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Wind-wave tank measurements of bound and freely propagating

short gravity-capillary waves

Martin Gade,1 Werner Alpers,1 Stanislav A. Ermakov,2 Heinrich H\'jhnerfuss,3

and Philipp A. Lange*

Abstract. Measurements of the surface elevation and slope and of the backscattered radar
power at X and Ka band were carried out in a wind-wave tank with mechanically generated
gravity waves as well as with wind waves on slick-free and slick-covered water surfaces. The
measured radar Doppler shifts show that on a slick-free water surface, bound gravity-capillary
(X and Ka band Bragg) waves are generated at the crests of steep gravity waves with
frequencies between 3 and 5 Hz. However, steep gravity waves with a frequency of 2Hz do
not generate bound Ka band Bragg waves, and the Kaband backscattering from these waves
is associated with wave breaking. In the wind speed range from 1.5 to 10m/s, bound gravity-
capillary waves contribute to the X and Ka band backscatter from slick-free water surfaces.
The fraction of bound to freely propagating Bragg waves depends on, among other things,
radar frequency, wind speed, wave amplitude of the dominant water wave, and slick coverage.
In particular, the strong damping of the gravity waves by the slick at wind speeds of
approximately 8 m/s leads to the disappearance of the bound Bragg waves and therefore to a
reduction of the X and Ka band Doppler shifts to values corresponding to freely propagating
Bragg waves. It is concluded that the study is pertinent to the understanding of former results
of radar backscattering measurements in the presence of oceanic surface films.

1. Introduction

It is well known that steep gravity waves on the water sur-
face with wavelengths less than 0.5 m can generate short
gravity-capillary waves near their crests, which then propagate
along the steep forward wave slopes [e.g., Longuet-Higgins,
1963; Phillips, 1977; Plant, 1997]. Since they do not propa-
gate with their own phase velocity but with the (higher) phase
velocity of the generating (parent) wave, they are called bound
or parasitic waves. Their generation is linked to the fact that
large-amplitude gravity waves have nonsinusoidal profiles
and thus contain higher order harmonics. These harmonics are
bound waves which, in general, do not obey the dispersion
relation for free gravity-capillary waves. They propagate with
the phase velocity of the Oth-order (parent) wave and since the
phase velocity of these parent gravity waves is higher than the
minimum phase velocity of water waves, some high-order
harmonics may satisfy the dispersion relation for gravity-
capillary waves. The higher order harmonics are identical to
free surface waves traveling at their intrinsic phase and group
velocity, and they form a wave packet moving along the steep
gravity wave profile.
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The generation of bound (parasitic) capillary waves (i.e.,
short waves which are generated at the crests of steep gravity
waves and which propagate with the phase velocity of the
gravity waves) has been the subject of several theoretical in-
vestigations [Longuet-Higgins, 1963; Crapper, 1970; Ruvin-
sky and Freidman, 1981; Ruvinsky et al., 1991; Longuet-
Higgins, 1992] and has also been observed in laboratory ex-
periments [Cox, 1958; Chang et al., 1978; Ermakov et al.,
1986, 1988; Ebuchi et al., 1987, 1992; Perlin et al., 1993;
Melville et al., 1995; Rozenberg et al., 1996]. In this paper,
we complement these measurements by addressing a problem
that is of specific importance for the interpretation of radar
backscatter measurements from the ocean surface, namely,
when it is covered by a monomolecular slick.

According to Bragg scattering theory [Wright, 1968; Va-
lenzuela, 1978], the backscattered radar power, which is usu-
ally measured in terms of the normalized radar cross section
(NRCS or ¢y), at intermediate incidence angles is proportional
to the spectral power density of water surface waves with
wavelengths which are comparable to the radar wavelength.
As a consequence, water wave damping by monomolecular
surface films gives rise to corresponding reductions of the
NRCS. Recently, radar backscattering measurements were
carried out with a multifrequency/multipolarization scat-
terometer aboard a helicopter (called HELISCAT) over the
North Sea [Hiihnerfuss et al., 1994, 1996; Gade, 1996; Gade
et al., 1998¢c; V. Wismann et al., The damping of short grav-
ity-capillary waves by monomolecular sea slicks measured by
airborne multifrequency radars, submitted to International
Journal of Remote Sensing, 1998, hereinafter referred to as
Wismann et al., 1998]. These experiments have shown that
the damping of short gravity-capillary waves by oceanic sut-
face films cannot be explained solely by Marangoni wave
damping theory. Also other mechanisms contribute to the
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wave damping, e.g., the reduction of the wind friction velocity
[Gade, 1996; Gade et al., 1998a,c; Wismann et al., 1998], the
reduction of wave breaking, and the modification of nonlinear
wave-wave interactions in the presence of surface films
[Alpers and Hiihnerfuss, 1989; Gade et al., 1998b].

In section 2 we briefly describe the theoretical background
and give a short summary of the results obtained by other in-
vestigators on the generation of parasitic capillary waves. The
laboratory facility and the measuring devices are described in
section 3. Experimental results on the generation of parasitic
waves by mechanically generated and wind-generated gravity
waves (without slicks) are presented in sections 4.1 and 4.2,
respectively. The experimental results from wind-generated
waves with slicks are summarized in section 4.3. The respec-
tive experimental results are discussed in sections 5.1, 5.2,
and 5.3. Finally, a summary and concluding remarks are given
in section 6.

2. Background

Theoretical investigations of the generation of small capil-
lary waves at the crests of gravity waves have been carried
out, for example, by Longuet-Higgins [1963], Crapper
[1970], Longuet-Higgins and Cleaver [1994], and Longuet-
Higgins et al. [1994]. Their results show that the surface ten-
sion at the crests of gravity waves plays an important role in
the generation of bound waves by steep gravity waves. By ap-
plying a small perturbation theory, Longuet-Higgins [1963]
has shown that the product of surface tension, 7, and local
curvature at the crest of the gravity waves, x, controls the
generation of bound waves.

In laboratory experiments carried out with steep mechani-
cally generated gravity waves (the wave steepness is defined
as the ratio of wave amplitude and wavelength), it was found
that the wavelength of the bound waves decreases with in-
creasing distance from the gravity wave crest [Chang et al.,
1978], which is in accordance with the theory of Longuet-
Higgins [1963]. The (intrinsic) frequencies of the bound
waves were found to lie between 50 and 300 Hz. Other meas-
urements were carried out by Ebuchi et al. [1987, 1992] using
a 10.5 GHz (X band) scatterometer at wind speeds between
3 and 14 m/s. They also found X band Bragg waves (with
wavelengths of about 3 cm) traveling with the phase velocity
of the dominant waves.

The damping of small sinusoidal gravity and gravity-
capillary water waves by monomolecular surface films can be
explained by Marangoni damping theory [Cini and Lom-
bardini, 1978; Lucassen, 1982; Cini et al., 1983; Alpers and
Hiihnerfuss, 1989]. According to this theory, damping curves
can be derived, which describe the damping of water waves
by monolayers as a function of frequency. For monomolecular
surface films this dependence shows a pronounced maximum
at intermediate water wave frequencies (between 3 and 8 Hz)
[Cini et al.,, 1983; Alpers and Hiihnerfuss, 1989; S.A. Er-
makov et al., preprint, 1995]. Moreover, the coverage of the
water surface by a surfactant leads to a reduction of the wind
friction velocity and therefore to a lower energy input by the
wind [e.g., Mitsuyasu and Honda, 1982; Gade et al., 1998a].
In the presence of a monomolecular surface film the surface
tension at the wave crests is also strongly reduced [Lange and
Hiihnerfuss, 1984]. As a consequence of this reduction and of
the reduced steepness of the generating gravity waves, we can
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expect a lower generation of bound (parasitic) waves at the
crests of the gravity waves. Our data show that this is indeed
the case.

During our laboratory experiments, measurements of the
radar backscattering were performed with two scatterometers
operating at 9.8 GHz (X' band) and 37 GHz (Ka band). Both
scatterometers were transmitting and receiving at vertical
(VV) polarization and were illuminating the water surface at
intermediate incidence angles (35° and 53°, respectively). For
these incidence angles the radar backscattering from the water
surface can be described, to first order, by Bragg scattering
theory [Wright, 1968; Valenzuela, 1978]. According to this
theory, the normalized radar cross section (NRCS) is propor-
tional to the spectral power density of the Bragg waves, that
is, of those surface waves of wavelengths Ap that obey the
Bragg resonance condition
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where A, denotes the radar wavelength and ¢ denotes the in-
cidence angle. For a slick-free water surface the NRCS ¢ can
be written as

oo = |ew[167kicosts Piky) @

where k&, denotes the radar wavenumber and
Hkp) = ERKs)+E(-Kg)] denotes the spectral power density
of the Bragg waves, with wavenumber kg = 27/4; , which are
propagating in and against the antenna look direction. The
function |gw* is the so-called Bragg coefficient for vertical
transmission and reception, and it depends on radar wave-
number, the relative dielectric constant, & between the water
and the air, and incidence angle [see Valenzuela, 1978].

3. Experimental Setup

All of the measurements reported herein were carried out in
the wind-wave tank facility of the University of Hamburg.
The tank is 26 m long and 1 m wide. It is filled with freshwa-
ter and has a mean water depth of 0.5 m. The wind tunnel
height is 1 m, and the effective (maximum) fetch is 19 m. All
of the measurements reported herein were performed at a
fetch of 15.5 m. Wind speeds up to 25 m/s are generated by a

radial blower, while mechanical waves with frequencies be-
tween 0.7 and 2.5 Hz are generated by a wave flap. In the ex-
periments reported herein, mechanical waves with frequencies
above 2.5 Hz were generated using a wave follower that was
converted to a wave generator by attaching a Styrofoam pad-
dle to it and by driving it with a sinusoidal power input. The
wave generator was mounted on the roof of the tank 4 m up-
wind of the measuring area.

The wind-wave tank has a beach for wave damping at the
leeward end (see Figure 1). In the measurement area (where
the footprints of both radars and the wave gauges are located),
the metallic plates of the tank’s roof were replaced by Styro-
foam diagrams to ensure the unattenuated transmission of the
microwaves. Plates of microwave-absorbing material were
attached to the Styrofoam diagrams in the direction of the
specular-reflected radar beams (see Figure 1). For more de-
tailed information about the wind-wave tank the reader is re-
ferred to the work of Hiihnerfuss et al. [1976].
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Figure 1. Schematic side view of the wind-wave tank of the University of Hamburg. The numbers denote the
Following 1, blower; 2, honeycomb for producing laminar airflow; 3, wave flap; 4, anemometer; 5, pump and
pipette; 6, wave follower; 7, Styrofoam and absorber; 8, laser and wire; 9, laser optic; 10, X band antennae;
11, Ka band; 12, beach and overflow baffle; and 13, diffuser.

In order to simulate reliably the morphological structure of
natural sea slicks [Hiihnerfuss et al., 1996], monomolecular
slicks were produced by distributing oleyl alcohol (OLA) on
the water surface by using the spreading solvent ethanol. A
75 mmol/L. solution was deployed at 5.5 m fetch, applying a
pipette that was fixed such that the drops fell from a height of
a few millimeters without plunging deeply below the water
surface. This allowed for the optimum spreading of the
monolayer without significant losses to the bulk water. The
films were transported by waves and/or wind toward the lee-
ward end of the tank. A minimal overflow was maintained
with a permanent water inflow at the windward end of the
tank (Figure 1).

The radar measurements were performed with two upwind
looking radar antennae for transmission and reception. We
used a coherent continuous wave (CW) 9.8 GHz (X band)
scatterometer of the University of Hamburg, operating at an
incidence angle of 35°. The X band microwave beam was fo-
cused on the water surface by means of a bistatic parabolic re-
flector construction mounted on a metal frame that was fixed
to the roof of the hall where the wind-wave tank is located.
Additionally, a CW 37 GHz (Kaband) scatterometer of the
Russian Academy of Sciences, operating at an incidence angle
of 53°, was used in this experiment. The Ka band microwave
beam was focused on the water surface by using a plastic lens.
The dimensions of the X and Ka band radar footprints at the
water surface were 16cm X 12c¢m and 32c¢cm X 19 cm, re-
spectively. The parameters of both scatterometers are listed in
Table 1.

Wave heights were measured using a resistant-type wire
wave gauge [Lobemeier, 1981] with a 0.075 mm diameter
tungsten wire whose penetration point into the water was lo-
. cated at a distance of 22 cm laterally from the footprints of the

scatterometer antennae (i.e., at the same fetch length). Wave
slopes were measured using a laser slope gauge [Lange et al,
1982} whose footprint was in the center of the footprints of
the scatterometer antennae. The frequency resolutions of the
wire gauge is 30 Hz, and that of the laser slope gauge is better
than 100 Hz. The reference wind speed U,s was measured at
the wind entrance 65 cm above the mean water surface level
using a propeller-type anemometer.

4. Results

The influence of the coverage of the water surface by
monomolecular surface films on the measured wave spectra as
well as on the radar backscatter was already investigated in
wind-wave tank experiments by Hiihnerfuss [1986], Hiihner-
fuss et al. (1981, 1982, 19871, Feindt [1985], Gade [1996],
and Gade et al. [1998a] using mechanically-generated as well
as wind-generated waves. With the present investigation we
complement earlier measurements by addressing a new prob-
tem that seems to be of relevance to wave damping by bio-
genic slicks floating on the ocean surface. The measurements
reported herein were carried out in three steps: (1) generation
of bound (parasitic) waves by mechanically generated gravity
waves on a slick-free water surface, (2) generation of bound
waves by wind-generated waves on a slick-free water surface,
and (3) generation of bound waves by wind-generated waves
on a water surface covered with OLA.

4.1. Mechanically Generated Waves

In a first step we studied the generation of bound
(parasitic) waves at the crests of gravity waves that were me-
chanically generated. For this purpose we used the above
mentioned converted wave follower for waves with frequen-

Table 1. Parameters of the Two Scatterometers Used in the Experiment and the Parameters of the Bragg Waves

Frequency, GHz
Wavelength, cm
Polarization

Beam focusing, cm

Radar Band
X Ka
9.8 37.0
3.06 0.81
\'AY \'AY
bistatic parabolic reflector plastic lens
(D 56) (2 10)

Antenna patiern (range/azimuth), deg
Incidence angle, deg

Footprint size (range/azimuth), cm X cm
Bragg wavelength, cm

Bragg wavenumber, rad/m

Phase velocity of Bragg waves, cm/s

4/3(1-way, 3 dB)
35

6 (2-way, 3 dB)
53

16 x12 32x19
2.67 0.51
235 1239
243 314
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Table 2. Parameters of the Mechanically Generated Waves
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Wave Frequency, Hz

2 3 4 5
Wavelength, cm 39.1 175 10.0 6.7
Wave generator wave flap converted converted converted
wave follower wave follower wave follower
Mean amplitude range, cm 0.16 - 1.30 0.06 -0.66 0.02-0.33 0.02 -0.15
Threshold amplitude, cm ~0.60 ~0.32- ~0.18 ~0.11
Threshold steepness ~0.015 ~0.018 ~0.018 ~0.017

cies of 5, 4, and 3 Hz, and we used the wave flap for waves
with a frequency of 2 Hz. For each wave frequency the am-
plitude range was chosen in such a way that the threshold am-
plitude (i.e., the amplitude where the generation of bound
waves was measured) was well covered. In Table 2 the wave-
lengths and amplitude ranges as well as the experimental val-
ues for the threshold amplitude and threshold steepness (i.e.,
the ratio of the threshold amplitude and the wavelength) are
listed.

Figure 2 shows the slope spectra of those waves that were
generated by the converted wave follower oscillating at a
fixed frequency of 4 Hz but having variable amplitudes. The
mean amplitudes of the 4 Hz (basic) waves are inserted into
each diagram. Figures 2a and 2b are obtained at amplitudes
lower than the threshold value (for the generation of bound
waves), and Figures 2c and 2d are obtained at amplitudes
higher than the threshold value (see Table 2). For low ampli-
tudes the spectra contain quasi-discrete harmonics of the
(steep) gravity waves, whereas at the threshold amplitude the
discrete spectrum changes to a continuous spectrum. For am-
plitudes higher than the threshold value a region of reduced
falloff in the slope spectrum can be delineated in Figures 2c
and 2d between 60 and 100 Hz. This region is followed by a
cutoff in the spectrum at frequencies above 100 Hz. It is

104 a)
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10+ d
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Figure 2. Slope spectra of water waves mechanically

generated by the converted wave follower with a frequency of
4Hz and varying amplitudes. For (a) and (b) the wave
amplitudes (0.12 and 0.15 cm) are smaller than the threshold
amplitude for the generation of bound waves. For (¢) and (d)
the amplitudes (0.23 and 0.26 cm) are larger than the
threshold amplitude (see Table 2).

worth noting that the threshold steepness has almost the same
value for all wave frequencies (sece Table 2).

The results reported herein show that there exists a thresh-
old amplitude of the 4 Hz gravity waves, where the generation
of bound waves starts (approximately 0.2 cm in our measure-
ments; see Table 2). This behavior confirms the previous re-
sults of Ermakov et al. [1986], who observed a threshold-like
excitation of parasitic capillary ripples by gravity waves
(when these gravity waves are steep enough). Following
Donelan and Hui [1990 and references therein), the transition
from a discrete to a continuous spectrum results from an in-
stability of the gravity waves [Mc Lean, 1982]. Manifestations
of this modulational instability [Benjamin and Feir, 1967] are
the sideband peaks adjacent to the fundamental frequency (see
Figures 2¢ and 2d). Ermakov et al. [1986] concluded from
their measurements that the dominant parasitic waves have
frequencies between 60 and 80 Hz. The spectra measured at
amplitudes higher than the threshold value (see Table 2)show
significantly enhanced energy in the 60-80 Hz band (see Fig-
ure 2), which can be attributed to bound (parasitic) waves. It
is worth noting that this region of reduced falloff is most
prominent for wave frequencies between 5 and 4 Hz. For 2Hz
waves (not shown here) this peculiarity is absent, which we
interpret as a consequence of the fact that 2 Hz waves do not
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Figure 3. Relative backscattered power (RBP) from the water
surface measured at X and Kaband, vertical (VV)
polarization measured in the wind-wave tank with the
antennae looking against the propagation direction of the
waves. The RBP is plotted as a function of the amplitude of
the (parent) gravity wave with a frequency of (a) 4 Hz and (b)
2 Hz.
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generate parasitic capillary ripples, at least under the present
experimental conditions.
As examples for the relative backscattered power (RBP) at
X and Ka band the results measured at wave frequencies of 4
and 2 Hz and at wave amplitudes between 0.25 and 3.2 cm are
shown in Figure 3. We found that for frequencies of 3, 4, and
5 Hz, the dependence of the backscattered radar power at X
and Ka band on the mean wave amplitude strongly increases
near the threshold amplitude (about 0.18 cm in the case of
"4 Hz, waves; see Figure 3a) and saturates or increases very
slowly for larger amplitudes. For the 2 Hz wave (Figure 3b)
the increase in the X band RBP with mean wave amplitude is

less pronounced, and for the Ka band there is no increase. The
X and Ka band Donnler snectra shown in Ficure 4 and Fmr-

Jx Al faa alil 2/ 0ppatl splliuia SiVwal 1 fuguic aliQ r

ure 5, respectively, were measured at amplitudes higher than
the threshold values (compare Table 2). The (mean) propaga-
tion velocity of the respective scatterers is shown on the hori-
zontal axis at the top of Figures 4 and 5. Moreover, the solid

vertical linag included into each dizoram denote the theoreti-
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cal Doppler shift for freely propagating Bragg waves. For 3, 4,
and 5 Hz waves the maxima in the X and Kaband Doppler
spectra do not correspond to the phase velocities of freely
propagating Bragg waves (24.3 and 31.4 cn/s, respectively)
but to a higher propagation velocity (see section 5.1). A broad
.spectral signal at negative frequencies in the X band Doppler
spectrum was found for the 3 Hz gravity waves. A comparable
Doppler signal was also measured by Keller et al. [1974],
who interpreted it as being caused by Bragg waves, which
propagate in the opposite direction as the mechanically gener-
ated waves and which result from reflections of the gravity
waves at the tank beach. However, the X band Doppler spec-
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Figure 4. X band Doppler spectra for mechanically generated
waves of different frequencies and amplitudes. Inn all cases the
wave amplitude is higher than the threshold value for the
excitation of bound waves. The scale at the top shows the
corresponding propagation velocity of the scatterers - (see
equation (3)). The solid vertical lines included into each
diagram denote the theoretical Doppler shift for freely
propagating Bragg waves.
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Figure 5. Same as Figure 4 but for Ka band Doppler spectra.

tram for the 2 Hz waves exhibits a new feature. In addition to
the high-frequency peak described above, a low-frequency
peak appears at a Doppler frequency of about 5 Hz (see Figure
4d). In the Ka band Doppler spectrum, no such peak can be
delineated at the corresponding Doppler frequency (about 80-
100 Hz, see Figure 5). This finding is in accordance with our
assumption that bound capillary waves are effectively not
generated by gravity waves, which have (intrinsic) frequencies
lower than approximately 2.5 Hz, that is, wavelengths longer
than 25-30 cm. Instead of a spectral peak at about 80-100 Hz,
a peak appears at a (low) frequency of about 30 Hz. These
low-frequency peaks in both the Ka band and the X band
Doppler spectra result from scatterers having the same propa-
gation velocity (about 15 cm/s).

~ 4.2. Wind Waves Without Slicks

As a next step, we expand the results obtained with me-
chanically generated gravity waves to the (more realistic) case
of wind-generated waves. In order to investigate whether or
not the results presented in section 4.1 can be transferred to
wind-generated waves, we performed the measurements at
wind speeds between 1.5 and 10 m/s. Figure 6 shows the de-
pendence of the frequency, mean amplitude, and downwind
slope of the dominant wave on wind speed (Figures 6a, 6b,
and 6c¢, respectively). The frequency of the dominant wave
was obtained by calculating the first moment of the wave
height spectrum measured with the wire gauge. The ampli-
tudes and slopes of the dominant waves were obtained by in-
tegrating the corresponding spectral peaks of the amplitude
and slope spectra, within their 3 dB limits, respectively. At a
wind speed of 2 m/s the frequency of the dominant wave is
larger than 5 Hz and decreases to 2 Hz at a wind speed of ap-
proximately 9 m/s. Thus the frequency range of the mechani-
cally generated gravity waves used in the experiments de-
scribed in section 3 is the same as the range of the frequencies
of the dominant waves at wind speeds between 2 and 10 m/s.
Note the strong increase in the downwind slope (Figure 6¢) at
wind speeds between 1.5 and 3 m/s and the saturation or weak
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Figure 6. Dependence of the (a) frequency, (b) mean

amplitude, and (c) mean downwind slope of the dominant
wave in the wind wave spectrum on wind speed.

increase in the downwind slope above 3 m/s. This behavior
corresponds to an increase in the high-frequency part of the
downwind slope spectra shown in Figure 7. At wind speeds of
4, 6, and 8 m/s the slope spectra exhibit a reduced falloff at
frequencies above 10 Hz, and they exhibit a stronger falloff at
frequencies above approximately 80 Hz. This is in agreement
with the wave spectra of Jihne and Riemer [1990] and Apel
[1994]. Note that these features are similar to those obtained
for the 3-5 Hz mechanically generated waves at amplitudes
higher than the threshold value (compare Figure 2; however,
caution has to be applied when comparing the slope spectra
for mechanically generated and wind-generated waves, since
the laser slope gauge measures "spectra of encounter"). We
will show in section 5.2 that this can be interpreted as a mani-
festation of the generation of bound waves.

The X and Ka band Doppler spectra measured at different
wind speeds are depicted in Figures 8 and 9, respectively.
Again, the solid vertical lines included in each diagram denote
the theoretical Doppler shift for freely propagating Bragg
waves (the increase in this Doppler shift with wind speed is
due to the wind-induced surface drift; see below). At a wind
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Figure 7. Slope spectra of wind-generated waves at different
wind speeds measured in the wind-wave tank on a slick-free
water surface.
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Figure 8. X band Doppler spectra at different wind speeds
measured in the wind-wave tank when the water surface is
slick-free. The scale at the top shows the corresponding
propagation velocity of the scatterers (see equation (3)). The
solid vertical lines included into each diagram denote the
theoretical Doppler shift for freely propagating Bragg waves
(taking into account the wind-induced surface drift).

speed of 2 m/s, corresponding to a wind friction velocity, u,,
of 11.7 cm/s (Figures 8a and 9a) the locations of the maxima
in the Doppler spectra (Doppler peaks) agree well with those
measured for mechanically generated waves with a frequency
of 5Hz (13 and 67 Hz at X and Ka band, respectively; see
Figures 4a and 5a). At a wind speed of 4 m/s (u, = 24.2 cm/s)
the Doppler peaks lie in the same frequency range as those
obtained from 3 Hz mechanically generated waves (Figures 4
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Figure 9. Same as Figure 8 but for Ka band.
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and 5); however, they are broader for the wind-generated
waves. At wind speeds above 4 m/s (u, > 24.2 cm/s) the spec-
tral peak in the X band Doppler spectra is broadened, a find-
ing that can be explairied by the superposition with an addi-
tional spectral peak at about 10 Hz (propagation velocity of
26.7 c/s), corresponding to free wind-generated X band
Bragg waves. The Ka band Doppler spectra for U,;> 4 m/s
are broad and do not clearly exhibit the presence of a (second)
low-frequency peak at about 65 Hz, corresponding to the peak
in the X band Doppler spectrum.

4.3. Wind Waves With Slicks

The third step of our measurements was to investigate the
influence of a slick coverage of the water surface on the gen-
eration of the different kinds of Bragg waves (bound or freely
propagating). For this purpose, another set of measurements
was performed in the wind-wave tank with a water surface
covered with OLA. The influence of the coverage of the water
surface by monomolecular surface films has already been in-

vestigated by Gade et al. [1998a], who found that on a slick-
covered water surface no (wind generated) waves were meas-
ured at wind speeds lower than 4 m/s. Thus we concentrated
on the wind speed range between 4 and 10 m/s for our meas-
urements with slick-covered water surfaces.

The Doppler spectra recorded at X and Ka band are de-
picted in Figures 10 and 11, respectively, for wind speeds of
4, 6, 8, and 10 m/s (corresponding to wind friction velocities
between 15.2 and 38.0 cm/s). The solid vertical lines included
into each diagram denote the theoretical Doppler shift for
freely propagating Bragg waves. (Owing to a reduced wind
friction velocity and thus to a reduced surface drift, the theo-
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Flgure 10. X band Doppler spectra at different wind speeds
measured in the wind-wave tank on a water surface covered
with oleyl alcohol (OLA). The scale at the top shows the
corresponding propagation velocity of the scatterers (see
equation (3)). The solid vertical lines included into each
diagram - denote the theoretical Doppler shift for freely
propagating Bragg waves (taking into account the wind-
induced surface drift).
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Figure 11. Same as Figure 10 but for Ka band.

retical Doppler shifts are smaller than those calculated for the
same wind speed and a slick-free water surface.) At 4 m/s the
peak in the X band Doppler spectrum measured from a slick-
covered water surface is very narrow. However, the Doppler
spectrum shows features qualitatively similar to those of the
spectrum obtained from a slick-free water surface at 2 m/s
(see Figure 8; in comparing the Doppler spectra a lower wind
speed has to be taken in the case of a slick-free water surface
because u, is reduced when the water surface is covered with
a slick [e.g., Mitsuyasu and Honda, 1982]). At the wind
speeds of 6 and 10 mvs, the X and Ka band Doppler spectra
from a slick-covered water surface are in qualitative agree-
ment with those for a slick-free water surface at 4 and 8 m/s
(see Figures 8 and 9, respectively). We interpret this as being
due to the reduction of the wind friction velocity in the pres-
ence of the monomolecular slick [Mitsuyasu and Honda,
1982; Wei and Wu, 1992; Gade et al., 1998a], which causes a
reduced generation of wind waves [see Plant, 1982]. The
most prominent differences between the Doppler spectra at a
slick-covered and a slick-free water surface, both at X and
Ka band, are found to be at intermediate wind speeds, that is,
at 8 m/s (slick covered) and 6 m/s (slick free); at a slick-
covered water surface we measured narrow Doppler peaks
(with corresponding reductions of the mean Doppler shifts),
whereas at a slick-free water surface the Doppler spectra be-
come broader with increasing wind speed.

5. Discussion

5.1. Mechanically Generated Waves

The results obtained in the experiments with mechanically
generated 2 Hz waves are qualitatively and quantitatively dif-
ferent from those obtained from 3-5 Hz waves. In particular,
the region of reduced falloff at wave frequencies between
60 and 100 Hz (see Figure 2) is absent, which we interpret as
a consequence of the fact that 2 Hz waves do not generate
parasitic capillary ripples.
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Figure 12. (a) Measured Doppler shifts at X and Ka band
and (b) mean velocity of the scatterers derived from these
Doppler shifts. The dashed curves are obtained by assuming
that only bound waves cause the radar backscattering.

However, as described in section 3, the 2 Hz waves were
generated by using the wave flap, whereas the 3, 4, and 5 Hz
waves were generated by using the (vertical moving) con-
verted wave follower. This could imply that the generation of
bound waves depends on the wave generation mechanism.
However, from an additional measurement carried out with
3 Hz waves generated by the wave flap, we obtained practi-
cally the same results as we obtained with the wave follower.
We are, therefore, quite confident that the wave generation
mechanism itself is not responsible for the observed differ-
ences between the waves of different frequencies. Moreover,
the higher order wave form, like skewness and kurtosis, may
also affect the curvature of the gravity waves, which is im-
portant for the generation of parasitic capillary waves
[Longuet-Higgins, 1963].

Figure 12 shows the mean Doppler shifts, f;, and the mean
propagation velocities, ¢,,, calculated from the X and Ka band
Doppler spectra of mechanically generated waves (Figures 4
and 5, respectively), as functions of the frequency of the me-
chanically generated gravity waves, f,. The dashed curves in
Figures 12a and 12b denote the theoretical values, which were
obtained by assuming that the Bragg waves propagate with the
phase velocity of the gravity waves, c(f,); that is, the relation-
ship between this phase velocity and the measured Doppler
shift, £, is

2rfy; = 2k0sin15‘~c(fg) 3)
where f, denotes the gravity wave frequency. The theoretical
Doppler shifts derived by using (3) are in good agreement
with the measured ones (Figure 12a). For a better comparison,
the mean propagation velocities of the X and Ka band Bragg
waves, derived from the measured Doppler shifts by using (3),
are plotted in Figure 12b. It is obvious that for the mechani-
cally generated waves with frequencies between 3 and 5 Hz,
the radar backscattering at X and Ka band is caused by scat-
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terers which propagate with the phase velocity of the gravity
waves; that is, they are not freely propagating waves but
bound harmonics or parasitic waves. The X band backscatter
from 2 Hz waves is obviously caused by two different scatter-
ers. As described in section 4.1, the high-frequency peak (see
Figure 4d) corresponds to Bragg waves bound to the 2 Hz
gravity wave. Both the low-frequency peak in the X band
Doppler spectrum and the peak in the Ka band Doppler spec-
trum (Figure 5d) correspond to a propagation velocity of the
scatterers of about 15 cm/s. As Kwoh and Lake [1985] have
shown in a similar experiment, this peak can be interpreted as
being caused by the turbulent wake generated by the breaking
gravity waves and convected by the orbital velocity of the
gravity waves. If the relaxation time of the turbulent patches
formed by the breaking crests is smaller than the period of the
gravity wave, one can expect that a peak will occur in the ra-
dar Doppler spectrum at a frequency corresponding to the or-
bital velocity. In our case (i.e., for 2 Hz waves with ampli-
tudes higher than the threshold value (between 0.6 and
1.3 cm)), the orbital velocity of the gravity wave is in the
range between 12 and 15 cm/s. We therefore conclude that the
situation described above was encountered in our experi-
ments. )

5.2. Wind-Generated Waves Without Slicks

The wind speed dependence of the downwind slope
(Figure 6¢) at low to moderate wind speeds (up to approxi-
mately 5 m/s) can be explained by assuming that the wave
slopes in the downwind direction are determined by the slope
of the short gravity waves and the bound (parasitic) capillary
waves propagating with the phase velocity of the short gravity
waves. At a wind speed of 4-5 m/s the frequency of the domi-
nant wave is lower than 3 Hz, and waves of this frequency
cannot effectively generate bound waves. Thus the mean wave
slope does not increase significantly beyond this wind speed.

The locations of the maxima in the X and Ka band Doppler
spectra at the wind speed of 2 m/s (Figures 8a and 9a) agree
well with those measured for mechanically generated waves
with a frequency of 5 Hz (Figures 4a and 5a). The dominant
frequency at a wind speed of 2 m/s is approximately 5 Hz.
Thus we conclude that the Bragg waves at this wind speed are
bound to the dominant wind waves. A similar wind speed de-
pendence of the X band Doppler spectra was observed in
laboratory experiments by Kwoh and Lake [1985].

Figure 13 shows the mean X and Ka band Doppler shifts
calculated from the corresponding Doppler spectra (Figures 8
and 9, respectively). Following Ebuchi et al. [1992], the
propagation velocity, ¢, of the scatterers which are bound to
the dominant gravity waves can be written as

g
Ddom

C =

+02- 1y, @)

whete g denotes the acceleration of gravity, @gom = 27 fsom de-

. notes the radian frequency of the dominant wave, and u, de-

notes the wind friction velocity. The second summand on the
right-hand side of (4) describes the "effective drift velocity"
given by Tokuda and Toba [1982]. The theoretical curves in-
serted into Figures 13a and 13b are calculated assuming that
only bound waves (dashed curves) or only freely propagating
Bragg waves (solid curves) are responsible for the radar
backscattering (see equation (4)). The dashed curves corre-
spond to bound Bragg waves (taking into account (3) and (4)),
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Figure 13. Wind speed dependence of the mean Doppler
shifts at (a) X band and (b) Ka band. The two theoretical
curves inserted into Figures 173a and 13b are calculated by
assuming that only bound waves (dashed curves) or only
freely propagating Bragg waves (solid curves) are responsible
for the radar backscattering (see equation (4)).

whereas the solid curves correspond to Bragg waves propa-
gating with the sum of their own phase velocity and the effec-
tive drift velocity (the wind friction velocities were taken from
Gade et al. {1998a]). The measured X band Doppler shifts at
wind speeds below 5 m/s (u, <31.3 cm/s) agree quite well
with the theoretical ones for bound Bragg waves (see the
dashed curve in Figure 13a). At 5m/s (u, =31.3 cm/s) the
measured X band Doppler shifts drop to lower values, and at
higher wind speeds they are significantly lower than the theo-
retical values for bound Bragg waves but are still higher than
those calculated for freely propagating waves. These results
agree well with those obtained for mechanically generated
waves; at low to moderate wind speeds (up to approximately
5 m/s), where the frequency of the dominant wind waves is
higher than 2.5 Hz (see Figure 6), the X band Bragg waves are
mostly bound to the dominant waves, whereas at higher wind
speeds the Bragg waves are a mixture of bound and freely
propagating waves [see also Plant, 1997]. This explains the
observed drop of the measured Doppler shifts at about 5 m/s.

In the entire wind speed range considered in our experi-
ments, the measured Ka band Doppler shifts increase slowly
with wind speed (Figure 13b), and they are significantly
smaller than the calculated values for bound waves at wind
speeds above 3 m/s (1, > 17.8 c/s). At low wind speeds (2
3 m/s) the Ka band Bragg waves cannot easily be separated
into bound and freely propagating waves because their phase
velocity is comparable to that of the dominant wind wave (see
Figure 13). However, with respect to the results obtained for
mechanically generated waves, our experimental data suggest
that at low to moderate wind speeds (up to about 4.5 m/s) the
Ka band Bragg waves are a mixture of bound and freely
propagating waves, whereas at higher wind speeds they are
presumably freely propagating waves.
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Note that these results are not in agreement with the results
obtained by Keller et al. [1974] and by Graf et al. [1977] in
wave tank measurements in which they employed coherent X
and Ka band scatterometers. In particular, Graf et al. [1977)
concluded that the radar backscattering at intermediate inci-
dence angles is determined by freely propagating wind waves
rather than by parasitic waves. Very likely, the discrepancy
between their and our results can be attributed to the fact that
these authors used shorter fetches, and thus the amplitudes of
their wind-generated gravity waves were smaller than the
threshold values for the generation of bound waves. This is in
accordance with the results obtained by Melville et al. [1995],
who found that the radar backscattering by bound capillary
waves increases as wind and fetch increase. On the other
hand, Duncan et al. [1974] and Ebuchi et al. {1987, 1992]
claimed that in the entire wind speed range between 3.8 and
13.7 m/s, X band Bragg waves are bound waves. In contrast
to our experiments, they used an incoherent X band scat-
terometer and obtained their results from the analysis of the
time series of the backscattered radar power. The discrepancy
between their and our results may therefore be due to the dif-
ferent experimental setups and the different data analyses. The
use of a coherent radar system, however, seems to yield more
reliable results, particularly, measurements of the propagation
velocity of the scatterers. On the other hand, our results are in
qualitative agreement with those of Ebuchi et al. [1993], who
found in their time series analyses of the backscattered radar
power that only the Bragg waves at the crests of the gravity
waves propagate with the phase velocity of these gravity
waves, whereas the Bragg waves at the wave troughs propa-
gate with a lower velocity. This result also implies the exis-
tence of two different kinds of Bragg waves.

The radar backscattering from turbulent wakes, as was ob-
served in our experiments with the mechanically generated
2 Hz waves (see section 5.1), seems to be unimportant for
wind speeds below 7 m/s (u, < 47.7 cny/s), when the dominant
waves do not break. At a wind speed of approximately 7 m/s
the waves in the wind-wave tank start breaking [Feind!,
1985]. Although a pronounced Doppler peak at low frequen-
cies cannot be inferred from the measured Doppler spectra at
8 m/s (Figures 8d and 9d), we hypothesize that radar
backscattering from turbulent wakes also contributes to the
measured Doppler spectra at wind speeds above 7 m/s.

5.3. Wind-Generated Waves With Slicks

Figure 14 shows the wind speed dependence of the mean X
and Ka band Doppler shifts for a water surface covered with
OLA. The mean Doppler shifts have been derived from the X
and Ka band Doppler spectra depicted in Figures 10 and 11,
respectively. Again, the theoretical curves inserted into Fig-
ures 14a and 14b are calculated assuming that only bound
waves (dashed curves) or only freely propagating Bragg
waves (solid lines) are responsible for the radar backscattering
(see equation (4)). Since the wind friction velocity is reduced
in the presence of a monomolecular surface film, the effective
drift velocity given by Ebuchi et al. [1992] is also reduced
(see equation (4)). As a consequence, the slope of the theo-
retical curves in Figures 14a and 14b is smaller than that for
slick-free water surfaces (see Figures 13a and 13b). It can be
deduced from the measured X band Doppler shifts (Figure
14a) that at 5 m/s the X band Bragg waves are predominantly
freely propagating (however, only very few Bragg waves are
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Figure 14. Wind speed dependence of the mean Doppler
shifts at (a) X band and (b) Ka band, measured on a water
surface covered with oleyl alcohol (OLA). The two theoretical
curves inserted into Figures 14a and 14b are calculated by
assuming that only bound waves (dashed curves) or only
freely propagating Bragg waves (solid curves) are responsible
for the radar backscattering (see equation (4)).

generated at that wind speed). At approximately 6 m/s, also
longer (gravity) waves are generated by the wind, which in
turn generate bound waves at their crests. The radar
backscattering by the mixture of both kinds of Bragg waves
leads to a broadening of the Doppler spectrum (see Fig-
ure 10). However, from the position of the peak maximum it
can be inferred that at 5 m/s the radar backscattering at X
band is mainly caused by bound Bragg waves. At 7-9 m/s we
measured a strong reduction of the X band Doppier shitts to
values corresponding to freely propagating Bragg waves. In
this wind speed range the short gravity waves are strongly
damped by the slick, so that no bound waves can be generated
(we also measured a strong reduction of the root-mean-square
surface elevation and surface slope, which is not shown
herein). At approximately 9.5 m/s the slick starts to disperse,
so that the measured Doppler shifts correspond to those
measured on a slick-free water surface (compare Figure 13).

From the measured Kaband Doppler shifts (Figure 14b)
the same qualitative results can be inferred as from the X band
Doppler shifts. Again, a mixture of bound and freely propa-
gating Bragg. waves is responsible for the Ka band backscat-
tering at intermediate wind speeds (approximately 6 m/s; see
Figure 11). At 8 m/s, lower Ka band Doppler shifts
(corresponding to freely propagating Bragg waves) are meas-
ured; thus at this wind speed only freely propagating Ka band
Bragg waves are present.

The disappearance of bound Bragg waves in the wind
speed range between 7 and 8 m/s causes narrow peaks in the
measured X and Ka band Doppler spectra (see the spectra
obtained at 8 m/s, shown in Figures 10c and 11¢). In turn,
these narrow Doppler peaks result in smaller error bars of the
measured Doppler shifts shown in Figure 14. As in the case of
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slick-free water surfaces (see Figure 8), the radar backscatter
from a mixture of two kinds of scatterers moving with
(slightly) different velocities leads to a broadening of the
maxima in the measured Doppler spectra. If one of these two
kinds of scatterers (e.g., the bound Bragg waves) is absent,
only a narrow Doppler peak at a frequency comesponding to
the propagation velocity of the remaining scatterers (i.e., of
freely propagating Bragg waves) is measured. Moreover, the
absence of bound Bragg waves in the wind speed range be-
tween 7 and 8 m/s results in a strong reduction of the radar
backscattering (as already measured by Feindt [1985] and
Gade et al. [1998a]). The wind speed dependence of the
measured damping ratios, that is, the ratios of the backscat-
tered radar power from a slick-free and a slick-covered water
surface, both at X and Ka band, is plotted in Figure 15. In ad-
dition, the theoretical damping ratios are shown as dashed
horizontal lines. These values were calculated assuming pure
Marangoni damping [Hiihnerfuss, 1986] of (freely propagat-
ing) Bragg waves. (Marangoni damping theory predicts for
OLA a maximum wave damping at 4.9 Hz and a decrease in
the damping ratio at higher wave frequencies. Thus the theo-
retical damping ratio is smaller for Ka band Bragg waves than
for X band Bragg waves.) In Figure 15 there is a slight maxi-
mum of the X band damping ratios in the wind speed range
between 6 and 8 m/s, which coincides with the strong de-
crease in the measured X band Doppler shifts at that wind
speed (see Figure 14a). Again, this damping maximum can be
related to the strong damping of bound X band Bragg waves
(with respect to the slick-free water surface), which is in ac-
cordance with the above interpretation of the measured X
band Doppler shifts.

The maximum of the Ka band damping ratios is also found
in the wind speed range where the Ka band Doppler shift is
reduced (see Figure 14b). However, this damping maximum is
much more distinct than the maximum of the measured X
band damping ratios. Again, our data show that the disappear-
ance of bound Ka band Bragg waves gives rise to a damping
maximum. Moreover, freely propagating Ka band Bragg
waves on a slick-free water surface propagate with the same
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Figure 15. Wind speed dependence of the damping ratios,
that is, the ratios of the backscattered radar power from a
slick-free and a slick-covered water surface. The circles refer
to X band data, and the squares refer to Ka band data. The
dashed horizontal lines denote theoretical values for the
damping of (freely propagating) Bragg waves following
Marangoni damping theory [Hiihnerfuss, 1986].
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phase velocity (31.4 cm/s) as gravity waves with a frequency
of 5.4 Hz. Since the latter are strongly damped by the OLA
slick, we hypothesize that the observed damping maximum at
Ka band is a manifestation of the existence of higher order
harmonics of the (parent) 5.4 Hz gravity waves. If these grav-
ity waves are damped by the OLA slick, we may expect that
the Ka band Doppler shifts are reduced and that the damping
ratios at Ka band are increased, both of which have been ob-
served in our experiments.

The results obtained from the slick-covered water surfaces
show that depending on the wind speed, the same surface-
active substance dampens the bound and freely propagating
Bragg waves differently; at moderate wind speeds
(approximately 6 m/s) the gravity waves are steep enough to
generate bound X and Ka band Bragg waves, whereas in the
wind speed range between 7 and 9 m/s, they are strongly
damped (and therefore also are the bound Bragg waves). One
possible explanation for our observation, that the damping
ability of a surface-active substance strongly varies with in-
creasing wind speed, is the morphology effect [Hiihnerfuss et
al.,, 1994, 1996]: Owing to a different distribution of the film
molecules on the water surface and, as a result, to their differ-
ent interaction, the viscoelastic properties of the same sub-
stance, and thus its damping behavior, can change. Obviously,
the conditions in the wind-wave tank at wind speeds between
7 and 9 m/s are optimum for the damping of the short gravity
waves by OLA; that is, only freely propagating Bragg waves
are generated.

6.- Summary and Conclusions

Measurements of the wave amplitude and slope and of the
radar backscatter at X and Ka band have been carried out in a
wind-wave tank with mechanically generated gravity waves as
well as with wind-generated waves on a slick-free and a slick-
covered water surface. They have shown that the excitation of
bound (parasitic) gravity-capillary and capillary waves results
in a strong change of the wave slope (and wave height) spec-
tra, particularly, in the transition from a quasi-discrete to a
continuous spectrum. The dependencies of the X and Ka band
relative backscattered power on the amplitude of the mechani-
cally generated waves with wavelengths less than 30 cm, cor-
responding to frequencies higher than approximately 2.5 Hz,
show a strong increase when the amplitude of the mechani-
cally generated waves reaches a threshold value, thus con-
firming that the backscattering can be associated with bound
harmonics at X band and with bound capillary waves at
Kaband. The occurrence of bound X and Kaband Bragg
waves traveling at the phase velocity of the gravity waves was
also shown by our measurements of the radar Doppler shifts.
Steep gravity waves with wavelengths longer than approxi-
mately 30 cm, corresponding to frequencies lower than
2.5 Hz, cannot effectively generate bound capillary waves.
The Ka band backscattering is then determined by the break-
ing of the steep gravity waves, and for X band it is caused by
both bound harmonics and wave breaking.

The results of our measurements with mechanically gener-
ated waves agree with those performed with wind-generated
waves: It can be concluded from the radar Doppler spectra
that the X band backscattering from a slick-free water surface
at low wind speeds (up to approximately 4.5 m/s) and long
fetches (15.5 m in our investigation) is determined mainly by
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bound waves, whereas the Ka band backscatter is caused by
both bound and freely propagating Bragg waves. For wind
speeds higher than 4.5 m/s the X band backscattering in our
experiments is caused by both parasitic harmonics and freely
propagating Bragg waves, whereas the Ka band backscatter is
caused mainly by freely propagating Bragg waves. In particu-
lar, the generation of freely propagating wind waves results in
a reduction of the X band Doppler shift at wind speeds of
4.5-5 m/s, which is less distinct at Ka band.

When comparing the results obtained by different authors,
one has to take into account the different experimental setups,
which may lead to different results. In particular, the existence
of bound (Bragg) waves does not only depend on the wind
speed and frequency of the gravity waves but also, for exam-
ple, on the fetch length and the wave age (which may strongly
differ in different experimental setups). We suspect that even -
on the open ocean, X and Ka band Bragg waves are both
freely propagating and bound to gravity waves (which in turn
may be modulated by the long ocean waves). '

The measurements of the X and Ka band backscatter from
wind-generated waves on a water surface covered with oleyl
alcohol (OLA) have shown that the coverage of the water sur-
face with a surface-active substance has a strong influence on
the generation of bound waves at the crests of the gravity
waves. At intermediate wind speeds of approximately 6 m/s
the X band backscatter is mainly caused by bound Bragg
waves, and the Ka band backscatter is mainly caused by both
bound and freely propagating Bragg waves. In the wind speed
range between 7 and 9 m/s, where the short gravity waves are
strongly damped by the OLA slick, both the X and Ka band
"backscatter are caused only by freely propagating waves. This
wave damping behavior of the OLA slick can explain the
maximum damping of the radar backscatter in this particular
wind speed range as well as the fact that the measured wave
damping exceeds the values predicted by Marangoni damping
theory for this (water wave) frequency range.

The results in section 5.3 obtained from a slick-covered
water surface can be of great importance for the interpretation
of measured reductions of the radar backscattering by oceanic
surface films [Hiihnerfuss et al., 1994, 1996, Wismann et al.,
1998; Gade, 1996; Gade et al., 1998b]. However, results ob-
tained from wind-wave tank experiments cannot be readily
transferred to the open ocean. Moreover, the described effects
are obviously strongly dependent on the measurement condi-
tions (i.e., on the fetch and the tank dimensions), so that only
field experiments (e.g., similar measurements of the radar
backscattering performed on the open ocean) can prove our
assumption that bound Bragg waves have an important impact
on the measured radar signal from the ocean surface. At least,
taking our results into account, we can expect reductions of
the radar backscatter at X, Ku, and Ka band that are higher
than those predicted by Marangoni damping theory (assuming
Bragg scattering). This has indeed been observed in various
field experiments [Wismann et al., 1998; Gade, 1996; Gade et
al., 1998b]. Assuming that the small Bragg waves on the open
ocean may also be both bound and freely propagating, we
conclude that our results are also of importance for the inter-
pretation of field experiments with oceanic surface films.
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