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Breaking of Wind Waves and the Sea Surface Wind Stress*

Yoshiaki ToBA** and Hideaki KUNISHI**

Abstract: In the conventional treatment of the coefficient of sea surface wind stress by
plotting it against 10-m wind speed, there are inevitable discrepancies among results of various
investigators. The reason is considered to lie primarily in the fact that the state of the sea
surface or of waves is disregarded, which may have great influence on the sea surface wind
stress.

Former concepts concerning the conditions which control the sea surface wind stress are
discussed, and it is shown that a more universal expression may be obtained by plotting the
coefficient against a kind of roughness Reynolds number: Re.*=uwusxH/v, where ux is the
friction velocity of air, v the kinematic viscosity of air, and H the characteristic wave height.
F1 is used here to treat some data in wind-wave tunnels, as a tentative variable, one step
towards a more rigorous approach to the problem.

This variable Re.*, or Re=wugwl/vy=2 TQuxw/vwn:, where the subscript w represents
values for water, L and s the characteristic wave length and frequency, respectively, is also
the condition describing the air entrainment or the breaking of wind waves. In this case,
these Reynolds numbers are interpreted as the quantity describing the intensity of turbulence
of the water surface itself. It is shown, using data from our wind-wave tunnel experiments,
that the breaking commences as Re,* reaches 1X10% or as Re,* reaches 3%10%. Simultaneously,
the stress-coefficient begins to increase sharply at this value of Re,*. This phenomenon is
understood as an increased momentum transfer from the air to the water through ‘‘boundary
penetration of turbulence’” caused by the breaking of wind waves. Further, it is suggested
that there is a possibility that this excess momentum transfer does not increase wave momen-

tum, but reinforces drift current.

1. Introduction

The friction coefficient concerning the sea
surface wind stress, or the drag coefficient, 70®
is defined by

ToZPrioZuwz, (1)
where 7o is the shear stress of wind exerted on
the sea surface, p the density of air, and wuy
average wind speed at the 10-m level. The
determination of the value of 71> have been
made by many investigators, and it is a well
known fact that the value has a tendency to
increase with increasing wind speed for up0>1.5
or 3m-sec”!, in a conventional treatment where
r1e? is plotted against wyy (DEACON and WERB,
1062; RoLL, 1965; KRrRAUS, 1967; and Wu,
1969).
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The value of 716%, however, does not show a
definite value as a function of wuy. It may be
due, on the one had, to the difference in the
method of observation or to the error of measure-
ment as discussed by KRAUS (1968). On the
other hand, however, it is possibly due to the
great influence of the state of the sea surface
or of surface waves on the value of yi?, as was
already discussed by KITAIGORODSKI and
VOLKOV (1965) and by KITAIGORODSKI (1968).
It has also been pointed out that the stability
of the air may cause some difference in the
value (e.g. DEACON and WEBB, 1962). The
effect of the stability, however, is not discussed
in this article, since it is a different kind of
problem.

In the paper below, the former concepts are
discussed to lead to a more rigorous approach,
first as to what controls the sea surface wind
stress, or the value of 7p? in relation to the
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state of the sea surface, and secondly it will be
shown that the sea surface wind stress increases
substantially with the bubble entrainment, or
the breaking of wind waves.

2, Conditions governing the sea surface wind
stess——Discussion of former concepts

In 1953 VAN DORN measured the wind stress
at an artificial pond, and found that the appli-
cation of a detergent eliminates waves and that
there the value of 71¢® was a constant of 1.1 X 1073,
In the case of detergent free water surface 7o
was somewhat higher, and he showed that the
value deviated substantially from the above value
for a wind speed stronger than about 6 m-sec!.
This seems to show that the excess of the stress
value was caused by surface waves.

Further, the fact that the stress values measured
in wind-wave tunnels of short fetches (for ex-
ample, 710® values by FRANCIS, 1954; and by
HavAaMr and KUuNisHI, 1959; or KUNISHI, 1963)
had the same order of magnitude as those meas-
ured on the open sea is considered to indicate
that the mechanism for sea surface wind stress
1s mainly controlled by slowly moving high-
frequency waves which reach equilibrium in
short fetches of several meters. This is a con-
cept supporting the discussion of FRANCIS (1954)
and MUNK (1955).

It seems established by many measurements
that wind profiles, under the neutral stratifica-
tion, at least at some distance above wind waves,
are described by the well-known logarithmic
law:

1 z
PR A (2)

where w4 is the friction velocity defined by

To
Uy = T (3)
TV

k von Kéarman constant, and 2o roughness
parameter, an artificial length introduced by a
condition: #=0 at z=zo. From the equations
(1), (2) and (3), it follows that

Uy = T10U10 (4)
and
/1, =z \!
m—(*k—n o ) (5)

where 20 indicates 10 m. As is clear from the

equation (5), 710® and =z have a one-to-one cor-
respondence in the neutral stratification. Con-
sequently, the variation in yp? manifests itself
as that in 2o, in the wind profile.

Thus, there have been some discussion on the
condition controlling the value z0. ROLL (1948)
proposed dimensionally a relation

v
- 2.12(_; ’ (6

20

where v is the kinematic viscosity of air, from
observations for w4<30cm-sec™!. Comparing
this with a well-established equation for velocity
profile over a smooth surface of a solid wall:

u 1 z v
E——‘Elnﬁz, 2*27*‘, (7)
where f=1/9.0 after NIKURADSE (1932), it is
seen that the flow regime expressed by the
relation (6) is similar to that over a smooth
solid wall, with only a different constant, 1/2.1,
instead of 8. It is considered natural that the
above flow regime holds for smaller wind speeds
where the water surface is smooth, but that it
does not hold when the wind is strong enough
for the sea surface to be rough.

On the other hand, CHARNOCK (1935) pro-
posed dimensionally an another relation

7
2=

bg ' (8)

where & was considered a universal constant.
Since then several values for & has been pro-
posed, e.g., 148 by CHARNOCK (1955), 58.8 by
KuntsHl (1963a), 29 by KITAIGORODSKI and
VOLKOV (1965), 89.3 by WU (1968), and 64.2
by WU (1969), the values being scattered con-
siderably.

The scattering of the value is understood as
follows. If equation (8) holds true, zo and wux
are uniquely correlated with each other, and
from equations (8), (4) and (5) we obtain

-1
Got=u 22" (o)
indicating that 2, consequently 7%, is uniquely
determined for each value of wy, if & is a
universal constant. Consequently, a large scat-
tering of the proposed value of & is substantially
equivalent to the scattering of y10® plotted against
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21y in a conventional way. Further, the relation
(8) presupposes that a Froude number con-
structed by uy and 2 is constant, assuming
that the surface stress is governed by a pheno-
menon in which the gravitational force only is
of primary importance. This is not easy to
understand since high-frequency waves, which
would have a primary bearing on the surface
stress, are to a considerable extent exerted by
surface tension.

In this connection, Froude number scaling of
the friction coefficient by WU (1969a) should
be mentioned here. He defined his friction co-
efficient, 7,2, by

To= 107’22“22 (10

and plotted it against the following Froude
number :

Uz
"= gt (an

and showed that values of 7, obtained from
data in wind-wave tunnels and from field data
lie together near one smooth curve. However,
the Froude number defined by equation (11) has
a different physical meaning from the ordinary
Froude number which governs dynamical simi-
larity, and his results may be ultimately under-
stood as showing that wind wave tunnels are
not models but the lowest part of the proto
type; in other words, that the water surface
wind stress is mainly determined by high-
frequency waves which reach equilibrium in
quite short fetches, as been described already in
the second paragraph of this section,

KrAUS (1966) discussed the condition govern-
ing the sea surface wind stress from a different
point of view. He presented an idea that when
a mean wind speed in the viscous sublayer on
the sea surface exceeds the minimum phase
velocity of surface waves, boundary layer sepa-
ration occurs, and it is the cause of the increase
in the momentum transfer with increasing wind
speed when w026 or 7m-sec’l. The quanti-
tative derivatition, however, is not so rigid since
the mean wind speed within the viscous sublayer
does not seem to have such a special meaning.
Moreover, from his reasoning, if we consider a
limiting case of a solid wall with zero phase
velocity, the boundary layer separation should

occur for all non-zero wind speeds. However,
apart from the quantitative derivation, his reason-
ing that wind stress is increased by the form

drag must be correct.

3. A more rigorous approach to the con-
dition governing the sea surface wind stress

It is considered that a more rigorous approach
to the present problem may be found in the
following line of reasoning. According to a
well-established concept, the flow regime over a
solid wall is governed by a roughness Reynolds
number R,* defined by

R*= € _ UxE
= ——=—
Zx v

) 12)

where ¢ is an average height of the surface
irregularities, and 24, which was defined in
equation (7), is about 1/5 of the thickness of
the laminar sublayer. The equation (7) for the
wind profile over a smooth surface is said to
hold for R,*<4, and the equation (2) for the
wind profile over a completely rough surface
holds for R*=60 (e.g. MONIN and YAGLOM,
1965). Transition of the flow regime over a
smooth surface to that over a rough one mani-
fests itself as a shift of the value Bzy in the
equation (7) to another value #o, and the degree
of roughness appears as a change in 2.

So, it will be natural to consider that the air
flow regime over water surface also is governed
by a similar roughness Reynolds number R, *

defined by
Re*=-—1, 13)

x

where & is a certain length determined by the
state of surface waves, or something like the
height of high frequency waves which reach an
equilibrium at quite short fetches of several
meters. Namely, transition from air flow over
a smooth surface to that over a rough surface,
in turn, the value of 2 and 71?, must be
governed by Re*. Of course, the critical values
of the transition may naturally differ from those
for solid walls, since irregularities proceed as
surface waves although water particles at the
surface do not proceed quickly.

KITAIGORODSKH and VOLKOV (1965) and
KITAIGORODSKIT (1968) seem to have proposed



74
an expression for such a kind of roughness
Reynolds number:

Usd ( ke )
v P uy /0

where ¢ denotes root mean squared wave height:

0 L
a:[j ¢oadn]i
o

where ¢(n) is the spectrum density of surface
waves, & von Kérméan constant, and ¢ the
phase velocity of a wave corresponding to the
maximum value of #(%). The above-mentioned
¢1 has a shape of

kCo

223 ) ’

in equation (14). The theoretical background
of the equation (14) does not seem so rigid, but
it is understood that the shape was supgorted
empirically by data presented in Fig. 2 of their

Rer:

4

o exp(—
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1965 article.

Since the value ¢; is controlled by interactions
among waves, it should ultimately be determined
from the wave spectrum. The most appropriate
expression is a subject for future study, but the
height of characteristic waves H may be taken
tentatively for data from a wind-wave tunnel,
where there is no swell and waves are small.
Namely, another roughness Reynolds number
Re.* is defined as

Rez* :"Ii :‘u*H .

Zx v

(15)

In Fig. 1 are plotted values of y1o? against Re,*
from experimental data in a wind-wave tunnel
of 21.6m length by ToBA (1961) and by
KunisHr (1963), and in another wind-wave
tunnel of 40 m length by KUNISHI and IMASATO
(1966). It is seen from Fig. 1 that values of
710® lie near one curve which does not depend
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Fig. 1. Plotting of the drag coefficient yio® against the roughness Reynolds number Re,*
defined by equation (15). Data were taken from wind-wave tunnel experiments by
Tosa (1961), KuNisHI (1963), and KUNISHI and IMASATO (1966).
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on fetches for fetches longer than 6 or 7 meters,
demonstrating a more universal treatment of 7o
plotting,

That the transition from the smooth water
surface to the rough one occurred at a certain
value of Re,*, has already been found in the
wind-wave tunnel by KunNisHl (1963). He
reporied that the water surface bhecame fully
rough at Re,*=2x10% Corresponding well, the
value of 710> in Fig. 1 becomes flat at Re,*=2
%102

Further, the value of 7w? increases clearly
after Re,* exceeds 1x10°. This corresponds to
the commencement of the air entrainment or
the breaking of wind waves, and a detailed
description will be given in the next section.

4, Effect of the breaking of wind waves on
the sea surface wind stress

In what follows, the data of wind-wave tunnel
experiments by TOBA (1961) concerning bubble
entrainment and drop production by wind waves,
have been newly treated by the use of Re,*.
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Fig. 2. Wind profiles at three fetches in the
wind-wave tunnel, used in the present analysis.

The wind-wave tunnel used was 21.6m in
length, 75c¢m in width, and 102 cm in height,
containing water of 50cm in depth, the same
tunnel as that used by KunNisH! (1963). The
items of measurement were wind profiles, waves,
air entrainment or the breaking of wind waves,
air bubbles and water droplets.

Wind profiles below 35em level were taken
by use of a small cup anemometer at fetches of
4.5m, 6.9m, 10.0m, and 13.6m. Data at the
fetch of 4.5m are excluded in the following
treatment since the local equilibrium seemed not
to be established at this fetch, as KuUnNisHI has
already pointed out. Wind profiles at the other
three fetches are shown in Fig. 2.

Wind waves were recorded by an ink-writing
oscillograph with a resistance type wave meter
at the above-mentioned four fetches. The aver-
age wave length was smaller than 50cm, and
the average wave period smaller than 0.5 sec.

By the term ‘‘breaking of wind waves’ one
immediately recalls white-capping at the condition
of sea state 3 or more. If one observes the sea
surface with care, however, one will find quiet
air entrainment by wind waves here and there
at a wind speed of about 4 m-sec™?.
started by small wavelets several cm in length,
which override large gravity waves, which have
a shape pointing downwards, and in which sur-
face tension is exerted to a considerable degree.
This was already pointed out by ToBA (1961)
in Figs. 5 through 8 of his paper,

As the rate of occurrence of the breaking of
wind waves the percentage, a, of the character-
istic wave crests that were entraining air bubbles

It seems
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Fig. 3. Percentage of breaking wave crests, «,
plotted against wio.
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Fig. 4. Upper: Value of « (same with

Fig. 3) plotted against Re,*.
Lower: Corresponding value of
the drag coefficient 710 plotted

against Re,*.

at some fixed fetches was measured. In Fig. 3
are plotted the values of a against wi (extrapo-
lated wind speed at 10-m level by use of the
logarithmic law), with a parameter of the fetch.
It is clear that the curves shift according to the
fetches.

In the upper part of Fig. 4 are plotted the
same values The fetch
dependence has almost disappeared, and the «
begins to have its non-zero value when the Re,*
reaches 1X10°%, and it increases with increasing
Re,*. In this treatment, the Re,* has been
calculated from the value w4 which was deter-
mined from the lowest four points of Fig. 2,
by the method of least squares.

In the lower part of Fig. 4, the values of y1®

al a against Re*.

are plotted, which have been determined simul-
taneously with the values of wy, against the
same Re*. These are the same as the circles
in the middle of Fig. 1.
from Fig. 4, the friction coeflicient 710% simul-

As is clearly seen

taneously begins to increase as the breaking of
wind waves commences,
A series of phenomena which includes the
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Fig. 5. Values of the drag coefficient 710 calculated by using different combinations of points

in Fig. 2.

a:  All points below 20 cm.

b:  The lowest three points.

¢: TFour poiuts from 8cm to 20 cm.
d: Three points from 8cm to 15 cm.
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breaking of wind waves, bubble entrainment,
and drop produetion indicates the breaking of
the air-sea boundary. The horizontal momentum
of the air is transferred to the water directly
through turbulence, causing an increase in 7%
It is here called ““houndary penetration of turbu-
lence’’.

As is seen from Fig. 2, the wind profile
deviated a little from the logarithmic law, with
a convex shape below 20cm level. This may
be a phenomenon of the increase of wind speed
at the center of the wind tunnel, caused by the
pressure gradient in the tunnel. Although u
and 7io? values determined from the lowest four
points in Fig. 2 are used in Fig. 4, it is expected
that the values may change if another combi-
nation of points in Fig. 2 is selected for the
calculation. In order to check this point, four
sets of calculations of ws and 7p? have been
performed by using all the points below 20 cm
(a), the lowest three points (b), four points
from 8cm to 20em (c), and three points from
8cem to 15em (d), by the method of least
squares. The results are shown in a, b, ¢, and
d, respectively, in Fig. 5. Although the ab-
solute values of rp® vary from one another,
the fact that the values begin to increase at Re,*
=1x10% is common to all four cases. Con-
sequently, it is considered that the above finding
is accurate,

MONAHAN (1966) investigated excess momen-
tum which is given to the water, when spray
droplets produced by the breaking of waves fall
tack to the sea surface after being horizontally
accelerated by wind, and he estimated it to be
about 0.59% of the usually accepted value of
momentum transfer at about 9 m-sec™! in wind
speed. The present authors consider that the
excess stress by the boundary penetration of
turbulence is much more important than that
caused by droplets, as the effect of breaking of
wind waves. However, droplet production is
directly correlated to the breaking of waves, and
so it is expected that the effect of droplets may he-
come significant in a condition where Re,* is large
enough and many more droplets are produced.

5. What governs breaking of wind waves

In the previous section, it has been shown

Fig. 6. Schematic picture of observation of wave
breaking conditions from an anchored ship (see
the context).

that a kind of roughness Reynolds number Re*,
which may be used as a variable controlling the
shift from the flow regime over a smooth surface
to that over a rough surface, may be extended
to a variable describing the phenomenon of the
occurrence of the breaking of wind waves. This
extention is not self-evident a priori. This
problem will be discussed below.

In an actual observation on board ship of the
wave breaking phenomenon, one may notice
the following facts.
in the sea, and a strong gust of wind blows

When a ship is anchored

around the ship onto the water surface on the
lee side, where larger waves have been diminished
by the body of the ship (area A of Fig. 6), one
may see that every crest of small wavelets is
entraining air bubbles. Here, the wind stress
itself (ux) must play the principal role in the
breaking of waves. On the other hand, on the
windward side where the water surface is con-
taminated by some oil (area B of Fig. 6), there
is little opportunity to see the breaking of waves,
although there are many large breakings outside
the oil area. It is clear that the small number
of breaking in the oil area is caused only by the
interaction of the waves, in other words, as a
dynamical process attributed to the water waves

themselves. The latter type of breaking is
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controlled primarily by a dynamical condition
of the water waves themselves, such as an*=g/2
as given by LONGUET-HIGGINS (1969), where
a represents the wave amplitude, n the wave
frequency, and ¢ the acceleration of gravity.
On the ordinary sea surface where there are
neither obstacles nor oil, it is considered that
both factors co-operate: besides the large-scale
breaking of crests of conspicuous waves, there
is quiet air entrainment or breaking, which also
occurs here and there at parts of larger waves
other than their crests. Namely, both of the
sea surface wind stress and the wave field must
be concerned in the condition governing the
breaking of wind waves. Consequently, the
Reynolds number, which describes the intensity
of turbulence of the water surface itself, must
be constructed with the quantity representing
the present situation of the wave field and the
quantity representing the wind stress. As the
latter quantity, w4, seems most appropriate,
where the subscript = represents values for
water, and as the quantity representing the
wave fleld, we may first use H. The Reynolds
number in this case becomes Re*=ttswH/vu,
and it is convertible with a constant factor to
the Reynolds
number describing the air flow regime above the
water surface in the previous sections. Alter-
natively, the characteristic wave frequency,
may be adopted as the representative of the
wave field.

Re;* which was discussed as

In this case, using the relation:

L:gT2 _ g

2n ni?

where L is the characteristic wave length and
T the characteristic wave period, the Reynolds
number must have the following shape:

Re*= Ul :,@M

Y anlz
The values of a plotted against R¢,* show a
very similar picture as the upper part of Fig. 4,
as shown in Fig. 7.
from Fig, 3, Fig. 7 will have an excellent curve
shown by the dashed line.
where the breaking of wind waves commences
is in this case Re*=3x10%, corresponding to
Re,*=1Xx10%.

KunisHl (1963) found a universal relation-
ship between wu.H/v and #u /v in his wind-
wave tunnels (Fig. 19 of his paper and Fig. 7
of Kunisai and IMASATO, 1966). Although
its physical meaning is not yet clear, since Re*
and u«L/v are interchangeable with a constant
factor it is considered that either of Re* and
Re,* may be adopted as the Reynolds number
describing the intensity of turbulence of the
water surface itself, so long as waves in the
wind-wave tunnels are concerned.

If we plot smoothed values

The critical value

Surface tension, which exerts an effect on
high-frequency waves which make form drag,
must be concerned in the condition controlling
the air flow regime,
face tension implicitly enters wy through form

It is considered that sur-
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Fig. 7. Value of a (same with Fig. 3) plotted against Re/*.
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drag.

In the above-mentioned universal relationship
of the initial wavelet found by KUNISHI (1963),
the point of Re,*=1X10% has no perceptible
singularity, although much horizontal momentum
is transferred from the air to the water at Re,*
>10% Consequently, it is expected that the
excess momentum does not increase the wave
momentum, but does increase the current
momentum since waves break there, and the
drift current grows rapidly after Re* reaches
the critical value.

One thing should be mentioned here about our
basic point of view. MILES (1967, etc.) and
LIGHTHILL (1962) presented a theory of the in-
crease of wave momentum through wave-
induced Reynolds stress. The reasoning of the
present article, originating from the point of
view that momentum transfer is performed
through high frequency waves, is incompatible
with the MILES mechanism. By an observation
of wind and waves on hoard ship, one may
notice that only components of very long wave
lengths can proceed with a phase velocity com-
parable to wind speed near the crest, and that
shorter waves of several tens of cm or so which
mainly break on very long waves, proceed with
considerably smaller phase velocities, and are
always overtaken by wind, where form drag
seems much more important. It is considered
that there is still a possibility that large waves
do not derive appreciable momentum directly
from the air, but receive their energy through
a cascade-up from high frequency waves which
take their momentum from the air.

STEWART (1961) estimated from the increase
of wave momentum that at least 209% of the
sea surface wind stress goes into waves through
a wave generation mechanism. However, it
would not be necessary to consider that wave
momentum increases by taking the momentum
directly through Reynolds stress induced by
that wave.
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