u. = 0.2 m/s (U, = 8 m/s).
In a higher wind-speed region, u. > 0.2 m/s, the relation
can be approximated by the form
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Fig. 4 Evolution of frequency spectrum of wind waves with wind
speed at the fetch X = 9.3 m. Reference wind speed U, (m/s): 2, 3, 4,
6, 8,10, 12, 14

Upo = 21.9u20%8, (2)

in units of m/s.

Furthermore, from the definition of the drag coefficient
Cp = (u/U,()* we can derive the following equation from
Eq. (2) for the region u. > 0.2 m/s:

Cp = 9.64 x 1075U%%. 3)

According to Eq. (3) the drag coefficient Cp, over the
water surface increases gradually with the increase of the
wind speed U in the region u. > 0.2 m/s (U;q > 8 m/s).
However, in the region u. < 0.2 m/s (U;; < 8 m/s), the
drag coefficient over the water surface decreases with
the increase of the wind speed U, as shown in Table 1.
Dynamical processes relevant to these results will be dis-
cussed in Sect. 5.

3.2 Wind-induced growth of high frequency wave
spectrum

Figure 4 shows the wind-induced growth of the frequency
spectrum O (f) of wind waves measured at the center of the
test section in the wind-wave tank. As previously found by
Mitsuyasu and Honda (1974, 1975), wave spectral densities
in a high frequency region, say 10 Hz < f < 60 Hz, increase
clearly with wind speed.

The wind-speed dependence of the present wave spec-
trum in a high frequency region has been studied in a way
different from the previous one (Mitsuyasu and Honda
1974, 1975). We selected wave spectral densities ©(10)
and ®(12), respectively, at f = 10 Hz and f = 12 HZ,2 and

2 Selection of these spectral components of high frequency waves is
due to the study on backscattering of microwaves of 9.6 GHz (wave-
length A = 3.12 c¢cm) from wind wave surface.
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correlated them with the wind friction velocity u.. The
results are shown in Fig. 5a, b.

It is very interesting that the dependence of the spectral
densities of high frequency wave components on the wind
friction velocity u. is quite similar to the dependence of the
wind speed U, at 10 m height on the wind friction veloc-
ity u«, which is shown in Fig. 3; the relations both change
character near the wind friction velocity u. = 0.2 m/s.

In the higher wind-speed region, u. > 0.2 m/s, the fol-
lowing simple power law relation can be obtained from the
results shown in Fig. 5a, b:

o (f) = Aud, (f : 10Hz, 12 Hz). )

The values of the exponents B were 1.45 for ®(10) and
1.55 for ®(12): the exponent B seems to depend weakly on
the frequency f.

Laboratory data of the wave number spectra obtained
by Jéhne and Riemer (1990) show quite similar changes to
ours: their relation between spectral densities of high wave
number spectra and the friction velocity u. shows the tran-
sition near the friction velocity u. = 0.2 m/s. In contrast,
for ocean wave data obtained by Hara et al. (1994), the
transition of spectral densities of high wave number spectra
is seen near the friction velocity u. = 0.1 m/s (cf. Fig. 4d in
their paper), though their ocean data scatter considerably.

—2F Ty

")

-3
10 E

?#(10)

(cm2-sec)

-4
10 F © 3

10° 10 10° 10
u, (m/s)

—2 T T T T T T T T

' (b)

-3
?0(12)

(cm2-sec)

—a4
10 F 3

11l

10° 10" 10° 10

u, (m/s)

Fig. 5 Spectral density at 10 Hz, ¢, (a), 12 Hz, ¢y, (b), versus
the wind friction velocity u.. The straight line indicates the regression
line for the data in the region u. > 0.2 m/s



A note on a critical wind speed for air—sea boundary processes

173

/

wind —

/

~

wind waves —p — =
surface drift current

(nonbreaking waves)

(wind profile)—> / (transition)

breaking disturbance
capillary waves (L-H)

S air—flow separation

Z__ capillary waves (K-H)

(breaking waves)

Fig. 6 Scheme explaining the phenomena in the air—sea boundary processes discussed in the present study. K—H the Kelvin—Helmholtz instabil-

ity, L-H the Longuet-Higgins mechanism

Why the oceanic phenomena differ from those in the labo-
ratory tanks is not clear.

4 Summary of results

Important results of the present experimental study are
summarized as follows:

1. As shown in Fig. 3 the relation between the wind fric-
tion velocity u. and the wind speed U,y at 10 m height
above the water surface changes near the wind speed
u. = 0.2 m/s (Ujy = 8 m/s). In a higher wind-speed
region, u. > 0.2 m/s, the relation between u. and U,
shows a simple power law. The result means that the
air—sea boundary process changes near the wind speed
u. = 0.2 m/s (Uy, = 8 m/s). Furthermore, in the region
u. > 0.2 m/s, sea surface roughness increases with the
increase of the wind speed (Eq. 3), while in the lower
wind-speed region u. < 0.2 m/s, sea surface rough-
ness decreases with the increase of the wind speed
(Table 1).

2. As shown in Fig. 5a, b quite a similar property is seen
in the relation between the spectral density ®(f) of
high frequency wind wave component and the fric-
tion velocity of the wind u.: the relation between
®(f) and u. changes near the wind speed u. = 0.2 m/s
(U;p = 8 m/s), and in the higher wind-speed region
us > 0.2 m/s, the relation shows a simple power law.
Furthermore, in the region u. > 0.2 m/s, the spec-
tral density of high frequency wind wave component
increases with the increase of the wind speed (Eq. 4).

That is, two different quantities, the wind speed U,
at 10 m height and the spectral density ®(f) of high fre-
quency wind wave component, commonly show quite simi-
lar changes against the wind friction velocity u.: both rela-
tions change their trends near the wind speed u. = 0.2 m/s

(Ujp = 8 m/s) and show simple power laws in the wind-
speed region u. > 0.2 m/s.

The results suggest that a transition of the phenomena
in air—sea boundary processes appears near the wind speed
u. = 0.2 m/s (U,y = 8 m/s) and that sea surface roughness
is intimately related to the high frequency components of
wind waves.

5 Discussions

5.1 Overview of phenomena relevant to the present
study

Before detailed discussions on the results of the present
study we show in Fig. 6 the phenomena in the air-sea
boundary processes which we are dealing with. Wind blow-
ing over the water surface generates wind waves and sur-
face drift current. The wind waves generated by low speed
wind are small in size and nonbreaking, but they develop
and their size increases with wind speed and fetch (distance
from an upwind boundary). Furthermore, developed wind
waves are generally breaking and covered with short rip-
ples and turbulent disturbances generated mainly by wave
breaking.

Corresponding to the growth of wind waves the wind
blowing over the wind waves changes their properties:
wind profile, wind shear stress, wave-induced stress, and
turbulent structure change considerably. In such a way
wind and wind waves are in an equilibrium state in the pre-
sent experiment.

5.2 Relation between u. and U,
To clarify the dynamical processes for the change of the
relation between u. and U, as shown in Fig. 3, the present

data are compared with those of our earlier studies (Mit-
suyasu and Kusaba 1984; Mitsuyasu and Honda 1986).
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Fig. 7 Plot of the wind speed at 10 m height U, versus the friction
velocity u.. Note that the vertical and horizontal axes are swapped in
this figure from those in Fig. 3 of Mitsuyasu and Kusaba (1984). Plus
symbols the present data; unfilled circles wind wave surface and filled
circles data for the smooth and flat water surface from Mitsuyasu and
Kusaba (1984); ® data from Miller (1964); — data from Kunishi and
Imasato (1966). The straight lines indicate regression lines for the
data of wind wave surface and those for the smooth and flat water
surface (steeper inclination)

In the earlier studies, wind profiles over the water surface
were measured under two typical surface conditions: ordi-
nary wind wave surface and smooth and flat water surface
artificially generated by using soluble surfactant. Therefore,
the earlier results are helpful in examining the dynamical
processes for the sea surface roughness as reference data.

Figure 7 shows the relations between u. and U,, both
for the present study and for the earlier study (Mitsuyasu
and Kusaba 1984). The present data shown in Table 1 and
Fig. 3 were plotted in Fig. 7 with a symbol cross, superim-
posed on the earlier data. Note that the vertical and hori-
zontal axes are swapped from those in the figure of the ear-
lier study (Mitsuyasu and Kusaba 1984).

As shown in Fig. 7 the earlier data for the wind wave
surface fit the present data well, though the earlier data
were obtained in a different (smaller) wind-wave tank. The
size of the wind-wave tank in the earlier study is 0.8 m high
and 0.6 m wide with a test section length 15 m: the height
and the width are less than half of the present ones.

In the following sections, we discuss the phenomena in
the lower wind-speed region u. < 0.2 m/s and those in the
higher wind-speed region u. > 0.2 m/s separately, because
the dynamical process in each region is considered to be
different.

5.2.1 Lower wind-speed region, u. < 0.2 m/s

It is notable in Fig. 7 that in this region, u. < 0.2 m/s, the
relation between u. and U is almost the same both for the
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wind wave surfaces (present and earlier) and for the smooth
and flat water surface. The result means that the wind wave
surface shows properties of an aerodynamically smooth
surface in the lower wind-speed region, u. < 0.2 m/s, even
though small wind waves are generated. In other words,
wind waves generated by relatively low wind-speed,
ux < 0.2 m/s (U, < 8 m/s), do not contribute to water sur-
face roughness.

It has long been said that water surface is aerodynami-
cally smooth for low wind speed (e.g., Deacon and Webb
1962; Phillips 1977; Smith 1988), but becomes rough with
the increase of wind speed. However, definitive data have
not been shown as far as the author knows. The present
result including the earlier one shown in Fig. 7 proves the
idea for low wind speed clearly and quantitatively. Further-
more we can say from the present result that nonbreaking
wind waves generated by relatively low wind speed are
ineffective for the surface roughness.’

Regarding sea surface wind in the open ocean, Yel-
land and Taylor (1996) obtained data that are quite simi-
lar to ours: their result of sea surface roughness for low
wind speed, U, < 6 m/s, clearly shows the properties of
a smooth surface: sea surface roughness decreases with the
increase of wind speed. Their study also shows the exist-
ence of the critical wind speed of U, = 6 m/s.

5.2.2 Higher wind-speed region, u. > 0.2 m/s

As shown in Fig. 7, in the higher wind-speed region,
ux > 0.2 m/s, the relation between u. and U for the wind
wave surface (present and earlier) is very different from
that for the smooth and flat water surface. The friction
velocity u. corresponding to the wind speed U is larger
for the wind wave surface than that for the smooth and
flat water surface. Since u. = (Cp)"? U, the drag coef-
ficient Cp, of the wind wave surface is larger than that of the
smooth and flat water surface.

Furthermore the drag coefficient of the wind wave sur-
face in this region increases gradually with wind speed as
shown in Eq. (3). Many similar results have been reported
previously by many authors as shown in our earlier paper
(Mitsuyasu and Kusaba 1984), but persuasive conclusions
on the dynamical processes relevant to those results have
not been presented yet. In the following discussion we

3 The present author once measured the wind profile over the
mechanically generated water waves with smooth surface, where
the generation of wind waves was suppressed by using a soluble sur-
factant. It was found that the wind profiles were little affected by the
water waves with smooth surface, and the drag coefficient over the
water waves was almost the same as that over the smooth and flat
water surface. The result is not published yet.
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investigate the dynamical process for the gradual increase
of sea surface roughness with the increase of wind speed.

Many years ago Banner and Melville (1976) and Ban-
ner (1990) performed ingenious laboratory experiments
on wave breaking and showed that wave breaking triggers
airflow separation at the crest of water waves. Furthermore
Banner (1990) showed that breaking waves considerably
increased the surface roughness. Therefore, it is certain that
the increase of sea surface roughness in the higher wind-
speed region shown in Fig. 7 is attributed to wave breaking.

On the other hand, there have been many studies show-
ing that breaking probability and whitecap coverage
increase with wind speed (e.g., Thorpe and Humphries
1980; Holthuijsen and Herbers 1986; Banner et al. 2000;
Babanin et al. 2001; Zao and Toba 2001; Sugihara et al.
2007), where the breaking probability refers to the rela-
tive period of wave breaking at a special point, while the
whitecap coverage refers to the relative spatial coverage
at a particular moment. Since the phenomena are closely
connected to our present study, we investigate briefly the
mechanism generating them.

We consider the fetch-limited wind waves in a local equi-
librium state, such as the present laboratory wind waves.
From the fetch relations for wind wave energy E and spec-
tral peak frequency w,, we can obtain the following form for
the steepness of significant wind waves, Hg/Lg, as a function
of the dimensionless fetch gX/U?, (Mitsuyasu 1985):

—-1/6
Hs/Ls =4E'?/Lg = 1.12 x 107! (gX/Ulz()) O

Here Hg (=4E 12y is the significant wave height (the mean of
the highest one-third of the wave height in the wave record),
Ls (ian/a)Iz)) corresponds approximately to the significant
wave length, g the gravitational acceleration, and X the
fetch.

It can be seen from Eq. (5) that the steepness Hg/Lg of
the dominant (significant) wind waves decreases with the
increase of the dimensionless fetch gX/U3,. In another
form, however, the significant wave steepness Hg/Lg is
proportional to (U3,/gX)"%: the significant wave steepness
increases with wind speed for a fixed fetch.

If the significant wave steepness continues to increase
with the wind, the significant wave becomes unstable and
starts to break. Furthermore, the breaking probability of
wind waves increases with the increase of the significant
wave steepness with the wind. Although the significant
wave is a kind of averaged wave, the increase of the sig-
nificant wave steepness is closely connected with the steep-
ness of individual waves. The wind-speed dependence of
wave breaking probability or whitecap coverage is caused
by such a mechanism.

5.2.3 Wind-speed dependence of sea surface roughness

From the above discussions that wave breaking increases
considerably sea surface roughness and breaking probabil-
ity increases with the increase of wind speed, we can obtain
the following simple dynamical model for the wind-speed
dependence of the sea surface roughness:

(1) Increase of wind speed — (2) increase of wave
steepness — (3) increase of wave breaking probabil-
ity — (4) increase of sea surface roughness.

In process (3), not only the breaking probability but also
the scale of wave breaking, which is shown typically as the
scale of turbulent disturbance generated by wave breaking,
will increase with wind speed and contribute to increase
sea surface roughness. As regards the effect of the scale of
wave breaking on the sea surface roughness more discus-
sions will be given in Sect. 5.3.

In connection with the above discussions, Yelland and
Taylor (1999) presented an interesting result that the rela-
tion between the drag coefficient Cp, over sea surface and
the 10 m height wind speed U, depends on fetches (lake,
coastal area, open ocean), and Cp, is generally larger for
shorter fetches. This is quite natural, because wave steep-
ness for shorter dimensionless fetch is larger than that for
longer dimensionless fetch as shown in Eq. (5), and wind
waves in shorter dimensionless fetch tend to break earlier
than those in longer dimensionless fetch.

5.2.4 Application to oceanographic phenomena

In applying the present results to the oceanographic phe-
nomena we need to take care that the present results are
obtained by using laboratory data where wind waves are
fetch-limited and in an equilibrium state. In many cases,
however, ocean waves are not always fetch-limited or in a
local equilibrium state because of the spatial and temporal
variability of the sea surface wind.

An example of breaking waves in the open ocean is
shown in Fig. 8. The photo was taken in the North-Western
Pacific Ocean during a wave observation by using a clover-
leaf buoy (Mitsuyasu et al. 1975). We can see complex
structure of breaking waves in the ocean probably because
the wind and waves are not in a local equilibrium state as a
result of temporal fluctuation of wind speed. Furthermore,
in some cases, swell and ocean current will affect the wave
breaking in the ocean.

Such complicated conditions in the ocean lead to a con-
siderable scattering of the relation between the wind speed
and the breaking probability or the sea surface roughness,
while essential results are not much different from those
obtained by controlled experiment.
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Fig. 8 Breaking waves in the North-Western Pacific Ocean during
wave observations using a clover-leaf buoy (Mitsuyasu et al. 1975).
Wind speed U, is about 9 m/s, mean wave height is 1.5 m, and mean
wave period is 6.2 s

5.3 Relation between u.. and high frequency wave
spectrum

5.3.1 Structures of high frequency wind waves:
photographic information

The comparison of Fig. 5a, b with Fig. 3 shows that the
dependence of the spectral densities of high frequency wave
components on the wind friction velocity u. is quite similar
to that of the wind speed U, at 10 m height on the wind
friction velocity u.. The results suggest an intimate relation
between the high frequency wave spectrum and the sea sur-
face roughness. To clarify the dynamical process in this phe-
nomenon, photos of wind wave surface under the action of
the wind will provide a lot of information because we can
estimate empirically the property of the airflow above the
water surface from the detailed configuration of the wind
wave surface. For this purpose we use here the photos taken
in our earlier study (Mitsuyasu and Honda 1975), because
we did not take photos of wind wave surfaces in the present
study. The earlier experiment was performed in a different
(smaller) wind-wave tank, but measurements were done in
a similar wind-speed range: U, = 5, 7.5, 10, and 12.5 (m/s).
Although the measurements of wind and waves were made
at various fetches in the earlier study, here we use the data
obtained at the fetch X = 8.25 m, which is comparable to
the present fetch X = 9.3 m.

From their similarity properties, wind waves generated
in different wind-wave tanks are almost the same if the
wind speeds and fetches are the same and wind waves are
deep water waves. The photos of wind waves and the cor-
responding frequency spectra in the earlier study are repro-
duced in Figs. 9 and 10. As expected, the earlier wind wave
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spectra shown in Fig. 10 are quite similar to the present
ones shown in Fig. 4. Furthermore, the earlier data of u.
and U,,, which are shown in Table 1 in the earlier paper
(Mitsuyasu and Honda 1975), fit to the present relation
between u. and U,

Looking closely at the photos shown in Fig. 9 we can
see the following properties of wind waves growing under
the action of the wind.

U.= 5 m/s (u. = 0.26 m/s): We can see steepening and
forward inclination of the dominant waves. The wave form
is quite similar to a spilling breaker under the action of
strong surface tension which is shown in Fig. 1 of Duncan
(2001). Bulge, toe, and capillary waves due to the insta-
bility mechanism (Longuet-Higgins 1963) are also seen.
Waves are 3-dimensional and random. Wave breaking is
not clear but some waves seem to be microscale breakers.

U.=17.5m/s (u. = 0.51 m/s): Clearly waves are spilling
breakers. Turbulent disturbances generated by wave break-
ing can be seen at the crest of the dominant wave and they
co-exist with capillary waves. Streamwise streaks (Ebu-
chi et al. 1987) are observed on the backward face of the
waves.

U, = 10 m/s (u. = 0.67 m/s): Turbulent disturbances
generated by wave breaking cover almost the entire wave
surface and they co-exist with capillary waves.

U, = 12.5 m/s (u. = 0.84 m/s): We can clearly see the
increases of wave steepness and turbulent disturbances of
large scale at the wave crest.

U, = 15 m/s (u« = 1.80 m/s): Every phenomenon that
appeared at the wind speed U, = 12.5 m/s is greatly inten-
sified and the entire water surface becomes very rough.
Entrainment of the air bubble becomes remarkable.

From the photos of wind wave surface shown in Fig. 9
and typical properties of the wind wave surface described
above, we can derive the following image on the dynami-
cal process at the air—sea boundary. The separation of air-
flow at the wave crest will start at least at the wind speed
U, =75 m/s (u. = 0.51 m/s): the turbulent disturbance
at the wave crest generated by small-scale wave breaking
triggers airflow separation. Wind waves for U, = 5 m/s
(u~ = 0.26 m/s) are in a delicate situation: weak separation
or no separation. It will be natural to consider that the criti-
cal wind speed is around this wind speed.

For the wind speed U, > 10 m/s, the wind will separate
on a large scale at the crest of dominant waves and the scale
of separation will increase with wind speed as a result of
the increase in the scale of the turbulent disturbance at the
wave crest. This inference is supported indirectly by a labo-
ratory study by Bandou and Mitsuyasu (1989). They stud-
ied the effect of artificial roughness at the crest of a solid
wave on the airflow over the solid wave surface and found
that the form drag due to the artificial roughness increases
with the roughness size.
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(a) Side view of waves (from obliquely upside)
The scale of the figure is almost the same to that for
Fig. 18(a).

Fig. 9 Photographs of laboratory wind waves under the action of var-
ious wind speeds (from Mitsuyasu and Honda 1975). Reference wind
speed and friction velocity U, (u.) m/s: 5 (0.26), 7.5 (0.51), 10 (0.67),
12.5 (0.84), 15 (1.80) from top to bottom. The fetch (at the center of
the photos) is 8.25 m. The scales of the photos on the left side are
changed respectively to see the details of the wind wave surface, and

5.3.2 Dynamical structure of the high frequency wave
spectrum

Complex patterns of wind wave surface covered with tur-
bulent disturbances as shown in Fig. 9 bring about the fol-
lowing image of the structure of the high frequency wave
spectrum shown in Fig. 10. Wave spectral density in a high
frequency region, say f > 3 f,,, corresponds largely to tur-
bulent disturbances generated by wave breaking rather than
high frequency free waves. Here f,, is a spectral peak fre-
quency. If this image is realistic we can easily explain the
relation between the sea surface roughness and the high fre-
quency wave spectrum. Although there have been no stud-
ies thus far to confirm this image, the following study offers
some support for this image. Kuo et al. (1979) studied the
dispersion relation of laboratory wind waves. According
to their study spectral components in the frequency range
f<2f, approximately satisfied a linear dispersion relation

Ur(m/sec)

o

10

12.5

AT o0 , 5 .
(b) Bird’s-eye view of waves ((from obliquely down wind
side)  Wave direction is ffrom upside to downside.

the widths of the photos correspond approximately to 0.27, 0.27,
0.38, 0.38, and 0.67 m from top to bottom. Directions of the wind and
wave propagation are from right to left. The width of the photos on
the right side corresponds roughly 0.6 m (width of the tank). Direc-
tions of the wind and waves propagation are from upside to downside

under the correction of the effect of surface drift current:
high frequency waves in this region are really free water
waves. However, frequency components in the region f >
2 f,, were dominated by nonlinear bound waves and high
frequency free waves were difficult to detect. It will be an
important future problem to clarify the dynamical structure
corresponding to the high frequency part of the wind wave
spectrum.

5.3.3 Transitions in sea surface roughness and high
frequency wave spectrum: future problems

From the measured results and their discussions described
above we can derive a possible but not confirmed explana-
tion for the transitions of sea surface roughness and high
frequency wave spectrum, which commonly appears at
the wind speed u. = 0.2 m/s. The explanation is as fol-
lows. With the start of small-scale wave breaking near the
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Fig. 10 Evolution of frequency spectrum of wind waves with wind
speed at the fetch X = 8.25 m. The frequency spectra correspond to
the waves in Fig. 9 (from Mitsuyasu and Honda 1975)

critical wind speed, small turbulent disturbances are gener-
ated at the wave crest, and they trigger the separation of the
airflow at the wave crest, and lead the sea surface rough-
ness from smooth to rough. Such a dynamical process will
correspond to the transition in the sea surface roughness.
The scale of the turbulent disturbances increases with the
increase of wind speed. The turbulent disturbances with
large scale will contribute to changing the high frequency
wave spectrum, too.

However, the above explanations are indirect and quali-
tative, largely because they are based mainly on the visual
information from photos of wind waves. In order to clarify
the phenomena quantitatively, accurate measurement and
visualization of the airflow above wind waves are required,
along with the measurement of the fine structure of grow-
ing wind waves. For example, we need to clarify the grad-
ual change of breaking patterns of wind waves with the
increase of wind speed by using optical technique (e.g.,
Ebuchi et al. 1987) or high-speed photographic techniques
(e.g., Duncan et al. 1994), and associated change of wind
structure over wind waves, such as the separation process
and its statistics, say, by using traditional visualization
techniques (e.g., Kawai 1983) or modern DPIV techniques
(e.g., Reul et al. 2008).

5.4 Effects of capillary waves due to Kelvin—Helmholtz
(K-H) instability

When Munk (1947) proposed the existence of a critical

wind speed, he attributed the phenomenon to the change of
sea surface roughness caused by capillary waves due to the

@ Springer

Fig. 11 Generation of capillary waves on the wind wave surface pre-
sumably due to the Kelvin—Helmholtz instability. Wind speed at 2 m
height is roughly 8 m/s. The scale of dominant wind waves is roughly
H ~ 0.1 m, L ~1 m. Directions of the wind and wave propagation are
from right to left

K-H instability. This idea is very clear and interesting, but
not confirmed as far as the author knows.

We can sometimes see the generation of capillary waves
under the action of gusty high speed wind (U,, > 7 m/s),
which may be attributable to the K-H instability. An exam-
ple is shown in Fig. 11, where we can see capillary waves
overlapping on a wide area of wind wave surface. The pho-
tograph was taken at a small fishing port when gusty wind
of about 8 m/s at 2 m height is blowing. As a result of the
short fetch, wind waves were small (H ~ 0.1 m, L ~ 1 m).
At that time the capillary waves were very sensitive to the
wind speed; if the wind speed increased the capillary waves
were generated instantaneously but they attenuated quickly
if the wind speed dropped down a little.

In open sea too we can see sometimes capillary waves
overlapping on dominant waves when strong wind is blow-
ing over the sea surface. A good example is seen in a photo
shown on the front cover of the book The Turbulent Ocean
by Thorpe (2005). Such capillary waves are different from
those on front faces of dominant waves (Fig. 9), which
are generated by an instability mechanism of steep waves
(Longuet-Higgins 1963).

In spite of such evidence, when we regard their spo-
radic generation and relatively low wave heights, such
capillary waves are difficult to regard as a dominant fac-
tor which triggers the airflow separation and contributes
to the transition of sea surface roughness. Further studies
are needed, however, on their generation, properties, and
contributions to air—sea boundary processes, because our
knowledge about such capillary waves, particularly their
aerodynamic effect on sea surface wind, is meager. In many
cases wind waves are generated by much lower wind speed
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and develop before the generation of capillary waves by the
K-H instability. That would have made the studies on the
K-H instability in the water surface difficult.

6 Conclusions

We have discussed a critical wind speed for air—sea bound-
ary processes by using our data on wind and wind waves,
which have shown a kind of transition in the sea surface
roughness and also in the high frequency components of
the wind wave spectrum, which appear commonly near the
wind speed u. = 0.2 m/s (U,, = 8 m/s). The conclusion is
that the transition in the air—sea boundary processes near
the critical wind speed exists and it will be attributed to the
start of wave breaking. However, the critical wind speed is
not a definite value; it scatters around the wind speed, say
u. = 0.2 m/s, due to the stochastic properties of breaking
wind waves.

Dynamical processes for the phenomena can be consid-
ered as follows. For wind speed u. < 0.2 m/s (U, < 8 m/s),
the water surface is almost smooth aerodynamically even
though small wind waves are generated. Near the criti-
cal wind speed, u. = 0.2 m/s (U, = 8 m/s), wind waves
start to break and water surface roughness changes from
smooth to rough. For the wind speed u. > 0.2 m/s (U R
8 m/s), the intensity of the wave breaking increases with
wind speeds generating a growing disturbance at the wave
crest: such a process leads to the gradual increase of water
surface roughness and high frequency components of the
wind wave spectrum. Melville (1977) presented a similar
conclusion that the transition from smooth to rough flow is
concomitant with the onset of small-scale wave breaking,
and occurs in the neighborhood of u. = 0.23 m/s.

The similarity between the wind-speed dependence of
the sea surface roughness and that of high frequency com-
ponents of the wind wave spectrum suggests the possibility
that the high frequency components of the wind wave spec-
trum are largely contributions from breaking disturbances
rather than high frequency components of wind waves. To
confirm the suggestion is a future problem.

The effects of capillary waves due to the K—H instability
are difficult to regard as a dominant factor which triggers
the transition of the sea surface roughness. Further studies
are needed, however, on their generation, properties, and
contributions to the air sea boundary processes, because
our knowledge on such capillary waves is meager.

Finally one thing needs to be noted. The present dis-
cussions and conclusions are largely based on the results
of our laboratory experiments where the wind is stationary
and wind waves are fetch-limited and in a local equilibrium
state. In the ocean, however, wind waves are not always
fetch-limited or in a local equilibrium state because of the

temporal and spatial changes of wind speed on various
scales. Such a realistic situation sometimes complicates the
phenomena in the ocean.
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