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Characteristics of a Breaking Wind-Wave Field in
the Light of the Individual Wind-Wave Concept*

Momoki Kogat?

Abstract: The relation between the intensity of breaking of individual wind-wave crests
and parameters of wave size and wave form (e. g., height, period, steepness and skewness)
is examined, and the process of change of these parameters is studied in a wind-wave tank
(reference wind speed 15msec™, fetch 16m). Distributions of the wave form parameters
are different for breaking and nonbreaking waves. Fully breaking waves seem to hold the
relation H o< T? where H is the individual wave height and T is the period. The condition
of breaking is not simply determined by the simple criterion of Stokes’ limit. Wave neight
and steepness of a breaking wave are not always larger than those of a nonbreaking wave.
This suggests the existence of an overshooting phenomenon in the breaking wave. The
wave form parameters are found to change cyclically in a statistical sense during the wave
propagation. The period of the cycle in the present case is estimated to be longer than four
wave periods. An intermittency of wave breaking is associated with this cyclic process.
Roughly speaking, two or three succeeding breaking-waves sporadically exist among a series

of nonbreaking waves along the fetch.

1. Introduction

Breaking of wind waves occurs intermittently
and sporadically, and it results in unsteady and
nonuniform distributions of whitecaps including
bubbles and spray droplets (Donelan et al., 1972;
Thorpe and Humphries, 1980). As a result,
the effects of whitecaps on air-sea interaction
processes, such as exchange of momentum and
heat and scattering of light and microwaves,
cannot be precisely estimated without taking
account of this unsteady and nonuniform nature
of whitecaps. However, in most cases, only an
overall percentage of whitecap coverage or wave
breaking has been the subject of measurement.

Since the whitecapping itself is a phenomenon
which is associated with individual wave crests,
the above unsteady and nonuniform nature
should be investigated in relation to the charac-
teristics of individual waves. As for breaking
phenomena of individual waves, such as hubble
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entrainment and direct splashing of droplets, a
few measurements have been made (¢. g., Toba,
1961; Toba et al., 1975; Koga, 1981, 1982).
The lifetime of individual whitecaps has also
been measured by some investigators (e. g.,
Monahan, 1969, 1971; Xondo et al., 1973;

Thorpe and Humphries, 1980), and mean charac-
teristics of individual wind waves were studied
by Toba (1978) and Tokuda and Toba (1981).
The internal flow pattern of individual waves
under nonbreaking conditions was investigated
by Okuda (1982a, b, 1983). However, the rela-
tion between the individual whitecap and the
characteristics of the individual wave, including
its unsteady nature, is still not clear.

The present paper introduces wave form para-
meters, which describe the size and shape of
an individual wave. The relation between the
parameters and whitecapping phenomena was
investigated in a wind-wave tank. Emphasis
was placed on the unsteady and sporadic nature
of whitecapping phenomena.

2. Experiment and analysis

The experimental set-up is shown schematical-
ly in Fig. 1. The intensity of breaking of an
individual wind wave is classified on the basis
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Fig. 1. Schematic picture of the experimental
set-up.
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Fig. 2. Example of the wave records. The scale
with vertical marks indicates the time of
photographing. Individual wave crests clear-
ly identified in the three wave records 1, 2
and 3 (measured by wave gauges 1, 2 and
3, respectively) are connected by dashed

Wave type of each individual wave

is indicated by the numbers 1 to 4 as defin-

ed in section 2. D

cluded from analysis because of its distorted

form in the wave record.

lines.

indicates a wave ex-

For the
precise measurement of the amount, the wave
surface was photographed from below by the
use of a 16-mm cinecamera through a mirror
placed on the bottom of the tank. A strobotron
illuminates the tank from the top through a
sheet of tracing paper, and distinct outlines of
entrained bubbles and the characteristic pattern
of the water surface were obtained as shadow-
graphs. The elevation of the wave surface was
simultaneously measured by three wave gauges

of the amount of entrained bubbles.

Koga

installed at three fetches before and behind the
photographed area (40cmx30cm). The fetches
for wave gauges 1, 2 and 3 are 15.16m, 15.92
and 16.45, respectively. Examples of the wave
record are shown in Fig. 2. The time of photo-
graphing was also recorded simultaneously with
the wave record, as seen in the bottom of the
figure. The wind-wave tank used was 20m
long, 0.6 m wide and 1.2m high and contained
fresh water 0.6m in depth.

For wind-wave conditions at various fetches
F' and reference wind speeds at the center of
the flume U,, the reader should refer to the
detailed description in Koga (1981). The present
experiment was conducted under high-wind con-
ditions U,=15msec™! (friction velocity wu,=
148cmsec™!). The significant wave height and
period were 8.2cm and 0.68sec, respectively,
and occasional breaking of wind waves with
bubble entrainment was seen at a fetch of 16 m.

2. 1. Wave form parameters

The definition of an individual wind wave
was made in wave records as illustrated in Fig.
3a (Zero-crossing trough to trough method after
Tokuda and Toda, 1981), and wave form para-
meters were determined, according to Tokuda
and Toba (1981), by the use of the wave records
as follows:

Time ——
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Fig. 3. Definition of individual waves and wave
form parameters in a wave record. (a) The
wave crest between adjacent vertical seg-
ments is the unit of the present analysis and
is called an individual wave (zero-crossing
trough-to-trough method of definition). (b)
Definition of the wave form parameters.
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wave height H=(hi1+hs)/2

wave period T=t+¢,

phase speed of wave C=1/4z NEY)
wave length L=TC : J
steepness 6=H/L,

where A; is the vertical distance between the
crest and the downwind trough and Ay the
vertical distance between the crest and the up-
wind trough. ¢, indicates the time interval be-
tween the downwind trough and the crest and
z; the time interval between the crest and the
upwind trough on a wave record, while A¢
indicates the time lag between the passing of a
wave peak between two wave records measured
at different fetches with a separation /. These
parameters are illustrated in Fig, 3b,

In addition, the present study introduces the
following nondimensional quantities,

Rl - tl/ T:
Ri=t3/t,

Ro=(t:s+1s)/ T, ]
vo(2
Ry=1t4/ts, f @

where #; is the time interval between the sur-
face point with height 4:/2 on the downwind
trough and the crest, and #; the time interval
between the crest and the surface point with
height %2/2 on the upwind trough on a wave
record. These parameters are also illustrated
in Fig. 3b. R, indicates the asymmetry or the
skewness of wave shape in the horizontal direc-
tion and R: indicates kurtosis. R; and R4 indi-
cate the inclinations of downwind slope and
upwind slope, respectively.

2.2. Wave types classified according to in-
tensity of breaking

Waves were classified into four types based

on the amount of entrained bubbles as follows:

Type 1: fully breaking,

Type 2: partly breaking,
Type 3: nonbreaking (1), and
Type 4: nonbreaking (2).

The amount of entrained bubbles was continuous-
ly photographed by a 16-mm cinecamera and
examples of photographs (““view from below’’)
for Types 1 and 4 are shown in Fig. 4. Type
1 is a wave in which bubble entrainment is seen
in the whole width of the tank during in the
whole time interval when the wave is passing
the photographed area (Figs. 4a-4d). Type 2

Wave type &
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Fig. 4. Examples of successive photographs of
the *“‘view from below” for wave Types 1
and 4. Each short horizontal segment marked
a to i under the wave record (2) measured by
the 2nd wave gauge indicates the horizontal
extent of each photograph. -

is a wave in which bubble entrainment is seen
over part of the width of the tank or over part
of the time interval. Types 3 and 4 are waves
without bubble entrainment, but they are dis-
tinguished on the basis of whether or not they
have a clear convergent line on the downwind
slope of the wave (e. g., Koga, 1982) (Figures
from 4e to 4h show Type 4). Type 1 and Type
4 are the two extreme stages with and without
breaking, respectively. Type 2 and Type 3 re-
present intermediate states.

In the case when an individual wave crest
recorded by the lst wave gauge cannot be
identified in the record obtained by the 2nd
wave gauge, or, even if the same crest is identi-
fied, when at least one of the two crests of the
records is so distorted that the form parameters
may not be clearly measured, the individual
waves were excluded from the analysis. The
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percentage of excluded waves to the total (164
waves) was about 25%. Examples of the clas-
sification of individual waves including an ex-
cluded one (marked with D) are shown in
Fig. 2.

Proportions of the four wave types are 27.6
%, 24.4, 10.6 and 37.4 for Types 1, 2, 3 and
4, respectively. Thus, the percentage of break-
ing wave crests with bubble entrainment at a
fixed fetch is 52.0%, as given by the sum of
Types1 and 2. This value is roughly in agree-
ment with the experimental relation between
the percentage and the parameter w,L/v ob-
tained by Toba and Kunishi (1970), where v is
the kinematic viscosity of air.

2.8. Supplementary experiment

In order to examine characteristics of the
wave form parameters in the above experiment
(hereafter referred to as ‘‘case 1), a supple-
mentary experiment was performed under low-
wind conditions without wave breaking (here-
after referred to as ‘‘case 2”’). The wind-wave
tank used was 8.0m long, 0.15m wide and
0.70m high and contained fresh water 0,53 m

in depth, The wave record was obtained at a
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Fig. 5. Dependence of wave form parameters on the four wave types.
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fetch of 3.7m in wind conditions with a friction
velocity =56 cmsec™!. In this condition,
the significant wave height and period were
2.0cm and 0.30sec, respectively. A wave re-
cord which consists of 550 consecutive individual
waves was analysed. As the wave record was
obtained by one wave gauge, only H, T, Ry,
R, Ry and Ry were determined in case 2.
These wave form parameters were examined in
the two cases.
3. Results
3. 1. Relation between wave tvpes and wave
Jorm parameters
Figure 5 shows the dependence of values of
wave form parameters on the four wave types.
Parameters with the mark 4 indicate the differ-
ence between the values at the Ist and 2nd
wave gauges. [Parameters without the mark 4
indicate the mean of the two values. Phase
speed of wave C was calculated from the phase
lag between the two wave records at the 1lst
and the 2nd wave gauges, and 4C=C'—-C,
where ¢’ was calculated from the phase lag be-
tween the two wave records at the 2nd and the
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Parameters with and

without the mark 4 indicate the difference between the values at the two wave gauges
(subtracting the value at the Ist wave gauge from the value at the 2nd wave gauge)
and the mean of the two values, respectively.
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3rd wave gauges. . For the parameter Rj, de-
pendency on the two extreme- types (Type 1
and Type 4) is distinctive. For the other para-
meters, though the standard deviations. for the
values for the different wave types overlap, the
mean value of some parameters (¢. g., T, L, 6)
is significantly different between the two extreme
wave types (. e., Types 1 and 4).

Differences in these values indicate that the
form of individual waves differ between the two
-extreme wave types as follows. For Type 1,
H is the same as that for Type 4, while T and
L are a little smaller than those for Type 4.
This results in J being larger for Type 1 by
about 0.01. R, for Type 1 is 0.4 which is
smaller than the corresponding value for Type
4, and R; and R; are also a little smaller. These
values indicate that individual waves of Type 1
are skewed forward and have a relatively sharp
crest. On the other hand, for Type 4, the wave
shape is not skewed forward as R;=0.5.

The phase speed of individual waves is not
so different between the two wave types and it
shows negligible change along the fetch for both
wave types. However, if we note the fact that
L and T for Type 1 are smaller than those for
Type 4, we can say that waves of Type 1 have

a relatively large phase speed for their smaller
L and T compared with those of Type 4.

Figure 6a shows the correlation of H and T
Individual waves of Type 1 (solid circles) are
distributed approximately within the area en-
closed by the two dashed lines which hold to
the relation FHoc7?. Individual waves of Type
4 (open circles) are distributed within an area
that lies generally outside these two lines but
some parts of these two areas overlap. Waves
of Types 2 and 3 (solid and open triangles, re-
spectively) plot between these two extreme types.
Figure 6b shows the correlation of  and R;.
The parameter R; most clearly distinguishes
breaking waves from nonbreaking waves as seen
in Fig. 5. Detailed inspection indicates a positive
correlation between ¢ and R; for waves of Type
1. These figures show that wave types defined
by the degree of breaking are related to the
distribution pattern of the wave form parameters,
and indicate that each wave type has a charac-
teristic form in a statistical sense.

3. 2. Change of wave form parameters dur-
ing propagation and relation between
wave types

Let us first examine the change of the wave

form parameters using the data shown in Fig. 5
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Fig. 6. Correlations between the wave form parameters.

lines indicate the relation H oc T2,
as indicated in the figure.

(a) H-T correlation. The dashed

The four wave types are indicated by four symbols
(b) 6-R; correlation.
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(parameters with the mark 4), which were ob-
tained from the 1lst and the 2nd wave gauges.
For Type 1, H, T and L decrease on average,
while 3, Ry, Rz and R; remain nearly constant.
For Type 4, on the other hand, H, 7 and L
increase, on average, as they propagate. The
increase of H is especially distinctive, and is the
main cause of the distinct increase in 6. At the
same time, the decrease of R; and R; indicates
a sharpening of the crest. However, waves of
Type 4 do not seem to be skewed forward and
have no clear tendency to be skewed, since R
is about 0.5 and changes little.

Figure 7 shows the change of mean values of
the parameters H, T, 6 and R, along the fetch
including data from the 3rd wave gauge for
waves of Type 1 and Type 4, where the wave
type was determined from photographs taken
between the 1lst and 2nd wave gauges. For
waves of Type 4, both 7" and R, barely change
along the fetch, and remain at high levels, while
H and J increase along the fetch. On the other
hand, for waves of Type 1, H and ¢ decrease
along the fetch, but 7 and R; remain at low
levels. These changes in the mean values of
the parameters indicate that [the form of an
individual wave changes cyclically in a statistical
sense and Type 1 and Type 4 represent the two
extreme stages in this cycle.

Judging from the changes in H or é in Fig.
7, the period of the cyclic process will be longer
than two times the time interval #: in which
a mean individual wave passes from the Ist
wave gauge to the 3rd wave gauge since less
than half a cycle of change is observed in this
interval. #13 can be roughly estimated using
112 (distance between the 1st and the 3rd wave
gauges) and C (the mean phase speed) as follows:

tiz=lis/C=129cm/115cmsec™!=1. 1sec .

Therefore, the period of the cyclic process will
be longer than 2.2sec in the present case. This
corresponds to a time interval longer than four
wave periods.

38.3. Arrangement of wave types along fetch

The temporal arrangement of wave types was
observed in the present study using a 16-mm
cinecamera that photographed an area covering
about half wavelength. The transition from one
wave type to another probably does not occur
within one wave period, since, as discussed above,
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Fig. 7. Change of wave form parameters during
wave propagation. Mean values of the pa-
rameters F, T, 6 and Ry are shown along
fetch (from wave gauges 1 to 3) for the
waves of Types 1 and 4. Vertical bars indi-
cate the standard deviations.

the period of the cyclic process is longer than
four wave periods. Therefore, the spatial ar-
rangement of wave types for two consecutive
individual waves will not be different from their
temporal arrangement in the wave record as
they pass a fixed point. We can examine the
spatial arrangement of wave types along fetch
using the present experimental data.

Table 1 shows the percentage of a given wave
type occurring just before (downwind side) or
just after (upwind side) wave of Type 1 or 4.
In some cases, a wave before or after belonged
to the excluded ones, because of its strongly
distorted wave form in the wave record. In
such cases, if the same distorted crest could be
identified in the records at the lst, 2nd and 3rd
wave gauges, the wave was also classified into
one of the four types in order to prevent a de-
crease in the number of data. These additional
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Table 1. Percentage occurrence of a given wave type occurring before or
after waves of Type 1 or 4.
Percentage occurrence of a wave type (%)
1 2 3 4
Overall mean 27.6 24.4 10.6 37.4
Wave type 1 down-wind wave type 36.1 30.6 11.1 22.2
up-wind wave type 36.1 22.2 11.1 30.6
Wave type 4 down-wind wave type 17.5 28.1 10.5 43.9
up-wind wave type 14.0 31.6 14.0 40.4
Table 2. Comparison of wave form parameters between the two cases
Reference wir_xii speed Fetch Friction velocit)}r of air Heng]}%:mﬁcant g:}_};gd
3 Case Ur;(msec™) F(m) us{cmsec™) Hi 5 (em) Ty (sec)
15 16 148 8.2 0.68
2 — 3.7 56 2.0 0. 30
Mean of wave form parameters
Case H T Ry R: R; R,
1 6.4:+1.3 0.6130.08 0.463+0. 064 0.376=0.051 0.354=+=0.072 0.3884:0. 061
2 1.440.5 0.27x£0.05 0.446+0.074 0.43210.059 0.421+0.079 0.440+0.076

data were only used for analysing the arrange-
ment of wave types in consecutive waves. As
a result, three series of wave record data con-
sisting of 81, 54 and 29 consecutive waves were
available for analysis. Waves of Type 1 (36
samples) were most frequently preceded by waves
of Type 1 (36. 19 occurrence) and less frequent-
ly (22.29% occurrence) by waves of Type 4.
The same tendency is seen for the wave type
on the upwind side. Thus, waves of Type 1
have a wave of the same type before or after
them more frequently than would be expected
if the arrangement were random. Similarly,
waves of Type 4 (58 samples) have a wave of
Type 4 before or after them more frequently
than other types.

These results suggest that consecutive break-
ing waves {as represented characteristically by
Type 1) sporadically exist among a series of
nonbreaking ones (as represented characteristical-
Iy by Type 4). Intermediate wave types, Types
2 and 3, modulate the above arrangement. At
the same time, it should be remembered that
each individual wave in the arrangement will
change its wave type with time according to the
above described cyclic process. Therefore, the
actual arrangement of wave types will shift re-
lative to the propagating waves, thereby main-

taining the sporadic occurrence of breaking
waves.
8.4. Wave form parameters in low-wind
conditions
In Table 2, mean values of wave form para-
meters in low-wind conditions (case 2: wave
field without breaking) are compared to those
in the high-wind condition (case 1: wave field
with occasional breaking). R; does not differ
much between the two cases. But, R, R; and
Ry for case 2 are larger than those for case 1
by about 0.06. This indicates that the degree
of asymmetry of the wave shape in the hori-
zontal direction as indicated by R: does not
differ much between the two cases. However,
the sharpness of wave crest indicated by Rs, R;
and Ry for case 2 is not more pronounced than
that for case 1.

4, Discussion

The present study indicates that the wave
form parameters of individual waves change
cyclically and Types 1 and 4 represent the two
extreme stages of the cycle while Types 2 and
3 are intermediate stages between these two
extremes. Okuda (1982b) has pointed out the
existence of such a process of cyclical change
for individual wind waves under low-wind con-
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ditions without breaking in a wind-wave tank.
The present study indicates that this cyclic pro-
cess of change also occurs under high-wind
conditions with occasional breaking. Figure 8
shows schematically the process of change in
the H-T and 6-R; correlation diagrams. Actu-
ally, since waves in a wind-wave tank develop
along the fetch on average, the cyclic process
may not be a closed one. In addition, each
individual wave does not necessarily undergo
the whole process of change without disappear-
ing because of the intrinsic irregularity of the
The cycle shown in Fig. 8 is a statis-
tical one. Intermittent breaking and the spo-
radic occurrence of breaking waves will be as-
sociated with the cyclical process of change of

waves,

the waves.

The cyclical process of change is expected to
occur when waves proceed through a wave
packet consisting of high and low amplitude
waves. The packet may be a result of an in-
stability of a wave train, such as a side-band
instability of gravity waves, as discussed by
Benjamin and Feir (1967). Donelan et al., (1972)
observed whitecaps being formed sporadically in
the ocean. They related the sporadic formation
of whitecaps to the dynamics of the wave packet.
They supposed that individual wave breaking
(whitecap) occurs if the wave attains a Stokes’

b
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R

Schematic representation of the cyclical process of change of an individual wave in
Arrows indicate the direction of the cycle.
Dashed lines indicate the relation H oc T2,

{a) Process of
(b) Process

limit of wave steepness during its passage through
a wave packet, and that the whitecap persists
until the steepness falls below the limit. Their
supposition for the sporadic formation of white-
caps seems reasonable.

The present results, however, show that the
conditions for breaking are more complicated
than the simple supposition of Donelan ez al.
(1972). H and 6 of the breaking wave are not
always larger than those of the nonbreaking
wave, and the distributions of these parameters
for both the breaking waves and the nonbreak-
This suggests
the existence of overshooting in the breaking
process or in the process of recover of an in-
dividual wave.

The above complexity is caused partly by a
direct coupling of the individual waves with the
air flow over them. QOkuda (1982a, b) has shown
that a vorticity layer caused by the shearing
stress is concentrated near the crest and that
growth and decay of the layer are closely re-
lated to the cyclical process of change of in-
dividual waves. The coupling is very effective
in strong wind conditions such as in the present
study (u,=148cmsec™). It is a result of the
coupling of the waves with the air flow that
individual waves are skewed forward even in
the case of their overall mean, as seen in the

ing waves overlap each other.
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present experiment, The steepness of the fully
breaking waves ranges rather widely from 0. 07
to 0.13 and the mean value (about 0. 1) is much
smaller than the Stokes’ limit of 0. 142, as seen
in Fig. 6b. This can be attributed to the fact
that the conditions for breaking (especially the
formation of bubbles) are strongly controlled
by the wind-induced local surface current as
pointed out by Koga (1982). For short wind
waves such as in the present case, most bubbles
are formed by entrainment caused by conver-
gence of the surface current on the downwind
slope near the crest.

In this paper, we have treated individual waves
as a unit of a wave field. The similarity struc-
ture of these waves will be a result of their
direct coupling with the air flow over them as
discussed by Toba (1978) and Tokuda and Toba
(1981). The present results have shown that
each of the wave types (especially Types 1 and
4) have characteristic distributions of wave form
parameters. This suggests that the similarity
structure of the different wave types varies
slightly in relation to the cyclical process of
change of individual waves. In fact, in Fig. 6a,
only the waves of Type 1 (solid circles) are
approximately distributed within the area en-
closed by two dashed lines indicating Hee T2

The similarity relation HoeT2 for fully break-
ing (Type 1) waves can be derived dimensionally,
if H is not dependent on the friction velocity
uy, but is dependent on ¢ (acceleration of gravi-
ty) and T only. Namely,

H=AqT?, 6

where A is a nondimensional universal constant,
A is about 2.0x10"? for the mean of the two
dashed lines in Fig. 6a. The gross distribution
of all the points is along the 3/2-power law,
H=DB(gus)? T?2, which was presented by Toba
{1978) and is supported experimentally by Tokuda
and Toba (1981), where B is a nondimensional
universal constant. The H-T relation which is
independent of u,, for fully breaking waves
may be interpreted as indicating that the influ-
ence of surface drift (specified by wuy) is not
explicitly important in realizing the limiting form
of breaking waves.

The present experiment has shown that wave
form parameters are good indicators for de-
scribing unsteadiness of individual waves in a

wave field with frequent breaking. The supple-
mentary experiment suggests that the simple
wave form parameters Rs, R3; and R4 are useful
indicators for the investigation of the mean
characteristics of individual waves under different
wind conditions including cases without breaking.
However, the main part of the present experi-
ment was conducted under only one wind con-
dition. Further measurement is necessary for
clarifying the depen'dence of wave form para-
meters on wind and wave conditions including
the cases for a wave field without breaking.
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