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Abstract. Capillary-gravity wave spectra are measured using a scanning laser slope gauge
(SLSG), and simultaneously by X and K band Doppler radars off the Chemotaxis Dock at
the Quissett campus of the Woods Hole Oceanographic Institution at Woods Hole, Massa-
chusetts. Wave spectral densities estimated from the radar measurements using the Bragg
theory agree with those measured using the SLSG at the Bragg wavenumber to within a
few decibels, suggesting that Bragg scattering theory is valid for the conditions of this ex-
periment. The observed degree of saturation of capillary-gravity waves is in reasonable
agreement with measurements by Jihne and Riemer (1990) obtained from measurements in
a large wind-wave flume at intermediate wind speeds, but our data indicate a higher de-
gree of saturation at very low wind speeds. The rate at which the slope-frequency spectrum
falls off, however, is much lower in the field than in laboratories, even at moderate winds,
suggesting long waves are responsible for a large Doppler shift of capillary-gravity waves.
Close examination of combined wavenumber-frequency slope spectra also reveals signifi-
cant smearing of the spectra in the frequency domain due to long waves. These observa-
tions confirm that spatial measurements (wavenumber spectra measurements) are essential

for characterizing short capillary-gravity waves, since this strong Doppler shift will dramat-

ically change apparent frequency spectra.

1. Introduction

Dynamics of wind-generated capillary-gravity waves
have been investigated extensively in the last decade be-
cause of their relevance to the interpretation of remotely
sensed data of the ocean surface by microwave radars. The
presence of capillary-gravity waves may also influence the
air-sea gas exchange process according to the recent labo-
ratory studies [Jéhne et al., 1987] (also, E. J. Bock and ‘N.
M. Frew, manuscripts in preparatlon, 1994), although the
mechanism of gas transport at the air-sea interface is still
poorly understood. Capillary-gravity waves also contribute
to the effective surface roughness for the turbulent air flow
above. The mechanism by which these small waves impact
the mean wind profile has been theoretically studied only
in idealized conditions [Hara and Mei, 1994]. The
parameterization of the surface roughness in practical
conditions still relies heavily on empirical observations
[e.g., Charnock, 1955].

Many theoretical, as well as experimental, studies are
available on the generation, the nonlinear wave-wave inter-
action, and the dissipation of the capillary-gravity waves
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separately. In particular, recent numerical [Ruvinsky et al.,
1991], theoretical [Longuet-Higgins, 1992], and experi-
mental [Perlin et al., 1993] studies have advanced our
understanding of the interaction between steep gravity
waves and parasitic capillary waves near their crests. How-

" ever, studies of the combined effects of the three forcing

mechanisms, namely, wind input, wave interaction, and
wave dissipation, are still scarce either theoretically
[Janssen, 1986, 1987; Hara and Mei, 1994] or experimen-
tally. As a result, theoretical modeling of capillary-gravity
waves in a field environment has been limited to the sim-
ple approach based on the conservation of wave action
with the above three mechanisms added independently.
Further progress of theoretical modeling is hindered partly
because reliable direct observations of capillary-gravity
waves in a field environment are almost nonexistent except
for the many radar backscatter measurements. that come
with their own uncertainties owing to. the lack of knowl-
edge regarding the mechanism of microwave reflection at
the air-sea interface. ‘
Conventional single-point wave-height or wave-slope
measurements are not appropriate to characterize capillary-
gravity waves for two reasons. One is that wind-generated
capillary-gravity waves always propagate in two dimen-
sions except for the brief period of the initial linear growth
stage [Kawai, 1979]. Measurements at one location do not
yield information on the directional propagatnon of the
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waves. The other reason is the strong Doppler frequency
shift of capillary-gravity waves by long waves and/or by
near-surface currents, especially in a field environment.
This may produce a significantly altered apparent frequen-
cy ‘spectrum. To overcome these problems, spatial mea-
surements of capillary-gravity waves have been recently at-
tempted. Banner et al. [1989] used stereophotogrammetry
from an offshore research platform to obtain wavenumber
spectra for waves between 0.2 and 1.6 m. For shorter
waves, a scanning laser slope gauge (SLSG) has been used
by Barter et al. [1990], Lee et al. [1992], and Li et al.
[1993]. Jihne and Riemer [1990] have conducted exten-
sive measurements of wavenumber spectra in the capillary-
gravity range using a digital image processing technique at
a large wind-wave flume. Although the experimental con-
ditions may not necessarily be relevant to the real ocean
surface, their results produced the first spatial information
obtained with reasonable quantitative accuracy. Among
their new findings are a steep decline of the spectrum at
wavenumbers around 100-200 rad/m at lower wind stress-
es, and the presence of a cutoff wavenumber around
800 rad/m, above which the spectrum falls off quickly. Al-
though this technique is very effective in laboratories, it
cannot be practically apphed to field measurements owing
to the physical constraints of the optical system involved.

Recently, a SLSG has been developed at Woods Hole
Oceanographic Institution. The instrument is designed
mainly for field deployment as a part of the instrumenta-
tion package on a research catamaran LADAS (Laser slope
gauge, Acoustic Doppler current profller, Attitude measur-
ing unit, Sonic anemometer). The instrument is capable of
measuring the three-dimensional wavenumber-frequency
slope spectrum of capillary-gravity waves with wavenum-
bers between 31 and 990 rad/m and frequencies up to
31.5 Hz. The instrument has been successfully tested in a
laboratory experiment, and the associated instrumental
errors have been fully analyzed [Bock and Hara, 1994]. As
a first attempt to deploy the instrument under field condi-
tions, the research catamaran was moored off the Chemo-
taxis Dock at the Quissett campus of the Woods Hole
Oceanographic Institution on November 20 and 21, 1992.
Three-dimensional spectra were obtained with the SLSG,
along with radar backscatter measurements at two radar
wavelengths, meteorological parameters, and an indepen-
dent observation of long waves obtained with a wire
gauge. Here we report the results from these experiments
and examine, in particular, the validity of the Bragg reso-
nant theory of microwave signals, the Doppler effects by
long waves, and the difference between our measurements
and the laboratory measurement by Jihne and Riemer
[1990]. '

In this paper we first describe the experimental method
in section 2. After a brief overview in section 2.1, the de-
sign, the calibration, and the error analysis of SLSG are
summanzed in section 2.2 based on a separate paper [Bock
and Hara, 1994] The radar measurements and calibration
are explained in detail in sections 2.3 and 2.4, followed by
the descriptions of meteorological and long wave measure-
ments. Experimental results are presented in section 3. An
overview of the 2-day period of measurements is given,
and the three-dimensional wavenumber-frequency  slope
spectra and the degree of saturation of capillary-gravity
waves are discussed in sections 3.2 and 3.3, respectively,
followed by the long wave measurements in section 3.4.

IN SITU MEASUREMENTS OF CAPILLARY-GRAVITY WAVES

Extensive comparisons are made with the results obtained
in the large wind-wave tank experiments by Jdhne and
Riemer [1990]. In section 3.5 the normalized cross sections
of the radar backscatter at two different radar frequencies
are compared with the simultaneous measurement of the
wavenumber spectra at the Bragg resonant wavenumbers
by the SLSG, and the applicability of the Bragg scattering
theory of radar signals at the air-sea interface is examined.
Section 4 summarizes this study and discusses extensions
of the study to be conducted.

2. Experimental Methods

2.1. Overview

Experiments were performed in Martha’s Vineyard
Sound from the Chemotaxis Dock at the Quissett campus
of the Woods Hole Oceanographic Institution in Woods
Hole, Massachusetts, on November 20 and 21, 1992. Mea-
surements were obtained about 30 m offshore, and at a
mean water depth of 2 m. Capillary-gravity wave spectra
were acquired using the SLSG, long waves were recorded
from measurements obtained from a capacitive wire wave
gauge, wind speed and direction were obtained from an
R. M. Young Gill propeller-vane anemometer, and air and
sea temperatures were monitored with Analog Devices
monolithic semiconductor sensors (AD590). Microwave
backscatter was measured simultaneously in both X and K
bands with solid-state Doppler radars. Figure 1 shows the
layout of the instruments and thelr relative locations. In-
cluded in the figure is an arrow pointing north for refer-
ence. The dock extends out into the sound at about 130°
southeast of north. Since the experimental site is surround-
ed by peninsulas and islands, the maximum fetch was
about 7 km when wind was from the southeast.

2.2. Scanning Laser Slope Gauge

Three-dimensional frequency-wavenumber spectra of
capillary-gravity waves were measured using a SLSG
developed at Woods Hole Oceanographic Institution. The
SLSG was mounted on the LADAS ‘research catamaran,
which was moored between an offshore anchor and the
dock. The direction of the catamaran was adjusted during
the course of the experiment so as to keep the wind within
+90° relative to the bow of the catamaran. This was nec-
essary to avoid the influence of flow distortion introduced
by the pontoons of the catamaran, which affects adversely
the capillary-gravity wave field at the location of measure-
ment.

Since details of the instrument design, the calculation of
3-D spectra, as well as the error analyses are all reported
in a separate paper [Bock and Hara, 1994], here we briefly
summarize them. The instrument consists of a laser pod
and a head unit. The former is fixed beneath the water
surface and emits a laser beam upward that draws a square
pattern (10 cm x 10 cm) within 10 ms. The beam is re-
fracted at the water surface following Snell’s law, by the
local, instantaneous surface slope, and the angular dis-
placement of the beam is measured by the head unit. The
head unit consists of a large aperture aspheric lens, a
diffuser, and an array of silicon photodiodes that sense the
intensity of the laser beam. The intensities at each of the
photodiodes are used to determine beam location and
obtain slope estimates. The head unit is designed so that
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Figure 1. Layout of instruments and their relative locations.

the output signal is related to the surface slope but is inde-
pendent of the instantaneous water height. (In reality,
however, the output changed slightly, depending on the
water height; the resulting error was up to 3-4 dB in in-
stantaneous slope measurements and about 1-2 dB in cal-
culated spectra.) The two components of water surface
slope are measured at 129 discrete points around the per-
imeter of the square within one scan, and the measurement
is repeated at a frequency of 63 Hz. The results are used
to calculate autocorrelation functions of surface slopes with
three-dimensional discrete lags. The Fourier transform of
the autocorrelation functions then yields the three-dimen-
sional wavenumber-frequency spectrum for wavenumbers
between 31 and 990 rad/m and frequencies up to 31.5 Hz.

For our discussion below, let us define an orthogonal
three-dimensional, right-handed coordinate system with
coordinates x, y, and z. Let x and y lie in the plane of the
mean water surface, with x defined parallel with the stern-
bow body axis of the research catamaran on which the
SLSG is mounted. The z coordinate is defined to be up
and normal to the mean water surface, leaving y to be
defined by the right-hand rule. The wavenumber vector is
denoted by k = (k,, k) and its magnitude by k.

The most significant error in this measurement results
from slight inaccuracy of the mechanical control of the
laser beam location. Theoretical error estimates, as well as
laboratory measurements using mechanically generated
monochromatic waves, have revealed that small beam
displacements smear the slope spectrum in two orthogonal
directions (one parallel to k, axis and the other parallel to
ky axis) within the two-dimensional wavenumber domain
around the spectral peak, forming a cross-shaped pattern.
During our field measurements, low-frequency (low wave-
number) waves always contributed at a high level to slope
spectra and introduced significant errors along the k, and k,
axes. We have therefore excluded the results within +15°
from the two axes, and linearly interpolated the results.
Since directional spreading of the spectrum was always
gentle and smooth, and the results were averaged for at
least 10 min, the error introduced by this procedure is

estimated to be no more than 1 dB. (Later we will show
that a typical slope spectrum decreases by only 5 dB from
along-wind to cross-wind directions.) To further reduce
possible errors at low frequencies, we limit the range of
integration in the frequency domain when two-dimensional
wavenumber spectra are calculated. The integration range
has been chosen so that it does not affect the results be-
yond a wavenumber of 200 rad/m. The results at lower
wavenumbers are slightly underestimated by this proce-
dure, although the error is less than 2 dB at k = 100 rad/m.

Capillary-gravity wave spectra were first calculated for
each 10-min interval; further averaging was performed in
some of the results reported here. Time periods when the
wind direction was aligned more than 90° relative to the
shoreline or relative to the catamaran direction were ex-
cluded from the calculation, as well as those periods dur-
ing which meteorological conditions varied significantly.
In addition, the mean curvature of the water surface for
each square scan was removed by approximating the two
components of surface slope by linear functions in x and y
using a least squares method. This procedure effectively
removed the low frequency-low wavenumber components
and reduced the level of errors discussed above.

2.3. Radar Measurement

Radar backscatter measurements were made at X band
(10.525 GHz) and K band (24.125 GHz) using continuous
wave (CW) Doppler radars constructed from two M/A-
COM Gunnplexer transceivers (models MAB86735 and
MAS86843). The X band transceiver was attached to a
standard gain horn antenna (Scientific Atlanta model 12-
8.2), and the K band transceiver was attached to a K, band
antenna (Alpha Industries model 861KU/419) using a K
band to K, band transition. The radars were attached to an
upper rail on the dock at a height of 2.6 m above the
water surface, with the antennas oriented to radiate and
receive vertically polarized radiation at an incidence angle
of 45°. An aluminum plate was placed below the antennas
to eliminate near-nadir returns due to the antenna side-
lobes.
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Each transceiver consists of a Gunn diode oscillator and
a pair of Schottky diode mixers mounted so as to detect
the sum of the outgoing (transmitted) and incoming (re-
ceived) fields with a nominal phase difference of 90° be-
tween the two mixers. The output signals from the two
mixers were both sampled at a rate of 512 samples per
second using a Metrabyte DAS-8 A/D board installed in an
Intel 486-based computer. To reduce the data volume, the
average backscattered power was computed over 1-s inter-
vals and recorded on disk. However, the raw data were
also recorded for 1-s intervals once every 10 s for diag-
nostic purposes and to investigate the Doppler characteris-
tics of the backscattered signals.

The voltages on each of the mixer diodes may be repre-
sented by the sum of a constant or bias voltage V,; plus a
fluctuating component v, , i.e.,

V=V, +v, 1)

where V,, is typically of the order of 1/2 V and v, is typi-
cally on the order of a few millivolts. The bias voltage
was removed from each of the four radar channels and the
fluctuating component was amplified by a factor of 1000
prior to recording. The received power was then calculated
as

P =Z (v +v}) ()

where the sum was carried out over the set of 512 samples
collected during each 1-s interval. The Doppler spectrum is
formed by assigning v, and v, to the real and imaginary
parts of a complex array, after equalizing their variances
so as to correct for gain differences between channels, and
computing the Fourier transform of each set of 512 record-
ed samples.

For comparison with measurements of the surface eleva-
tion spectrum, an additional averaging of the 1-s samples
of backscattered power was done over 600 of these record-
ed samples. These values were then converted into esti-
mates of the radar cross section per unit area using the
calibration procedure described in the next section.

2.4. Radar Calibration

This section describes the procedure used to estimate
the radar cross section per unit area of the ocean surface
from measurements of the backscattered power. The proce-
dure involves the use of an aluminum sphere with a radius
a=17.5cm as a reference reflector. The sphere was sus-
pended at a distance of 2.18 m from the radar antenna and
allowed to swing slightly, so as to produce a Doppler shift
in the backscattered signal, which is used to distinguish
this signal from extraneous reflections from other objects
in the room. Signals were recorded with the sphere located
approximately at the center of the antenna pattern and at
equally spaced angles on either side of this location.

The received power from the calibration sphere can be
written as

p SOHGOH .

Pc =r, (41':)3": Oc (3)

where p, is the transmitted power, G,(6,0) is the trans-
mitting antenna gain, and G,(0,0) is the receiver antenna
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gain at the location of the sphere, A is the radar wave-
length, r, is the distance between the sphere and the an-
tenna, and O, = ma® is the radar cross section of the
sphere.

On the other hand, the received power from the ocean
surface is given by

P =P,73ﬂ

where G,, and G, are the peak transmitting and receiver
antenna gains, r, is the mean distance to the surface, A; is
the illuminated area, and G, is the radar cross section per
unit area of the surface.

These two equations can be combined to yield an ex-
pression for the radar cross section per unit area of the
surface as
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where P, is the backscattered power received from a refer-
ence reflector of cross section G, located at the center of
the antenna pattern.

If we approximate the two-way antenna patterns by the
Gaussian functions,

G(0.0)=G,(0.0)G,(0.0)=GJe "¢V re 7B (6)

and assume that the beamwidths B, and B, are sufficiently
narrow that variations in range and incidence angle within
the illuminated area may be neglected, the illuminated area
can be written as

L2

A=
cosO

G cos

f G(8,6)d0d¢ =

The beamwidths were estimated by fitting the logarithm of
the calibration signals to a quadratic function in each
plane, i.e.,

In(P)=a+b(x-x)* ®

where x is the azimuth or elevation angle and P, is the
corresponding backscattered power. From a total of five
measurements, including one on either side of the nominal
beam center in each (azimuth or elevation) plane, the two
beamwidths B, and B,, the center angles 6, and ¢,, and
the peak power P, can be determined.

Using this procedure, the beamwidths for the X band
antenna were estimated to be 8.5° in the E plane and 8.9°
in the H plane, and the corresponding values for the K
band antenna were found to be 6.2° and 9.3°. Thus the
illuminated areas for an antenna height of 2.6 m above the
water surface and an incidence angle of 45°, were 0.44 m’
for the X band and 0.34 m® for the K band. The peak
backscattered power for the aluminum sphere at a distance
of 2.18 m was 4.4x10® counts® at the X band and 4.0x10°
counts® at the K band. The radar cross section per unit area
(in decibels) is therefore given by
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o, =10log(P)-91.3dB )
for the X band and

6, =10log(P)-89.8dB 10
for the K band, where P, is the variance of the received

signal, in units of digital counts.
2.5. Meteorological Measurement

The anemometer was mounted on a 5-m mast, about
25 m away from the platform. Wind speed, wind direction,
air temperature, and water temperature were sampled at
11.2 Hz, and the mean values were computed for 10-min
periods. Additionally, the variance of the wind speed was
calculated for each 10-min period.

The wind stress was calculated by a bulk method
[Smith, 1988] from the measured wind speed and the air-
sea temperature difference. The Charnock constant was
chosen to be 0.017, which was appropriate for coastal
areas. We included stability corrections, but since the air-
sea temperature differences were small during the course
of our experiments, the corrections were insignificant. Both
the measured wind speed and the calculated wind stress
throughout the experiment are shown in Figure 2.

2.6. Long Wave Measurement

Long waves were measured using a capacitance wire
wave gauge. The wave height was sampled at 30 Hz, and
the frequency spectra and the mean square slope were
calculated for representative 10-min periods on the 2 days
during which measurements took place. The direction of
long waves near the spectral peak was visually determined,
and they were always in the direction of the wind, except
during wind direction transitions.

3. Results and Discussion
3.1. General Conditions

Meteorological conditions and capillary-gravity wave
spectra (Bragg wave spectral densities measured directly
by SLSG and those estimated from radar measurements
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Figure 2a. Wind speed (U, dashed line), friction velocity
(u., solid line), and wind direction (,, dotted line) during
the experiment. Data are averaged over 10 min.
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Figure 2b. Bragg wave spectral densities measured by
SLSG (times signs, X band Bragg wavenumber; crosses, K
band Bragg wavenumber) and estimated from radar mea-
surements using the theoretical linear coefficients shown in
section 3.5 (squares, X band; diamonds, K band). Data are
averaged over 10 min.

using the theoretical linear coefficients shown in section
2.5) are shown in Figure 2 for the entire period. Note that
Figure 2a is in a linear scale, while Figure 2b is in a loga-
rithmic scale; the time variability in Figure 2a is empha-
sized. On the first day (November 20), wind was weak and
the wind direction was initially normal to the shore but
shifted about 90° toward the evening. Bragg wavenumber
spectra decreased corresponding to the wind shift. On the
second day (November 21), wind was moderate and nearly
steady. Throughout the experiment the air-sea interface
was neutral to slightly unstable.

3.2. Three-Dimensional Wavenumber-Frequency
Spectra of Capillary-Gravity Waves

In Figure 3, typical wavenumber-frequency spectra of
the surface slope (S(k,)) are shown for 1-hour average
between 1055 and 1155 on November 21. The mean wind
direction (0y) was 210° and the mean wind friction veloc-
ity (u.) was 0.22 m/s. The full three-dimensional spectrum
was sliced along two different wave directions (0° and
90°) relative to the mean wind direction. The darkest area
at low wavenumbers (k < 100 rad/m) is the result of re-
moving the mean curvature of water surface at each square
scan. The dispersion relationship of capillary-gravity waves
at surface tension 73 mN/m is included as a solid line, and
for reference purposes, a dotted line shows the dispersion
relation for surface tension of 50 mN/m to represent a
slicked sea surface. The dislocation of spectral variance
relative to these dispersion relations is a result of Doppler
shifts owing to two influences. The first influence is that
of steady surface currents, which shifts the variance in one
direction in the frequency domain (either upward or down-
ward in Figure 3). The second influence is that of oscillat-
ing currents, the orbital motions of longer waves, and
smears the variance in both directions around the disper-
sion relation in the frequency domain. Based on observa-
tions of small near-surface drifters and small bubbles,
surface currents were estimated to be no more than 0.01-
0.02 m/s during the experiment. The calculated spectra
indeed show almost symmetric Doppler shift effects
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Figure 3. Wavenumber-frequency slope spectrum of capil-
lary gravity waves averaged between 1055 and 1155 on
November 21. Mean wind friction velocity is 0.22 m/s.
Mean wind direction is 210°. Relative power 0 dB corre-
sponds to 10® (m? s). Dispersion relations - at surface ten-
sion 73 mN/m and 50 mN/m are shown by solid line and
dotted line. (a) Along-wind direction; negative k corre-
sponds to waves propagating in wind direction. (b) Cross-
wind direction.
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around the dispersion relation, indicating insignificant
surface currents. The Doppler effect of long waves is so
strong that the slope spectral variance of wavenumbers
larger than 600 rad/m spreads over almost the entire fre-
quency domain. The apparent dislocation of variance at
very low wavenumbers is mainly due to the low wavenum-
ber resolution, which is only 31 rad/m.

The variance in the cross-wind direction is roughly 5 dB
lower than that in the along-wind direction up to wave-
number 700-800 rad/m. Beyond this wavenumber the
spectrum level becomes comparable to the noise level.
Although waves propagating against the wind are lower
than cross-wind waves at low wavenumbers, they appear
to be comparable or even higher at higher wavenumbers.
Further study is needed to confirm this last observation,
however.

3.3. Degree of Saturation of Capillary-Gravity Waves

Here we present the degree of saturation B(k) which
was originally proposed by Phillips [1985]. We first inte-
grate the three-dimensional slope spectra S(k,w) in the fre-
quency domain to obtain the two-dimensional slope wave-
number spectra S(k), and the results are multiplied by 212,
where the factor 2 is introduced because B(k) is defined
for the wave directions between +90° from the wind direc-
tion. The results are plotted against friction velocities at
three different wavenumbers in Figure 4. All the results
are averages over 10 min. For comparison, laboratory
measurements by Jdhne and Riemer [1990] are also
shown. At moderate wind stresses (u. > 0.15 m/s) both
results are reasonably consistent. As the stress decreases
(0.07 m/s < u. < 0.15 m/s), the spectral values at the low-
est wavenumber (k = 100 rad/m) remain steady in both
experiments, while at higher wavenumbers the laboratory
results decrease with friction velocity faster than our field
measurements. The reason for this discrepancy may be
partly attributed to the fact that wind stress was more
variable in the field environment than in laboratories, in
particular at low wind stresses. At wind stresses below
0.07 m/s our results continue to decrease, where no other
experimental data are available for comparison even in
laboratories. Although the results at such low winds are
close to the noise level of the instrument, the comparison
with radar measurements in the next section suggests that
wavenumber spectra are indeed small.

Next we show the degree of saturation at three different
wind stresses as a function of wavenumber in Figure 5
(along-wind) and Figure 6 (omnidirectional, i.e., integrated
over all the wave angles). It should be noted that the val-
ues at wavenumbers less than 100 rad/m are artificially
decreased due to removal of the mean curvature in the
spectrum calculation. This effect is no more than 1-2 dB at
wavenumber 100 rad/m. On the other hand, beyond
800 rad/m the measured spectrum becomes comparable to
the instrument noise level, and the calculated degree of
saturation increases rapidly because of the multiplied factor
K. At u. = 0.22 m/s (average between 1055 and 1155 on
November 21) the degree of saturation remains almost
constant, while at u, = 0.096 m/s (average between 1510
and 1550 on November 20) it decreases at wavenumbers
between 100 and 200 rad/m and remains steady at higher
wavenumbers. These features are similar to the laboratory
observations by Jdhne and Riemer [1990]. However, in
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Figure 4. Degree of saturation of capillary-gravity waves versus wind friction velocity. (a) Along-wind
direction. Diamonds, Jéihne and Riemer [1990], crosses, this study, k = 100 rad/m. (b) Along-wind di-
rection. Diamonds (k = 200 rad/m) and squares (k = 400 rad/m), Jihne and Riemer [1990]; crosses
(k = 200 rad/m) and times signs (k=400 rad/m), this study. (c) Omnidirectional. Diamonds, Jdhne and
Riemer [1990]; crosses, this study, k = 100 rad/m. (d) Omnidirectional. Diamonds (k = 200 rad/m) and
squares (k = 400 rad/m), Jihne and Riemer [1990]; crosses (k =200 rad/m) and times signs

(k = 400 rad/m), this study.

laboratory experiments. the spectrum decreases more rapid-
ly between 100 and 200 rad/m at the lower wind stress. As
a result, the two experiments disagree at higher wavenum-
bers at low winds as previously discussed. Another qualita-
tive similarity between the two experiments is the presence
of a cutoff wavenumber around 600-800 rad/m, beyond
which the degree of saturation appears to decrease rapidly.
At the lowest wind stress (u. = 0.055 m/s, average be-

tween 1758 and 1848 on November 20) the calculated de-
gree of saturation is much lower in the entire wavenumber
domain. ) ‘

From the SLSG measurements, we can also calculate
frequency spectra of surface slope with a Nyquist frequen-
cy of 31.5 Hz. The results are shown in Figure 7 for the
same three wind stresses. If we assume no Doppler shifts
and surface tension of 73 mN/m (corresponding to a clean
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Figure 5. Degree of saturation of capillary-gravity Waves
versus wavenumber at three wind stresses. Along-wind
direction.

surface), it is possible to estimate the omnidirectional de-
gree of saturation from these frequency spectra using the
dispersion relations. The results are plotted in Figure 6 by
dotted lines. It is evident that the Doppler effects by long
waves cause a significant difference between the degree of
saturation estimated from the frequency spectra and the
direct measurements, in particular, at higher wavenumbers.
For example, the significant drop of B(k) between wave-
numbers 100 and 200 rad/m at the wind stress 0.096 m/s

L — T T T T
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Figure 6. Degree of saturation of capillary-gravity waves
versus wavenumber at three wind stresses. Omnidirection-
al. Solid lines, direct measurement; dotted lines, estimate

from frequency slope spectrum. Both are measured by
SLSG.
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Figure 7. Frequency slope spectrum (S(f)) of capillary-
gravity waves. Solid lines, direct measurement by SLSG;
dotted lines, estimate from wave height spectrum measured
by wire gauge.

disappears if B(k) is estimated from the frequency spec-
trum. We also note that the discrepancy of the frequency
slope spectra between our measurements and the laboratory
measurements by Jédhne and Riemer [1990] is more dis-
tinct compared with that of wavenumber slope spectra,
suggesting that a stronger Doppler shift was present in the
field environment than the laboratory environment.

3.4. Long Wave Measurement

Long waves were measured independently using a ca-
pacitance wire wave gauge. Calculated wave height fre-
quency spectra for two 10-min periods are presented in
Figure 8. The result at u, = 0.25 m/s was obtained between
1136 and 1146 on November 21, and that at w. =
0.067 m/s was the average between 1749 and 1759 on
November 20. Again assuming no Doppler shifts and a
clean surface, the frequency slope spectra can be estimated
from these height spectrum measurements, and the results
are shown in Figure 7 by dotted lines. The direct slope
measurement at u. = 0.22 m/s is consistent with the esti-
mate from the height spectrum at u. = 0.25 m/s, except for
the higher end of frequencies. This suggests that the Dopp-
ler shift is significant only at high frequencies. (Note that
frequency 10 Hz corresponds to wavenumber 265 rad/m.)
On the other hand, the slope spectrum estimate from the
height measurement at the lower wind stress (u. =
0.067 m/s) is entirely different from the direct slope mea-
surements. While the discrepancy at higher frequencies is
attributed to a strong Doppler shift, that at lower frequen-
cies cannot be easily explained. One of the likely reasons
is that low-frequency oscillations of the research catamaran
(and hence the SLSG) contributed low-frequency compo-
nents to slope estimates.
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3.5. Comparison With Radar Measurement

According to the Bragg scattering theory of the micro-
wave signal at slightly disturbed air-sea interface, the
normalized cross section of the return signal at intermedi-
ate radar incidence angle and vertical polarization is pro-
portional to the wavenumber spectrum of surface waves at
the resonant Bragg wavenumber [Plant, 1990], and is ex-
pressed as

o,=16nk, |g,(6 ) W(2k,sin6,,0) an
where G, is the normalized cross section, k, is the radar
wavenumber ¥ is the two-dimensional wavenumber vari-
ance spectrum of surface displacement, and @, is the radar
incidence angle. The Bragg scattering geometric coefficient
gy is given as

£,8)=

(e- l)[E(l +sin%0 )—s1n26 ]cos

[ecoseo +\/e -sin’9, I

where € =¢g,/g,, and €, €, are the complex permittivi-
ties of seawatei' and. air, respectively. We have used
€ = 44+35i for X band (10.5 GHz) and & = 20+27i for K
band (24 GHz), both at 10°C. Then the normalized cross
section is calculated to be

a12)

6,=1.3x10"xy(310,0)

13)
for the X band and
6,=3.1x10"xy(710,0) (14)

for the K band, where ¥ has units of m* and the wave-
number has units of rad/m. In Figure 2 we show the Bragg
wave spectral densities measured directly by SLSG and
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those estimated from the radar cross section. Throughout
the experiment, agreement between these two measure-
ments is satisfactory. In Figure 9 we plot the Bragg wave-
number spectra against corresponding radar cross section
as well as the theoretical linear coefficients. Again a strong
correlation between the two measurements is. confirmed. In
particular, the agreement is excellent at hlgher wind stress-
es and longer wavelengths (X band). This comparison is
the first strong evidence reported in a field environment
that the Bragg scattering theory is applicable for the esti-
mate of the radar backscatter at an intermediate incidence
angle with vertical polarization.

4. Concluding Remarks

A newly developed scanning laser slope gauge was used
for the first time in a field environment to measure the
three-dimensional wavenumber-frequency slope spectrum
of capillary-gravity waves. Although the experimental site
was close to the shore with a relatively low level of long
waves, and the range of meteorological conditions was
limited, this measurement was one of the first of its kind
and the results revealed many interesting features of wind-
generated capillary-gravity waves. At moderate wind
stresses, our results agree reasonable well with laboratory
measurements in a large wind-wave tank by Jihne and
Riemer [1990]. However, at low wind stresses our field
measurements show much higher values of the degree of
saturation than Jidhne and Riemer’s, possibly because of
the larger variability of the wind stress in our case. On the
other hand, the degree of saturation estimated from the
frequency slope spectra without including the Doppler shift
effect differs significantly from that obtained in the labora-
tory experiment even at moderate winds, because of much
stronger Doppler shifts by long waves in the field. The
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Figure 9. Comparison between Bragg wavenumber spec-
trum and normalized cross section. Squares, X band; dia-
monds, K band; solid line, theoretical ratio at X band; dot-
ted line, theoretical ratio at K band.
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wavenumbet-frequency spectra also exhibit strong Doppler
smearing due to long waves. The direct comparison be-
tween the microwave radar backscatter and the wavenum-
ber spectrum at the resonant Bragg wavenumber shows
reasonable agreement throughout the experiment; their
values span over 1 order of magnitude. In particular, they
compare remarkably well at moderate winds and at the X
band. These results strongly support the validity of the
Bragg scattering theory of microwave signal at the air-sea
interface at least within the range of meteorological condi-
tions reported in this experiment.

Further measurements of capillary-gravity wave spectra
at different environmental conditions are definitely worth-
while. The mean spectrum level can be influenced not only
by the wind stress, but also by the stability of the air-sea
interface, by the presence of surface films, as well as de-
pending on the condition of long waves. Direct measure-
ment of the capillary-gravity wave spcctra such as this
study will contribute to further understandmg of the dy-
namics of wind-generated capillary-gravity waves; as well
as of the microwave radar backscatter at the ocean surface.
In addition the instrument can be used to observe directly
the modulation of capillary-gravity wave spectra by long
waves. Although numerous measurements of the modula-
tion of radar backscatter by long waves (modulation trans-
fer function) are available, the modulation of the Bragg
wave spectrum by long waves (hydrodynamic modulation
transfer function) is still poorly understood because of the
complex geometrical effects associated with radar measure-
ments which significantly changes the apparent modulation
of the radar backscatter [e.g., Plant, 1989]. Further under-
standing of the modulation mechanism of capillary-gravity
waves by long waves is essential for the imiproved inter-
pretation of remote sensing data by synthetic aperture
radar, real aperture radar, and other radar measurements.

Since the experiments reported here, the SLSG has been
further improved to increase the resolution and to reduce
the error level. The instrument was deployed in the field
experiments off Cape Hatteras in June 1993, and numerous
data were accumulated in an open ocean environment
under various meteorological and long wave conditions.
The results will be analyzed and reported in the near fu-
ture. In particular, it is of great interest to investigate
whether the results obtained at the near-shore site might
show any systematic differenceés from those obtained at a
site further offshore. In addition, the data obtained by the
improved system are of such quality that it may be possi-
ble to investigate the spatial/temporal variability of the
surface capillary-gravity wave field in response to the
variable environmental forcmg, and its effect on the radar
backscatter, including radar sea spikes.
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