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ABSTRACT

Observations of wind-generated gravity—capillary waves have been made during two recent field programs
in coastal environments. The results of wave slope spectra on clean water show a well-defined correlation with
the wind friction velocity. However, spectral values at higher wavenumbers (above 200 rad m—1) are significantly
higher than previous laboratory results. In the presence of surface films wave spectra may decrease by more
than one order of magnitude at lower wind stresses. The dispersion characteristics of short waves vary markedly
depending on the wavenumber, the wind stress, and the surface chemical condition. Some results in the presence
of surface films at intermediate winds show much higher apparent phase speeds than the theoretical dispersion
relation. This may be because of an enhanced near-surface current or because of the relative increase of wave
energy that is phase-locked to longer steep gravity waves.

1. Introduction

It has been recognized that short wind waves (grav-
ity—capillary waves) play important rolesin various air—
sea interaction processes, including air—sea momentum
flux and air—sea gas transfer. While shorter wind waves
support a significant part of the total wind stress (mo-
mentum flux from air to water), their contribution has
been parameterized only empirically (e.g., Charnock
1955), without addressing the detailed physical mech-
anism of the momentum flux. As aresult, our predictive
capability of the effective ocean surface roughness (or
the drag coefficient) is still far from satisfactory. Recent
laboratory studies have suggested that short wind waves
are closely correlated with the air—sea gas transfer ve-
locity of slightly soluble gases (Jahne et al. 1987; Hara
et al. 1995), and several theories have been proposed
to explain such observations (e.g., Csanady 1990). Yet
the exact mechanism of the air—sea gas transfer, in-
cluding the role of short wind waves, is still a matter
of contention. In order to improve our understanding of
the influences of short wind waves on air—seainteraction

* Woods Hole Oceanographic Institution Contribution No. 9562.

Corresponding author address: Dr. Tetsu Hara, Graduate School
of Oceanography, University of Rhode Island, South Ferry Road,
Narragansett, RI 02882.

E-mail: t.hara@gso.uri.edu

© 1998 American Meteorological Society

processes, it is vital to obtain accurate measurements of
short wind waves in a wide range of field conditions.

Direct observations of short wind waves are also im-
portant for the practical applications of microwave radar
remote sensing of the ocean. For example, the inter-
pretation of synthetic aperture radar (SAR) images re-
quires a precise knowledge of the interaction between
short wind waves (scatterer of microwaves) and other
environmental parameters in the atmosphere (e.g., at-
mospheric turbulence, momentum flux, heat flux), at the
air—sea interface (e.g., surface waves, wave breaking,
air—sea gas flux), and in the ocean (e.g., near-surface
turbulence, near-surface currents, internal waves).

Past direct observations of short wind waves have
been carried out mostly in laboratory wind-wave
flumes. Ebuchi et al. (1987) investigated fine structures
of wind wave surfaces, such as rhombic patterns of
gravity—capillary waves and parasitic capillaries. Jahne
and Riemer (1990) measured spatial structures of short
wind waves in a large wind—-wave flume using an im-
aging optical technique. Their results have shown that
the dynamics of gravity—capillary wavesis very differ-
ent from that of gravity waves and depends on the wind
stress and the wavenumber in a quite complex manner.
Further refinements of laboratory studies have been
made by Hwang et al. (1993) and Zhang (1995); the
latter has identified various features of parasitic capil-
lary waves formed on the downwind faces of gravity
waves. A laboratory study by Hara et al. (1997) has
focused on the dispersion characteristics of short wind
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waves. They have shown that a significant part of short
wind wave energy may be phase-locked to steep gravity
waves—that is, propagate at the phase speed of the grav-
ity waves. They have also suggested that nonlinear wave
interactions may enhance the level of short wind waves
in particular oblique directions relative to the mean
wind.

Although recent laboratory studies have enhanced our
knowledge of short wind waves in laboratory settings,
in situ observations are still scarce. A field study by
Hara et al. (1994), carried out in fetch-limited water,
has shown that short wind wave spectra at low wind
stresses are significantly higher than laboratory obser-
vations. A recent field observation by Hwang et al.
(1996), obtained on open ocean, also shows marked
difference between field and laboratory results. They
attribute the difference to naturally occurring wind fluc-
tuation in field conditions.

Here, we present the results of two recent field ex-
periments on short wind waves using a scanning laser
slope gauge. The instrument is capable of resolving the
spatiotemporal structure of wind waves in the range of
wavenumbers between 50 and 800 rad m-*, and fre-
quencies up to the Nyquist frequency of 52.1 Hz. In
section 2, the overviews of the field programs and ex-
perimental methods are explained. The results and in-
terpretations are presented in section 3. Our resultsdem-
onstrate a strong influence of surface films, resulting in
large variability of short wind wave spectrain a coastal
environment. Our data also confirm the difference be-
tween field and laboratory wave conditions at lower
wind stresses. Detailed investigations of the dispersion
characteristics and directional spreading of short wind
waves are also made. Finaly in section 4, our obser-
vations are summarized and their implications to future
studies are discussed.

2. Experimental overview
a. High-resolution remote sensing experiment

The main experiment of the High-Resolution Remote
Sensing Accelerated Research Initiative (Hi-Res|1) took
place in June of 1993 and was sponsored by the Office
of Naval Research and Naval Research Laboratory. The
principal objective of the initiative was to perform an
in-depth study of the relationship between radar back-
scatter and atmospheric, surface, and subsurface pro-
cesses. To determine these relations, a research cata-
maran was deployed as a means of obtaining in situ
measurements of gravity—capillary waves (using a scan-
ning laser slope gauge), dominant gravity waves (using
a capacitive wave wire and amotion detection package),
and subsurface currents (using a three-axis acoustic
Doppler current meter). The catamaran was equipped
with an electric motor and aremotely controlled rudder,
and was towed from the starboard side (about two-thirds
of the total ship length from the bow) of the R/V Iselin.
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Fic. 1. Location of High-Resolution Remote Sensing Main Experi-
ment (Hi-Res I1).
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Its position was maintained at a distance of about 20 m
to the side of the ship in order to minimize wind block-
age and operate outside of the ship’s wake. The tow
speed was mostly between 0.5 and 1 m s*. The wind
speed and the wind stress were obtained on the cata-
maran and at the bow of the ship using sonic anemom-
eters (Edson et al. 1998). The locations of the experi-
ment were near the coast of Cape Hatteras, North Car-
olina, and are shown in Fig. 1 by two large circles. Both
sites were located in the vicinity of the Gulf Stream
north wall. Therefore, data were collected both over
coastal water and over Sargasso Sea water.

b. Coastal ocean processes experiment

As part of the Coastal Ocean Processes (CoOP) pro-
gram sponsored by the National Science Foundation, an
experiment was carried out in April-May of 1995 to
investigate the role of various ocean surface processes
on the air—sea gas exchange. The research catamaran
was towed to the side of the R/V New Horizon. Mea-
surements of gravity—capillary waves, dominant gravity
waves, subsurface currents/turbulence, and surface
chemical enrichment were made possible with the in-
strument array aboard the catamaran. Thearray included
a set of six capacitive wave wires, a motion detection
package, a three-axis acoustic Doppler current meter, a
hot film anemometer, and a surface skimmer. The mea-
surement of the wind speed and the wind stress were
made using a sonic anemometer at the bow of the ship.
The locations of the experiment were off the coast of
Cdlifornia and are shown in Fig. 2. They included both
sites with low surface chemical enrichment values
shown by diamonds and sites with high and variable
enrichment values shown by crosses. Higher values of
surface chemical enrichment are indicative of higher
concentrations of surfactant (N. M. Frew 1995, personal
communication).
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FiG. 2. Location of Coastal Ocean Processes Experiment (CoOP).
Crosses, sites with high and variable surface enrichment values. Di-
amonds, sites with low surface enrichment values.

c. Wind stress measurements

Wind stress estimates were made using sonic ane-
mometers mounted on the two research vessels and the
catamaran. Direct covariance flux systems were de-
ployed during the Hi-Res |1 experiment at 11.5 and 5.6
m above the mean sea surface aboard the R/V lIselin
and the research catamaran, respectively. These mea-
surements were corrected for platform motion as de-
scribed by Edson et al. (1998) to compute the momen-
tum and heat fluxes using the direct covariance (eddy
correlation) method. Instrumentation to measure the
mean temperature and humidity was included in both
packages. These measurements were combined with the
mean wind speed (relative to the water surface) to es-
timate the flux using the bulk aerodynamic method de-
scribed by Fairall et al. (1996). The sonic anemometers
were also used to compute dissipation estimates using
the Kolmogorov relationship and spectral estimates in
the inertial subrange (Kolmogorov 1941). The dissi-
pation rates were used with the semiempirical functions
found in Fairall and Edson (1994) to compute inertial-
dissipation flux estimates.

A similar set of instrumentation was deployed at a
height of 10 m on a bow mast aboard the R/V New
Horizon during the CoOP experiment. Problems with
the vertical accelerometers (required to correct for ship
motion) prohibited direct covariance flux estimates.
Therefore, the stress estimates used in this paper are
derived from the bulk aerodynamic and inertial dissi-
pation methods using the formulations described above.

d. Short wind wave measurements

The measurements of short wind waves were carried
out using a scanning laser slope gauge developed by
Bock and Hara (1995). The instrument was previously
used in afield study (Hara et al. 1994) and alaboratory
study (Hara et al. 1997). The data analysis scheme and
the error analysis have been discussed in detail in earlier
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papers and are not repeated here. In short, theinstrument
yields three-dimensional wavenumber—frequency slope
spectra of short wind waves for wavenumbers between
50 and 800 rad m-* and frequencies up to the Nyquist
frequency of 52.1 Hz during the CoOP (wavenumbers
up to 400 rad m~* and the Nyquist frequency 18.9 Hz
during the Hi-Res I1). Because of instrumental noise
and sidel obes associated with our data analysis scheme,
results near zero frequency may be contaminated. There-
fore, care has been taken when the results are integrated
in frequency to cal culate wavenumber slope spectra[see
Hara et al. (1997) for details]. During the CoOP ex-
periment, the data were further contaminated by the
vibration of the instrument. Fortunately, the noise from
the vibration was almost uniform in space (concentrated
near-zero wavenumber) and did not affect the real wave
signal for wavenumbers above 50 rad m-*. Further error
analyses are summarized in the appendix.

e. Definitions

L et us define a coordinate system such that the x axis
is in the mean wind direction, the z axis is vertically
upward measured from the mean water surface, and the
y axis is defined according to the right-hand rule. We
denote the surface elevation by z = {(x, y, t), and the
surface slope by V¢ = (alox, alay). The autocorre-
lation function of the surface slope is defined as

R m, 1) = VI Y, 1)-Vix + &y + nt+ 7),(D)

where the overbar indicates the time average. Then, the
three-dimensional one-sided frequency—wavenumber
slope spectrum is calculated to be

Sk, 6, w)

1 x
- = fff R(S, , T)e—i(kgcose+knsin6—wq-) df dTI dr,

473 Y
2

where k is the wavenumber, w is the angular frequency,
and 6 is the wave direction measured from the x axis
in the counterclockwise direction. Here # = 0 corre-
sponds to waves in the wind direction and 6 = *=x/2
corresponds to waves in the crosswind directions. This
three-dimensional spectrum is defined for 0 < k < oo,
—0o < w <o, and —7/2 < 6 < 7/2. Notethat anegative
w corresponds to waves propagating against the wind.
By definition, the mean sguare slope is recovered by
integrating Sk, 0, w) as

Vg-vng f fo(k, 6, wk dk d6 dow.  (3)

The one-sided two-dimensional wavenumber spectrum
is calculated by integrating Sk, 6, w) in frequency:

Sk, 0) = fx S(k, 0, w) do, 4
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Fic. 3. Omnidirectional degree of saturation vs wind friction ve-
locity at wavenumber 100 rad m-*. Crosses: this study (CoOP); tri-
angles: this study (Hi-Res Il); pairs of triangles connected vertically
by solid lines: Hwang et al. (1996); diamonds: Hara et al. (1994);
crosses connected by solid lines: Jahne and Riemer (1990); and
squares connected by solid lines: Zhang (1995).

which is defined for 0 < k < « and —#/2 < 0 < /2.
The nondimensional degree of saturation is defined as

B(k, 6) = k29K, 6). (5)

Finally, the omnidirectional (one-dimensional) wave-
number slope spectrum and the omnidirectional degree
of saturation are defined as

S(k) = f "~ Sk, 6) do (6)

and

B(k) = k*S(K) (7
respectively.

3. Results and discussion

a. Wavenumber slope spectrum from current and past
studies

We first summarize the results of the wavenumber
slope spectrum from this study as well as from past
studies. In Figs. 3—-6 the omnidirectional degree of sat-
uration, B(k), is plotted against the wind friction veloc-
ity, u,, from the bulk aerodynamic method, at four dif-
ferent wavenumbers k = 100, 200, 400, and 800 rad
m-*. Our results from the Hi-Res |l and the CoOP ex-
periments are shown by triangles and crosses, respec-
tively. These results are averaged over 8 min so that the
statistical scatter is negligibly small (Bock and Hara
1995). Therefore, the scatter in these figures must be
due to real environmental variabilities. In addition to
the results of this study, the figures contain data from
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Fic. 4. Omnidirectional degree of saturation vs wind friction ve-
locity at wavenumber 200 rad m-*. Crosses: this study (CoOP); tri-
angles: this study (Hi-Res Il); pairs of triangles connected vertically
by solid lines: Hwang et al. (1996); diamonds: Hara et al. (1994);
crosses connected by solid lines: Jahne and Riemer (1990); squares
connected by solid lines: Zhang (1995).

two previous field studies. The results by Hara et al.
(1994) (diamonds) were obtained at Martha's Vineyard
Sound, Massachusetts, in November 1993. The wind
fetch at the experimental location was limited to 7 km.
The results of Hwang et al. (1996), shown as pairs of
triangles connected vertically, were obtained during the
same Hi-Res Il experiment but using a scanning laser
slope gauge of avery different design. Since they report
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Fic. 5. Omnidirectional degree of saturation vs wind friction ve-
locity at wavenumber 400 rad m-*. Crosses: this study (CoOP); tri-
angles: this study (Hi-Res Il); pairs of triangles connected vertically
by solid lines: Hwang et al. (1996); diamonds: Hara et al. (1994);
crosses connected by solid lines: Jahne and Riemer (1990); squares
connected by solid lines: Zhang (1995); diamonds connected by solid
lines: Hara et al. (1997).
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Fic. 6. Omnidirectional degree of saturation vs wind friction ve-
locity at wavenumber 800 rad m-*. Crosses: this study (CoOP); pairs
of triangles connected vertically by solid lines: Hwang et al. (1996);
diamonds: Hara et al. (1994); crosses connected by solid lines: Jahne
and Riemer (1990); squares connected by solid lines: Zhang (1995);
diamonds connected by solid lines: Hara et al. (1997).

the degree of saturation in the along-wind direction only,
B(k, 6 = 0), the omnidirectional value, B(k), isestimated
assuming two extreme directional spreading functions
and are shown as upper and lower bounds. The upper
bound corresponds to a uniform directional spreading,
and the lower bound correspondsto adirectional spread-
ing of the form of cosh. We have ascertained that most
of the data from this study exhibit directional spreading,
which falls between these two extreme spreading func-
tions. Since our data from the Hi-Res II, shown by tri-
angles, were obtained roughly at the same sites and at
the same periods as those by Hwang et al. (1996), the
reasonabl e agreement between the two datasets confirms
the accuracy of both measurements. The laboratory re-
sults by Jahne and Riemer (1990), Zhang (1995), and
Hara et al. (1997) were obtained at the fetch of roughly
100 m, 25 m, and 13 m, respectively. Since results with
shorter fetches and at smaller wavenumbers are strongly
fetch-dependent, such results are excluded from the fig-
ures.

At the lowest wavenumber k = 100 rad m-*, most
of the field results collapse rather tightly above u, =
0.07 m s, except some lower points from the Hi-Res
Il and the CoOPR The field results increase slowly and
smoothly with wind stress. Although the laboratory re-
sults by Jahne and Riemer (1990) show two distinctive
ranges, that is, B(k) is constant below u, = 0.3 m s?
and increases with u, aboveu, = 0.3 ms™1, their results
fall within the scatter of the field results. As the wave-
number increases to k = 200-800 rad m-*, a well-
defined cluster of the field results is still observed near
the upper edge of the overall distribution in each figure.
However, the location of the cluster deviates upward
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Fic. 7. Omnidirectional degree of saturation vs wind friction ve-
locity at wavenumber 400 rad m-* from CoOPR Crosses: sites with
high and variable surface enrichment values; diamonds: sites with
low surface enrichment values. Large symbols correspond to cases
discussed in detail in the text.

from the laboratory results as k increases. At k = 200
and 400 rad m~1, the discrepancy between the cluster
and the laboratory result by Jahne and Riemer (1990)
is large at lower wind stresses but decreases at higher
wind stresses. At k = 800 rad m~*, the cluster is higher
than the laboratory result by roughly one order of mag-
nitude throughout the entire wind stressrange. At wave-
numbers k = 200-800 rad m~*, we also observe alarger
scatter of field results below the cluster at lower wind
stresses. Some points are lower than those in the cluster
by more than one order of magnitude.

b. Variability of slope spectrum from CoOP

To investigate the reason for the large scatter of the
field data at higher wavenumbers and at lower wind
stresses, we focus on the results at k = 400 rad m~*
from the CoOP experiment only. In Fig. 7 we plot the
same omnidirectional degree of saturation, B(k), sepa-
rated by the location of the measurement. The diamonds
correspond to data obtained on the western side of St.
Catalina Island, shown by diamonds in Fig. 2. The en-
vironmental conditions there are characterized by large
to unlimited fetches, very low values of surface chem-
ical enrichment suggesting clean water surfaces, and
well-developed swells. The crosses are data collected
on the eastern side of St. Catalina Island or near St.
Rosa lsland, shown by crossesin Fig. 2. Theselocations
are characterized by limited fetches, high and variable
surface enrichment values indicating the presence of
surface films, and very low swells. It is clear that the
diamonds show awell-defined correlation with the wind
friction velocity. On the other hand, the crosses scatter
widely and are lower than the diamonds for the friction
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solid lines: near u, = 01 mst,

velocity below 0.25 m s~*. Asthe wind stressincreases,
the higher values of the crosses approach those of the
diamonds. At high winds (u, > 0.25 m s1), the crosses
seem to be smoothly connected to the diamonds at lower
winds. These observations suggest that short wind
waves on clean water surfaces show a well-defined cor-
relation with the wind stress and those on water surfaces
with surfactant are highly variable and generally lower
than clear water results at lower winds (u, < 0.25 m
s71). At higher winds the effect of surfactant seems to
become insignificant. It is also possible that the differ-
encein fetch and swell conditions may contribute to the
variability of short wind wave spectra.

In Fig. 8, we show the omnidirectional degree of
saturation, B(k), against the wavenumber, k, near three
different wind friction velocities of u, = 0.1, 0.2, and
0.3 ms 1. Except for the caseswith surfactant (the lower
three lines near u, = 0.2 m s ! and the lower seven
lines near u, = 0.1 m s7?), the degree of saturation is
quite uniform over the range of wavenumbers shown.
At lower wavenumbers B(K) depends on u,, very weakly,
while B(k) increases slowly with u, at higher wave-
numbers. With surfactant, the results near u, = 0.2 m
st gradually deviate from the clean water results be-
tween k = 100 and 400 rad m~*. At higher wavenumbers
the ratio between clean and surfactant cases seem to be
amost constant. The results near u, = 0.1 mstinthe
presence of surfactant show that some B(k) values are
lower than the clean water values, even at low wave-
numbers (k < 100 rad m-*). The difference increases
rapidly between k = 100 and 300 rad m-*. Above k =
300 rad m~t, B(K) is as small as 2% of the clean water
values.

Itisrather surprising that at u, = 0.3 m s *thedegree
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of saturation increases rapidly (almost linearly) with k
and reaches as high as 0.07 at k = 800 rad m~t. These
results also look anomalously high in Fig. 6. However,
our error analyses (see appendix) suggest that there are
no significant error sources that may artificially increase
the spectral estimate. It is of interest to see whether
future wind wave measurements by other methods will
yield similar high values in open ocean conditions.

c. Difference between field and laboratory results

Aswe have discussed in the previous subsection, |ow-
er values of the field results are probably attributable to
the presence of surface films. Then, the major cluster
of the field results near the upper edge in Figs. 3—-6 can
be considered as typical field values at clean water sur-
faces. However, this does not explain the large discrep-
ancy between the field results and the laboratory results
in these figures. Such discrepancy was also reported by
Hwang et al. (1996). One might be tempted to suspect
that the previous laboratory results were always con-
taminated by surface films. However, during the labo-
ratory experiment reported by Haraet al. (1997), surface
chemical conditions were carefully monitored and were
found to be very clean. Mechanically generated capil-
lary waves were found to dissipate at the predicted dis-
sipation rate, and the measured surface tension was con-
sistent with the clean water value. Furthermore, the rea-
sonable agreement between the results by Hara et al.
(1997) and those by Jahne and Riemer (1990) at higher
wavenumbers suggests that the experiment by Jahne and
Riemer (1990) was also conducted with clean water
surfaces (the deviation at lower wavenumbers can be
attributed to differences in fetch). Therefore, we need
to provide different explanations for the discrepancy
between laboratory and field results.

One possible reason is the influence of wind fluctu-
ation as suggested by Hwang et al. (1996). The fluc-
tuation of the wind friction velocity is always much
larger in the field than in laboratories. Since the labo-
ratory results of B(K) increase faster than linearly with
u, at higher wavenumbers, a larger fluctuation of u
may increase the mean value of B(k) for a given mean
u,, if the statistical distribution of u, values is sym-
metric above and below its mean. However, this bias
due to wind fluctuation is not likely to account for the
tenfold increase of B(k) from laboratories to the field.
Another possible reason for the higher short wind wave
spectra in the field is the influence of nonlinear inter-
actions among different wave modes. These may include
the interaction among three or more free-propagating
waves that satisfy the resonance condition. Evidences
of such wave interactions have been reported by Zhang
(1995) and Hara et al. (1997) in laboratory settings. In
addition, observations by Hara et al. suggest a possi-
bility that interactions take place among two symmetric
oblique short waves and longer steep gravity waves
when the sum frequency and the sum wavenumber vec-
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tor of the two oblique modes match those of one of the
higher harmonics of the gravity waves. Alternatively,
this mechanism might be considered as small-scale
short-crested roughness excited by, and phase-locked to,
steep gravity waves. If longer gravity waves play an
important role in exciting short waves, the difference
between the field and laboratories can be attributed, at
least in part, to the difference of gravity wave fields.

d. Freguency—wavenumber slope spectrum

In this section we examine the dispersion character-
istics of short wind waves through their frequency—
wavenumber spectrum obtained during the CoOR We
first remove the Doppler shift due to the tow speed of
the catamaran, using the mean relative current measured
by a shipboard acoustic Doppler current profiler
(ADCP) and averaged over eight minutes. During lim-
ited deployments, collocated simultaneous mean current
measurements were made at a 0.2-m depth using the
acoustic current meter mounted on the catamaran. We
have ascertained that the difference between the two
current measurements is less than 10% of the ADCP
current values (typicaly 0.5-1.0 m s*) in most cases.
Theresults are still influenced by the Doppler shifts due
to gravity wave orbital velocities and due to the fluc-
tuation of the tow speed that depends on the dynamical
response of the catamaran to the gravity wave motion.
It has been found that, when large swells are present,
the responding motion of the towed catamaran intro-
duces a large Doppler shift that masks most of the dis-
persion characteristics of short waves. Therefore, we
only present results obtained without significant
swells—that is, cases corresponding to crosses in Fig.
7. We do not show the results at lower wavenumbers
(k < 50 rad m~1) because the data are contaminated by
the instrument vibration.

In Figs. 9 and 10, we show the three-dimensional
wavenumber—frequency slope spectrum Sk, 0, w) along
the mean wind direction 6 = 0. The same slope spectra
at two fixed wavenumbers, k = 150 and 300 rad m~1,
but in al directions are shown in Figs. 11 and 12. Note
that the scale is relative and exaggerated in Figs. 11 and
12. These two sets of data were obtained 78-min apart
during the same catamaran deployment, and correspond
to the two large circles in Fig. 7. Although the wind
stress remained almost constant over the period (u, =
0.24 m s~* for both figures), the degree of saturation at
k = 400 rad m-* decreased by a factor of 4, corre-
sponding to increasing surface enrichment values (in-
dicative of increasing surface films). In these figures
solid lines are added to indicate the theoretical disper-
sion relation of gravity—capillary waves:

ke

ot =gkt 2 )

where g isthe gravitational acceleration, y isthe surface
tension (y = 0.073 N m~2is used), and p is the density

HARA ET AL.

1431

of water. The positive and negative solutions of (8) cor-
respond to the waves propagating in the wind direction
(alongwind waves) and those propagating against the
wind, respectively.

In Figs. 9 and 11, the peak of the spectrum is located
dlightly below the dispersion relation of alongwind
waves (upper solid line), and the wave energy spreads
widely in frequency above and below the peak. Rela-
tively high spectral values are observed at negative fre-
guencies corresponding to waves (apparently) propa-
gating against the wind. These observed spectra cannot
be attributed solely to alongwind gravity—capillary
waves that are Doppler shifted by longer gravity waves.
Although large negative orbital velocities of longer
gravity waves can temporarily Doppler shift the spec-
trum into negative frequencies, they cannot shift the
entire spectrum in the negative direction, as in Figs. 9
and 11, unless most of the short wind waves are con-
centrated near the troughs of the longer gravity waves,
whichisnot likely. It is possible that the entire spectrum
is shifted to lower frequencies by a strong adverse near-
surface mean current. However, there are no reasonable
physical explanations why a near-surface current may
develop against the wind relative to the bulk current
measured by the ADCP. We therefore suspect that some
of the short waves are literally propagating against the
wind. With our limited observations we cannot com-
pletely rule out a possibility that upwind-traveling
waves were generated by the towed platform itself. Fur-
ther observational studies are needed to clarify the
source of the upwind-traveling waves. The directional
spreading of the wave energy becomes more uniform
as the wavenumber increases. The slope spectrum of the
crosswind waves is lower than that of alongwind waves
by 25%-30% at k = 150 rad m~* and by 15%—20% at
k = 300 rad m-* if integrated over all frequencies.

After 78 min the slope spectrum decreases signifi-
cantly at higher wavenumbers. At the same time, the
dispersion characteristics change asis shown in Fig. 10.
Now the wave energy is distributed more narrowly in
frequency indicating less Doppler shifting. The phase
speed of the waves is much larger than the previous
results and is high above the theoretical dispersion re-
lation shown by the upper solid line. There is no ap-
preciable wave energy in negative frequencies. The di-
rectional frequency spectra in Fig. 12 also differ from
those in Fig. 11. At k = 150 rad m-* the spectral level
(integrated in all frequencies) in the crosswind direction
is lower than that in the alongwind direction by 15%—
20%,; that is, the directional spreading is more uniform
than in Fig. 11a. At the higher wavenumber of k = 300
rad m-1, the crosswind value is 25%-30% lower than
the peak value—that is, the distribution is more peaked
than in Fig. 11b.

One possible explanation of the large change of the
dispersion characteristics from Fig. 9 to Fig. 10 is that
a strong near-surface current devel oped over the 78-min
period. If we add a near-surface current of 0.27 m s*
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Fic. 11. Three-dimensional directional frequency slope spectrum (relative to maximum) corresponding to upper large circle in Fig. 7 for
(8 k = 150 rad m~* and (b) k = 300 rad m~*. Here u, = 0.24 m s*. Solid line: dispersion relation. Contours are at every 0.625 dB.

in the wind direction relative to the bulk current mea-
sured by the ADCR, the theoretical dispersion relation
is shifted to the dotted lines in Figs. 10 and 12 and
becomes quite consistent with the observed wave spec-
trum. Here, the Doppler-shifted frequency w, is given as

wp = w + Uk coso, (9)

where u is the assumed near-surface current velocity
and w is given by (8). This explanation, however, does
not provide the reason why the waves propagating
against the wind are preferentially damped by surface
films, nor the reason why the Doppler shift by longer
gravity waves of alongwind waves is reduced in the
presence of surface films (since longer gravity waves
are not expected to be influenced by surface films). Note
that a possible change of the dispersion relation due to
a modified surface tension (y) by surface filmsis neg-
ligibly small compared to the Doppler shift of this mag-
nitude.

An alternative explanation is that the short wind
waves in Figs. 10 and 12 are not propagating freely but
are bound to steep gravity waves. Then the shorter
waves in the wind direction (i.e., the higher harmonics
of the gravity waves) should appear to propagate at the
same phase speed as the steep gravity waves rather than

at their own phase speeds. Furthermore, if there is short-
crested (i.e., two-dimensional) small-scale surface
roughness that propagates with the gravity waves, its
frequency—wavenumber spectrum should be concen-
trated near the apparent frequency of

wg = KC cos6b, (10)

where C is the phase speed of the gravity waves. In
Figs. 10 and 12, we have added wg (dashed lines) for
achosen phase speed of C = 0.45 m s~ that corresponds
to gravity waves of k = 49 rad m~* or the wavelength
of 0.13 m. The observed spectrum seems to follow the
dashed lines as closely as it follows the dotted lines.
Therefore, it may be interpreted that surface films have
almost eliminated freely propagating shorter wind
waves and that only the higher harmonics of steep grav-
ity waves are measurable. This explanation is also con-
sistent with the disappearance of the waves propagating
against the wind and the reduction of the Doppler shift
of alongwind waves. Note that the spectral level in Fig.
9 is higher everywhere in the k—» plane than that in
Fig. 10. Therefore, it is possible that the higher har-
monics of steep gravity waves are also present in Fig.
9 but are concealed by much higher freely propagating
waves.
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Fic. 12. Three-dimensional directional frequency slope spectrum (relative to maximum) corresponding to lower large circle in Fig. 7 for
(a) k = 150 rad m* and (b) k = 300 rad m~*. Here u, = 0.24 m s 2. Solid line: dispersion relation; dotted line: dispersion relation with
surface drift 0.27 m s™*; dashed line: phase speed of gravity waves of k = 49 rad m-*. Contours are at every 0.625 dB.

One weakness of the second explanation is that there
are no obvious reasons why a single component of grav-
ity waves near k = 49 rad m~* has to be so dominant
in Fig. 10. The comparison of the integrated wavenum-
ber slope spectra of both cases indicates that k = 49
rad m-* roughly correspondsto athreshold wavenumber
above which the spectrum is reduced by surface films
(the spectral values corresponding to Fig. 10 are 98%,
69%, and 33% of those corresponding to Fig. 9 at wave-
numbers 50, 100, and 200 rad m—*, respectively). While
this may explain why we do not see any bound har-
monics of gravity waves above k = 49 rad m=3, it is
still not clear why no bound harmonics of longer gravity
waves are observed.

In our recent laboratory studies of wind waves re-
ported by Hara et a. (1997), we have found that a sig-
nificant part of shortwave energy may be bound to dom-
inant gravity waves in the wind-wave flume, depending
on the wind and fetch conditions. Although simple ex-
trapolations of laboratory resultsto field conditions can-
not be made, it is noteworthy that certain common dis-
persion characteristics of short wind waves are observed
both in laboratory studies and in field observations. Of
course, without further independent physical measure-

ments to augment these observations, we cannot reject
the first explanation nor justify the second explanation.

At lower wind stresses between 0.15 and 0.25 m s
and with varying surface chemical enrichment levels,
we have observed similar transitions of wave spectra
between those characterized by broader Doppler shifting
and significant levels of waves at negative frequencies
such as Figs. 9 and 11 and those characterized by nar-
rower Doppler shifting, negligible spectral levelsat neg-
ative frequencies, and larger phase speeds than the the-
oretical dispersion relation such as Figs. 10 and 12. At
very low wind stresses, however, wave spectra seem to
follow the theoretical dispersion relation even in the
presence of surface films. Such an example is shown in
Fig. 13, which corresponds to the large square in Fig.
7. This may be simply due to the disappearance of the
near-surface drift current, or because the longer gravity
waves are not steep enough to generate higher bound
harmonics at such low winds.

e. Directional wavenumber spectrum

Another way to observe the wave characteristics is
to integrate the three-dimensional spectrum infrequency
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to obtain the two-dimensional (directional) wavenumber
slope spectrum Sk, 6) or the directional degree of sat-
uration B(k, 6). In Figs. 14 and 15, B(k, 6) is shown for
the two cases corresponding to Figs. 9 and 10, respec-
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Fic. 14. Two-dimensional degree of saturation corresponding to
upper large circle in Fig. 7. Hereu, = 0.24 ms™*.

tively. At an earlier stage (Fig. 14), the directional
spreading isquite uniform at higher wavenumbers. After
78 min in Fig. 15, shorter wind waves (k > 300 rad
m-1) show a more distinctive peak along the wind di-
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Fic. 15. Two-dimensional degree of saturation corresponding to
lower large circle in Fig. 7. Hereu, = 0.24 ms™*.
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Fic. 16. Two-dimensional degree of saturation corresponding to
large square in Fig. 7. Hereu, = 0.108 m s 1.

rection, and the crosswind values are lower than the
alongwind values by roughly 30%—40%. On the other
hand, at lower wavenumbers (k < 200 rad m-1) the
directional spreading isquite broad. These are consistent
with Figs. 11 and 12. The result at a very low wind
friction velocity in Fig. 16 (corresponding to Fig. 13
and the large square in Fig. 7) shows a clear peak along
the wind direction for the entire wavenumber range up
to k = 400 rad m-*, beyond which the wave signal
becomes too noisy to resolve its directionality. On the
other hand, the result at a similar low wind friction
velocity but over a clean water surface in Fig. 17 (cor-
responding to the big triangle in Fig. 7) shows more
uniform directional spreading.

4. Concluding remarks

Field observations have been made of wind-generated
gravity—capillary waves during the Hi-Res Il and the
CoOP programs. Our results of short wind wave spectra
over clean water compare reasonably with past field
observations and show much higher values than labo-
ratory results at lower winds and at higher wavenum-
bers. The results also show large variability in the pres-
ence of surface films; some results are lower than clean
water values by more than one order of magnitude at
higher wavenumbers. Our detailed investigations of the
wavenumber—frequency spectra of short wind waves
show that the dispersion characteristics vary signifi-
cantly depending on the wavenumber, the wind stress,
and the surface chemical conditions. On clean water, a
significant part of the wave energy seems to belong to
waves propagating against the wind. The apparent phase
speed of short wind waves may increase in the presence
of surface films, either by the enhancement of near-
surface currents or by the relative increase of the wave
energy that is bound to steep gravity waves.

With our limited observations, many questions re-
main unanswered. The large discrepancy between |ab-
oratory and field conditions does not seem to be attrib-
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Fic. 17. Two-dimensiona degree of saturation corresponding to
large triangle in Fig. 7. Here u, = 0.090 m s,

utable to the wind-fluctuation alone. Interactions be-
tween gravity—capillary waves and longer gravity waves
may play an important role in determining the level of
the slope spectrum. Although some of our observations
may be suggestive of such interactions, they arefar from
comprehensive to draw any conclusions. Further prog-
ress on these issues may require simultaneous obser-
vations of waves in wide spatial and temporal ranges
including capillary, gravity—capillary, and gravity
waves. Many of our observations indicate that the dy-
namics of short wind waves are significantly nonlinear.
Therefore, higher-order data analyses that explicitly ac-
count for the nonlinearity may be desirable.

Our observations imply that use of laboratory results
requires much care for the study of air—sea interaction
processes and for the application to microwave radar
remote sensing. The large variability of short wind
waves in coastal environments suggests the importance
of surface chemistry in the study of small-scale air—sea
interaction processes.
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APPENDIX
Error Analysis

Here, we summarize the error analyses of the scan-
ning laser slope gauge. We have identified six possible
sources of errors in Bock and Hara (1995); these are
bias due to pitch/roll of the instrument, bias due to cal-
ibration, effect of afinite scan speed, statistical random
errors, data dropouts, and numerical sidelobes. Here, we
focus on the last two sources, since the first four are
expected to be very small (less than =1 dB).
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a. Data dropouts

Data dropouts occur for two reasons. one being lo-
cally large surface slope that is outside the resolvable
range of the instrument and the other being large gravity
waves that yield water surface levels either below the
top of the laser pod or above the bottom of the head
unit.

The maximum resolvable surface slope is between
0.62 and 2.41, depending on the direction of the surface
slope and the location of the laser beam. The most con-
servative estimate of the data dropout rate would be the
probability of the surface slope exceeding 0.62. We have
found that this probability is 2.9% and that the actual
observed data dropout rate is only 0.7% at the friction
velocity of u, = 0.3 mst. Therefore, thisis not likely
to be a major source of errors in the slope spectral
estimate.

Data dropouts dueto large gravity waves can be easily
identified since the surface slope becomes either un-
measurable (when the top of the laser pod is above
water) or zero (when the bottom of the head unit is
below water). In order to avoid any possible data con-
taminations, we discard data for several seconds after
each dropout. At the friction velocity u, = 0.3 m s2,
up to 50% of the data are discarded for this reason. It
is possible that a high data dropout rate may bias the
spectral estimate if dropouts occur at a particular phase
of long waves and the spectral calculation excludes the
gravity—capillary wave information from the vicinity of
the particular phase of the long waves. Our visual ob-
servations, however, indicate that dropouts occur errat-
ically because of the complicated dynamical response
of the towed catamaran to waves. Therefore, we do not
suspect that data dropouts due to large gravity waves
introduce any significant bias to the spectral estimate.

b. Numerical sidelobes

The estimated two-dimensional wavenumber slope
spectrum S(k) is a convolution integral of the real spec-
trum S(k) and a convolution function R(k) centered
around the wavenumber of interest:

8k) = J f S(k)R(k' — k) dk’. (A1)

The shape of the convolution function R is determined
by the spatial sampling rate and a chosen windowing
function. In our spectral calculation, the convolution
function has a narrow sharp peak at the origin and de-
creases rapidly away from the origin to about 10-* rel-
ative to the peak, but increases again near the radius of
2000 rad m-*. For example, the spectral estimate at k
= 800 rad m~* in the wind direction can be affected by
waves at k = 2800 rad m~* in the wind direction, at k
= 1833 rad m~* in the cross-wind directions, or at k =
1200 rad m=* in the direction opposite to the wind.
These effects are comparable to the aliasing (spectral
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foldover) in one-dimensional spectral analyses. In ad-
dition, the spectral estimate can be affected by waves
near k = 0 rad m=%, if the spectral level thereis higher
than that at k = 800 rad m~* by more than four decades.
It has been found that the leakage from the spectrum
near kK = 0 rad m~* is so serious in field conditions that
it sets a practical upper limit of the wavenumber res-
olution to be 800 rad m-*. On the other hand, the alias-
ing from higher wavenumbers are expected to be small
at this wavenumber since the slope spectrum always
falls faster than k1.

c. Platform effect

In addition to the errors associated with the instru-
ment, the platform (catamaran) may introduce system-
atic errors by disturbing the wind field, the wave field,
and/or the near-surface current field. Although it isvery
difficult to quantify such effects, our visual observations
suggest that the platform does not influence the wind—
wave field as long as the catamaran is towed into the
wind.
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