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Scattering from Breaking
Gravity Waves Without Wind

P. H. Y. Lee, J. D. Barter, K. L. Beach, B. M. Lake, H. Rungaldier, H. R. Thompson, Jr., and R. Yee

Abstract—Scattering experiments from breaking gravity waves with the temporal radar data yielded direct verification of the
conducted at a wave tank facility at small grazing angles in conjectures regarding the scattering mechanisms giving rise to
the absence of wind are analyzed. Breaking gravity waves are oot geatterers and super events [4]. Thus, the important role

studied using a fully plane polarimetric horizontal (HH), vertical f breaki . ina f f has b
(VV), vertically transmitted and horizontally received polariza- ©f Preaking waves in scattering from water surfaces has been

tion (VH), and horizontally transmitted and vertically received ~ €stablished by experiment.
polarization (HV) pulse-chirped X-band radar in conjunction Several important phenomenological results obtained from

with optical instruments: the plane polarimetric optical specular  eyperimental observations of X-band (8.5-9.6 GHz) scattering

event detector (OSED) and side-looking camera (SLC). Spatially from mechanically generated breaking waves at small grazing
and temporally resolved radar backscatter has been measured

and temporally correlated to the data obtained from the opti- angles (4.5-1) have been shown in previous reports [5]-[7].
cal diagnostics. The experiments yield the following results: 1) The main points are the following: 1) breaking waves provide
enhanced scattering compared to Bragg scattering levels occursthe major contribution to the fast scatterer cross section; 2)
throughout the evolutionary process of wave-breaking, i.e., the breaking waves are the major source of depolarized returns;

radar scatters strongly from both the unbroken and broken 3) breaki ield L t7i d Voigtian h
surfaces; 2) an explanation is found for the observation that ) breaking waves yie orentzian and Voigtian fineéshapes

the scatterer Doppler frequency is slightly less than the Doppler in time-averaged Doppler spectra; and 4) a small amount
frequency corresponding to the fundamental wave phase speed; of “slow,” Bragg scatterers (with Gaussian power spectral
3) a representative non-Bragg cross section of a breaking wave density (PSD) lineshapes) are also generated as the wave
can be obtained; and 4) a breaking wave surface is found to be poars and are detectable after the breaking wave decays. In
an efficient depolarizer. . )
_ _ order to understand the issue at a deeper level, however, we
Index Terms—Sea surface electromagnetic scattering. need to answer several questions regarding the backscatter
from a breaking wave surface. 1) Where on the breaking-
wave surface does scattering occur? 2) Why is the measured
PSD peak frequency less than the Doppler frequency which
i ?
NALYSIS of ocean scattering data at microwave fre_(_:orresponds o the phase spee d of the gravny wave? 3) What
. S L is .the non-Bragg cross section of a breaking wave? The
guencies has indicated that the ubiquitous presence of

. : . Hresent experiments have been conducted with these questions
fast scatterers and super events provides compelling evidence .

of non-Bragg scattering processes [1]-[3]. At small grazi In mind. The reason to pursue the investigation along these

angles, the fact that fast scatterers provided the main contrirl%-e Sh 'S -that ﬁ.lt'rrln ately, Ort]ﬁ rgus|t( ungersftand bthe kphysmal
tion to the returns for the horizontal polarization underscordg®c anism which governs the backscatter from breaxing wave

the importance of non-Bragg scattering. The experimenﬂfrfaces so that useful input may be provided for modeling
evidence pointed to incipient or actively breaking water wavd4![POSes.

as the source of fast scatterers and it was conjectured thaThe X-band pulse-chirped radar (PCR) which was the

the surface geometry of a breaking wave contained scatterfH _Ic,:'p";:l mstl;ument In th:js Txpeleent and th? eﬁpﬁrlmental
elements, that could provide not only specular-like reﬂectiJﬁ llity have been reported elsewhere [8]. Details of the OSED

from curved water facets, but also multiple scattering, whidifve been described in [4]. The PCR can be operated in
may or may not include a reflection at the Brewster angle. ThYO different modes, the nonrange-resolved mode and the
experimental verification of these conjectures made use of@ge-resolved mode. In the former mode, the system operates
polarimetric optical imaging instrument [optical specular eve@® @ Single frequency radar in which any number of the

detector (OSED)] operated in conjunction with the microwav%z transmitted frequencies can be used simultaneously and

scatterometer. Temporal correlations of the OSED imagéélependently, and the range resolution is governed by the
coarse range attenuation gate of m. In the latter mode,

) ) ) ) 32 range gates are available with range resolution of 13.6 cm.
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Fig. 1. The correspondence of the 32 range gates to the PCR line-of-sight range. Note the folded scheme of the gate nhumbering. Beyond the principal
gates, the same gate pattern (with the same gate numbering) is repeated and are called aliased gates (e.g., gate 16a is the alias of gate 16ewhich is furt

in range than gate 15). When the PCR is operated in the 16G1P mode (that is, 16 gates and one polarization element stored for off-line analysis), any
16 gates and any polarization may be chosen. In the paper, the 16G1P mode comprises the odd-numbered gates and horizontal (HH) polarization. The
8G2P mode comprises every second odd gate starting with gate one and HH and vertical (VV) polarizations. The 4G4P mode comprises the gates 31, 30,
29, and 28 and all four elements in the polarization matrix horizontal (HH), vertical (VV), vertically transmitted and horizontally receivezhtiuoiari

(VH), and horizontally transmitted and vertically received polarization.

breaking waves [9]. Specific examples of time and rangelased gates are progressively attenuated by the coarse range
resolved breaking wave RCS which are correlated with tlaétenuators. A side-looking-camera is situated at approximately
resulting images obtained from the optical diagnostics wifjate zero with a field of view which is indicated by the dashed
then be shown, followed by the range-resolved grazing-anglaes emanating from the SLC in the figure (approximately
dependent Doppler spectra. These data contain the informatiates 7—24). The OSED and the SLC each have their separate
with which we will answer, among other questions, thodéht sources. It should be pointed out that although both
raised in the previous paragraph. visible diagnostics may be operated simultaneously, the SLC
light source must be turned off for the OSED to operate in a
polarimetrically calibrated mode. Synchronization of the PCR,
the OSED and the SLC is accomplished by the incorporation
_ _ ) of appropriate forms of a global positioning system (GPS)
A. Experimental Configuration at UCSB/OEL master clock output into the data streams of each detector.
The wavetank at UCSB/OEL is 53 m long, 4.3 m widd he instruments are temporally synchronized to within 1 ms,
and 2.1 m deep with a computer controlled plunging typ&hich is more than adequate for the hydrodynamic time scales
wavemaker at the end opposite the test section [8]. Figolinterest. In the range-resolved mode, the PCR may operate
shows a schematic of the 32 range gates relative to fimeone of the following data collection modes: 16 gates at one
radar range. A folded scheme has been adopted for the gamdarization (16G1P), eight gates at two polarizations (8G2P)
assignment such that the range gate zero, which contaimsfour gates at four polarizations (4G4P). In all cases, the
the radar boresight, is set at 10-m range. In the preseahge gate Fourier transform is performed on the complete set
configuration, the radar boresight grazing angles may be sétdata from 32 frequencies to yield RCS at 32 range gates,
to any value within the range of #511°. Grazing angles but only the specified data are stored for off-line analysis. RCS
are reported for range gate zero at 10-m boresight range. Tada are available each millisecond either in range resolved or
principal gates are thus 16—31 for gates closer to the radar amwhrange resolved modes. PSD spectra at each range gate are
gates 0-15 for gates further from the radar. The same gateilable every second at reduced frequency resolution. Details
pattern is repeated for gates closer than principal gate 16,06ithe range gate transform are given in [8, Appendix E].
gates further than principal gate 15 and are called the “aliased’For the present paper, mechanically generated breaking
gates. In short, since the 32 range-gate pattern repeats itgpifvity waves are used. The 3- or 4-m gravity waves are
an aliased gate is always 32 gates (or 4.35 m) away frayenerated with sideband modulation and it is the growth of
the principal gate of the same gate number. Returns frahe sideband-modulated instability [10] that causes the waves

Il. EXPERIMENTS AND RESULTS
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TABLE |
THE CONDITIONS DESCRIBING THE SIDEBAND-MODULATED GRAVITY WAVES steepening
(See TexT FOR NOTATION)
Aw (m) {o (Hz) f, (Hz) f (Hz) aja, ka
cresting
4.0 0.624 0.704 0.544 0.3 0.165
3.0 0.721 0.903 0.539 0.003 (.28
involution
to break at the appropriate location in the wavetank, which we o
call the test section (i.e., the location of the radar footprint). Jetting
The essential conditions describing the sideband-modulated
gravity waves are listed in Table | whekg, andf, denote the splashing

wavelength and frequency of the fundamental gravity wave,
respectively,f, andf_ denote the upper and lower sideband
frequencies, respectively, /a, is the sideband amplitude to
fundamental amplitude at generation (the upper and lower _
sideband amplitudes are equal), ahd is the characteristic foaming
wave slope withk = 27/, anda? = a2 + 2a2.

For a fixedka, one may conveniently control the “degree”
of breaking by varying:; /a,. Scattering from waves in which
the degree of breaking is “incipient,” “mild,” “intermediate,”
or “full,” depending on how energetic the breaking process is
observed to be has been described elsewhere [5]. In this paper,
only fully breaking waves with the conditions described in
Table | are considered.

The stages through which the breaking wave evolves are
summarized in cartoon form in Fig. 2. A more detailed de-
scription of the evolution of sideband-modulated breaking
gravity waves is given in the report, “Profiles of breaking grav-
ity waves,” in which the terminology of steepening, cresting,
involution, jetting, splashing, foaming, shedding, and decay
was adopted [9]. Two examples of breaking-wave profiles are
shown in Fig. 3. In the top figure, a steepened profile but with decay
an unbroken surface is shown; in the bottom figure, a splashing
or foaming stage with a broken surface is shown. Note that
a wave-breaking sequence may commence or terminate 'gaz. A wave-profile sketch representation of the various stages of evolu-

. 7 . ion of a breaking wave. See text (and especially [9]) for further details.
range outside the range of principal gates since the range
at which a wave begins to break can be only approximately
controlled. This situation poses no problem since the radar agd
i

shedding

AL VIR P Y T SV YA

Temporal-Correlation of Radar Cross

the OSED (which view the same scene at the same graz ) .
( ; ctions with OSED Images

angle) can together accurately locate the correct gate by me
of the temporal and spatial fiducials obtained by calibration.l) An Example of PCR Operation with 4-m Breaking Waves:

In the following discussion, a recorded event outside of the..: \ve show the correlation of RCS signals with OSED
principal gates will be designated as appearing in an a"aﬁﬁﬁjages. In this case, a 4-m breaking wave is examined. The

gate. PCR is operated in the 16G1P data archive mode with every

odd-numbered gate selected and HH polarization selected.
B. Temporal-Correlation of Radar Cross Fig. 4 shows the RCS record. The vertical scale denotes
Sections (RCS) with SLC Images relative cross section where 54 dB corresponds to the RCS of

9 x 10~* m? at 10-m range determined by scattering from a

Typical wave-breaking sequences of 3- and 4-m wavasin spherei@ situ calibrations will be discussed in Section II-
showing the temporal RCS record have been compared to thp The range cell is-1 m in azimuth and 13.6 cm in range,
corresponding side-looking camera (SLC) camera images. Tthes the area of the range cell is 0.138. i@haracteristic wave
full set of RCS traces and their corresponding optical imagpgofiles at the times corresponding to their appearance in the
are available in a separate report [11] but are not shown hemgious gates are depicted by sketches along the top of the
for brevity. The results clearly reveal thétte broken wave figure as derived from OSED images as presented in [11]. The
surface contributes to the backscatter for a longer period @fave-breaking commences at gate 11, progresses through the
time than the unbroken surface stages of evolution and decays at “aliased” gate 15 (i.e., gate



LEE et al: SCATTERING FROM BREAKING GRAVITY WAVES WITHOUT WIND 17

(b)

Fig. 3. Images of breaking wave surfaces. (a) A side view of a breaking wave at an early stage of evolution where the surface contains large slope but is
unbroken. (b) A side view of a breaking wave at the “mid-life” stage of evolution where the surface is broken. The grids on the far wall have the dimension
0.1 x 0.1 m. Itis easily seen that the broken wave surface fills the range cell of the radar (whose resolution is 1 m in azimuth and 0.136 m in range).

15a). As the wave breaks, patches of small scale roughn&ésm range. The range cell is1 m in azimuth and 13.6
are “shed” from the gravity wave and become detectable byn in range, thus, the area of the range cell is 0.136 m
Bragg scatter after the wave has decayed (note the sequeiere-breaking sketches corresponding to the various gates
of signals aftert = 254255 s). Note that for this particular are also given across the top of this figure. Comparing the
breaking wave, the Bragg scattering has a radar cross sectitih and VV signals at each individual gate, one notes that
which is~30 dB less than the radar cross section of a breakidgring the wave breaking process, the scatterers yield super
wave surface. Post-break Bragg scattering is further discusss@nts (i.e., HH> VV) with only rare exceptions, as is evident

in the next section. from inspection of the RCS at gates 17a (i.e., aliased gate

2) An Example of PCR Operation with 3-m Breaking Wave$7), 13, 9, 5, 1, and 29. At gate 25, one has HHVV,

In this example, we show the case of a 3-m breaking wawdich is specular-like and supplies the exception to prove the
where the PCR is operated in the 8G2P mode with HH amdle. After a broken wave has decayed, small scale slower
VV of every fourth gate selected. The RCS record is shovatatterers are observed (in SLC optical images) to be shed
in Fig. 5. The vertical scale denotes relative cross sectifnom the gravity wave giving rise to Bragg scattering [9], as
where 54 dB corresponds to the RCS of a 1-in sphere ratinifested by the observation that V¥ HH. This is seen
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Fig. 4. The temporal RCS record of a typical wave-breaking sequence of a 4-m wave. Gate numbers are indicated above each HH RCS peak response.
The vertical scale is relative, where 54 dB is equivalent toe 90~* m® radar scattering cross section, at 10-m range. For this sequence, the characteristic
wave profiles at the various stages of evolution corresponding to their appearance in the various gates are depicted by sketches along the top of the
figure. See text for description.

in the RCS of gates 5, 1, 29, 25 and 21. Note also that theppressed when the surface has only small scale disturbances
gates 5, 1, and 29 with V\& HH are at greater range thanand Bragg scattering dominates, since Bragg waves which
gate 25 at which the OSED observes the last broken surfare resonant at microwavelengths are not resonant at visible
return. Again, the small-scale structures are Bragg scatteravayelengths and the OSED signal becomes dominated by
which have been left behind (“shed”) by the decaying crestoise. In summary, the correlation between PCR and OSED
It will also be shown in the time-integrated Doppler spectrig@ found to be good for both scattering cross section and
that the post-break Bragg scatterers are strongly influencedfgfarization ratio during spiking events when the OSED sees
the orbital motion of the gravity wave. The temporally angignificant returns.

spatially corresponding OSED images are available in [11],

but are not shown here for brevity. D. Scatterer Speed

3) Correlations: Quantitative correlations between the Erom the time-resolved measurements of the RCS of break-
PCR and the OSED for the wave-breaking record of Fig.jag waves, one can estimate the scatterer speed. When scat-
are shown in Fig. 6. In Fig. 6(a) the peak temporal HH andying occurs through the Bragg mechanism, the scatterer
VV relative cross sections (where 54 dB is the RCS of $peed is typically of the order of the phase speed of the
1-in sphere at 10 m) at each range are plotted against tirgeagg-resonant wave (plus the orbital speed of the underlying
One notes that during the evolution of the Wave-breakirwavity wave, if applicable) for free Bragg waves, or the
process, the backscatter yields exclusively super events wWitiase speed of the gravity wave for bound Bragg waves. For
HH > VV. As the wave decays and small scale scatterers aign-Bragg scattering (which is readily distinguishable from
shed, Bragg scatter again dominates and VV becomes gre@g{gg scattering through the magnitude of the polarization
than HH. Fig. 6(b) and (c) shows the temporal correlationatio HH/VV), the scatterer speed is typically of the order
between visible and microwave responses for the s-HH, apfl the phase speed of the gravity wave, which produces
p-VV pairs, respectively (see [4] for further discussionhe backscatter. For our present situation, since the breaking
Fig. 6(d) shows the temporal correlation of the visible angravity wave is evolving while it propagates through the range
microwave polarization ratios. Here we note that during trgates, the scatterer speed may be simply obtained by dividing
process of wave-breaking the polarization ratio correlates welie known gate-separation distances by the measured time
The visible polarization ratio becomes meaningless and iigervals between peak gate responses, i.e., a “time-of-flight”
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Fig. 5. The temporal RCS record of a typical wave-breaking sequence of a 3-m wave. The PCR is operated in the 8G2P mode where every fourth gate
is selected and HH and VV are selected. Gate nhumbers are indicated above each HH (solid line) and VV (dashed line) RCS peak response. The vertical
scale is relative, where 54 dB is equivalent tox910~* m? radar scattering cross section, at 10-m range. For this sequence, the characteristic wave
profiles at the various stages of evolution corresponding to their appearance in the various gates are depicted by wave-profile sketches albrigethe top o
figure. Note that during the wave breaking process, the scatterers yield exclusively super events \(MH After a broken wave has decayed, small

scale, slower scatterers yield Bragg scattering for which ¥VHH.

method. Another direct measurement of this effect might be Since the bulk of the backscatter from breaking waves is
obtained from time-resolved Doppler spectra. However, daee to “broken” wave surfaces, and such surfaces consist of
to the requirements of the range calculation and the data ratatterers which on average have velocities slower than the
limits of the PCR, the time resolution of Doppler spectra ighase speed explain why the observed time-integrated Doppler
insufficient to resolve an approximately 2-s breaking evergpectra exhibit PSD peaks at frequencies slightly lower than
The results of three separate examples of 3-m breaking watles Doppler frequency corresponding to the phase speed of
are shown in Fig. 7. In the case of Fig. 7(a), one sees thihe gravity wave. Data on Doppler spectra, which exhibit this
in the early stages of wave breaking—the scatterer spegftect, will be shown in the next section.

slightly exceeds the phase speed dfia = 3-m gravity wave  We note that the results stated above are only valid for the
(calculated frome, = +/gAw /27 wherey is the gravitational types of breaking waves, i.e., energetic breakers with wave
acceleration, yielding 2.16 m/s). At later stages, howeveamnditions such as those described in Table I. For incipiently
the scatterer speed slows to values below the phase speedmildly breaking waves typical of wind-wave conditions
Fig. 7(b) and (c) illustrates the same result for two othén a moderate ocean environment, the situation could be
breaking events. Many other examples show the same treqgdite different. Laboratory experiments on wind waves in
and a simple physics model of the process can be usedthe absence and presence of gravity waves have also been
provide an explanation. For a wave to break, the speedparformed. The first-order effect of the absence of wind is
the crest of the wave must exceed the phase speed, whiglgreatly reduce the amount of Bragg scatterers. The energy
accounts for the early stage of the wave-breaking evolutiofi breaking (as well as the wavelength of the most-likely-to-
(e.g., involution and jetting), but at later stages when foamifeak waves) is strongly dependent on wind speed and fetch.
and crashing has occurred (i.e., after the wave surfaceHewever, these results will be reported separately.

broken), the wave energy has gradually dissipated so that the i

water mass (which provides the backscatter) has slowed dofn.Grazing Angle Dependent Doppler

Accurate accounting of the details of these processes musthectra and Polarization Ratios

treated by hydrodynamics modeling and is beyond the scopdJsing the PCR in the 4G4P mode, we obtained Doppler
of this paper. spectra for four consecutive gates (31, 30, 29 and 28) at all
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Fig. 6. (a) The temporal evolution of the HH and VV RCS for the case
shown in Fig. 5. (b) Comparison of OSED s-polarization signal and PCR HH (©
signal. (c) Comparison of OSED p-polarization signal and PCR VV sign

(d) Comparison of OSED s/p and PCR HH/VV polarization ratios aIJ-'lg. 7. Three examples of temporal records of scatterer speeds for the three

different breaking sequences of sideband-modulated 3-m waves. A typical
error bar, appropriate for all data points, is shown in the top figure.

polarizations (HH, VV, VH, and HV) for 4-m breaking Waves'whereas the measured Doppler spectra peak frequencies for the
The Doppler spectra of gate 29, for grazing angle values, of PP P P q

: corresponding cases are seen to be lower than these values.
equals 4.5, 5.7, 6.8, 8, 9, 10, anoPlnespe_ct|vely, h_ave been We next observe that as the grazing angle is increased, the
analyzed and the full data set is found in [11]. Fig. 8(a)—(c

shows three examples at grazing angle values of 4.5, 8, n0§t-breaklng generation of Bragg scatterers not only becomes

more visible in the VV polarization (below-60 Hz), but

11°. These Doppler spectra are obtained, from 4-m break|g o the frequency range of these Bragg scatterers is broader,

waves, over a period of 409 s. These are familiar spectra whic ending into the range of negative frequencies. This too

€
we have seen and reported before [S], [6]. Here we note, f'ﬁs)a%ls been discussed before [7] and we briefly note here the

of all, that for all cases, the peaks of the Doppler spectra ae@?plamation that as the grazing angle is increased, the radar

at frequencies roughly 10% less than the Doppler frequengy . :
corresponding to the phase speed of the gravity wave. This o> More of theroughof the gravity wave (since less of the

: ) trough falls within the line-of-sight shadow at larger grazing
i(;agi\r/eeidt}; be checked by noting that the Doppler frequen(f%gles), thus, more of the negative contribution of the orbital

speed in the trough of the gravity wave is also seen. As a matter

of fact, this shadowing effect is readily confirmed by visual
f = 2 cos 0, c (1) observations (and SLC recordings) in which the OSED light

A ? source at the radar grazing angle demarcates the boundaries of

light and shadow within the direct field-of-view of the PCR.
where \ is the microwave wavelength (taken to be 3.315 cngince the phase speed of the Bragg-resonant gravity-capillary
which corresponds to the microwave frequency at the centeave isc,(Bragz) = 23 cm/s at X-band, the Doppler frequency
of the chirp, 9.05 GHz), and, is the phase speed of theof free Bragg waves would be in the vicinity of 13-14 Hz. The
gravity wave which is 2.5 m/s for a 4-m wave. The valuebroader spectral contribution due to Bragg scattering extending
calculated from (1) yieldf, = 150.4 Hz, fp = 149.4 Hz, from about—10 Hz out to approximately 60 Hz in Fig. 8(c)
and fp = 148 Hz, for 6, equals 4.5, 8, and 21respectively, indicates the strong contribution of the orbital velocity of the
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Fig. 8. Examples of Doppler spectra of 4-m sideband-modulated breaking waves. (a) Doppler spectra of HH, VV, VH, and HV from gaté 2@aatirg5

angle. Notice that for breaking waves only, the Doppler spectra clearly display the preponderance of super events;i¥V.H¥tbte that as the grazing

angle increases, the contribution of Bragg scattering (the portion of the PSD with Doppler frequencies-bélddez) also increases. This is due to small

scale Bragg scatterers, which are detectable after a wave has broken. The fact that Bragg scatterers appear at both positive and negativedpogser freq
indicates the effect of orbital motion due to the underlying gravity wave. Orbital motion yields a maximum positive radial velocity for the radhe\Bnagg

waves are on the crest of the gravity wave and a maximum negative orbital velocity for the radar when the Bragg waves are in the trough of the gravity wave.

underlying gravity wave. The maximum orbital speed magnd absolute calibrations to be conducted in an anechoic

be estimated fromkac, = 42 cm/s whereka = 0.28 is chamber.

taken from Table | and;, = 2.5 m/s for a 4-m gravity A plot of the breaking-wave cross section versus grazing

wave. The maximum positive Doppler frequency of Braggngle is given in Fig. 9. The cross sections are estimated by

waves is thusfp = (2 cos 0,/A) [kac, + ¢p(Bragg)] = 39.4 the product of the peak PSD value of the Doppler spectrum

Hz. The maximum negative Doppler frequency is due tend its—6 dB Doppler width

the velocity difference between the Bragg wave phase speed

and the maximum negative value of the orbital speed, i.e., ovel = 10 log (PSDheak - Af_san) (2)

[—kacy + ¢ Bragg)], Which yields fp = —11.5 Hz. If we also

consider Bragg waves which are transitioning between bougfd converted to units of ‘musing ourin situ calibration

and free states, then the contribution abev#0 Hz may be with a 1-in sphere. The results are interesting in that for

accounted for. These values are in reasonably good agreenigst limited range of grazing angles, the VV cross section

with observations. is fairly flat, indicating that for the vertical polarization, the
The cross polarized components are prominent indicatdysaking wave surface is a rather isotropic scatterer. The

of vigorous depolarization, as was noted and discussedHM and VH cross sections appear to have similar behavior

earlier reports [5]-[7]. The physical origin of depolarization igvith respect to grazing angle, exhibiting a broad peak near

presently believed to be due to out-of-plane multiple scattering, ~ 7°, and falling off in value ford, > 9°. If we examine

or what Berry calls the anholonomic transport of polarizatiopolarization ratios, we note specifically thatégt= 4.5°, we

[12]. In the present set of data, we note that HV is consistentiave HH/VV ~ 7.5 dB, and HH/VH~ 15.5 dB. These values

about 3 dB lower than VH. We suspect that this may begree with earlier measurements and can be modeled using

an indication of the limitations of the presently usiedsitu the anholonomic transport model with a statistical ensemble

calibration. This will be addressed in upcoming comprehensieé double-bounce scatterers [6].
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Fig. 8. (Continued) Examples of Doppler spectra of 4-m sideband-modulated breaking waves. (b) Doppler spectra of HH, VV, VH, and HV from gate 29 at
8° grazing angle. Notice that for breaking waves only, the Doppler spectra clearly display the preponderance of super events, &/, Nbéte that as the

grazing angle increases, the contribution of Bragg scattering (the portion of the PSD with Doppler frequencies@feidzy also increases. This is due to small

scale Bragg scatterers, which are detectable after a wave has broken. The fact that Bragg scatterers appear at both positive and negativedpogser freq
indicates the effect of orbital motion due to the underlying gravity wave. Orbital motion yields a maximum positive radial velocity for the radhe\Bnagg

waves are on the crest of the gravity wave and a maximum negative orbital velocity for the radar when the Bragg waves are in the trough of the gravity wave.

F. Breaking-Wave Cross Section An absolute value of the scattering cross section, however,

To find the cross section of the breaking wave, we sh&fN be estimated from our measurements. If we review the
adopt a statistical approach, which may at first sight appeﬁlﬁak HH RCS levels, _Wh'Ch have been measured S0 far (e.g.,
to be somewhat qualitative. We argue, however, that ﬂ{i:%gs. 4 and 5), we notice that they average to a nominal value

- Lo . HH ~74 dB. In order to find out what 74 dB corresponds
gualitative description is appropriate for several reasons. The. ) I
: . B " . .. to'in RCS, we compare it to calibrations of targets of known
first is that “broken” wave surfaces provide the majori : . oo .

N ) . ross sectionln situ calibrations are obtained by backscatter
contribution to the cross section so that calculations of t

e . .
. . o Tom a l-in-diameter metal sphere at a range of 10 m and a
scattering of an evolving wave surface before it is “broke

: L . : ) .metal dihedral which is apertured by an opening of 6xin
(i.e., considering only the cresting and involution stages dur"@in size. These results, together with the measured breaking

which the assum_ed two-dimensional (2-D) wave surface Wave cross sections, are tabulated in Table II. In Table I, the
smooth and continuous) address only about 10-20% of et cojumn describes the target, the second column gives
problem. In reality, this approach is also too idealistic becaugg, pcr attenuation setting used for the measurement, the
a real breaking wave is decidedly three-dimensional evgflq column gives the actual measured relative power level
when generated by 2-D wave drivers, as can be seen in {RyB. The fourth column gives the theoretical cross section.
examples shown in [9]. The second reason is that no two wavesy the sphere, since it is in the Mie scattering regime,

break alike and certainly no two broken wave surfaces afere is an additional factof, which for a 1-in ball and a
alike [9]. Furthermore, present state-of-the-art hydrodynamigficrowave wavenumber of 1.9 crhis f = 1.8 [15], thus
lacks the capability to either model or calculate the shape pf+? = 9.12 x 10~* m?, which is shown in the fifth column.
such convoluted, turbulent surfaces [13], [14]. Thus, detailgtbr the dihedral, the formula [16] is approximate for the
scattering calculations from broken wave surfaces, even if suglaximum RCS value, which evaluates to 6.22. However,
surfaces could be frozen and characterized by a high-spelee measured RCS value of the dihedral referred to the 1-in
camera, appear to be infeasilde present spherical target is somewhat smaller (k2.6 dB) than the
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Fig. 8. (Continued) Examples of Doppler spectra of 4-m sideband-modulated breaking waves. (c) Doppler spectra of HH, VV, VH, and HV from gate 29 at
11° grazing angle. The four different polarizations HH, VV, VH, and HV are represented by the different colors shown on the left side of the figurealNotice th
for breaking waves only, the Doppler spectra clearly display the preponderance of super events, »e\/\HHote that as the grazing angle increases, the
contribution of Bragg scattering (the portion of the PSD with Doppler frequencies beBvHz) also increases. This is due to small scale Bragg scatterers,
which are detectable after a wave has broken. The fact that Bragg scatterers appear at both positive and negative Doppler frequencies infeicatés the ef
orbital motion due to the underlying gravity wave. Orbital motion yields a maximum positive radial velocity for the radar when the Bragg waveseare on th
crest of the gravity wave and a maximum negative orbital velocity for the radar when the Bragg waves are in the trough of the gravity wave.

TABLE I
y RESULTS OFIN sITU CALIBRATION AND CROSS SECTIONS OF VARIOUS “T ARGETS'
10°F - (See Text FOR DESCRIPTION
< [ Target Atten, (dB)  RCS (dB) O peorarve! O [’ oLt ]
- B S
Q| e T e e
s
102 | 1" sphere 30 54 frrt 9.12x10%  9.12x10+
s dihedral 60 60 A 6.22 36
e A
------------ (6"x6"
aperture)
10-3....1 L Pl B | L 1 (]
4 5 6 7 8 9 10 1 12
Grazing Angle (degrees) Breaking- 30 HH ~ 74 - - ~9x102

wave surface
Fig. 9. Breaking-wave radar cross sections versus grazing angle for HH,
VV, and VH polarizations (see text for description).

. . L which yields an HH cross section of
maximum theoretical value. This is probably due to losses y

through diffraction around the aperture, slight misalignments onn ~ 0.09 m* ~ 0.1 m?. 4)
(i.e., aiming losses) and crudeness of the estimate, etc.

Comparing the~74 dB of the breaking wave to the 54 dB In other words, this is equivalent to roughly one hundred 1-
of the Epher?cal target, we have 9 in-diameter spheres in the range cell, which is 1 m in azimuth

by 0.136 m in range. We note that in some cases, spikes appear
U .90 dB (3) Which are larger than this nominal value by as much-&xiB
Tsphere in which case theryy &~ 0.5 . Using (4) in conjunction with
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polarization ratios obtained from Fig. 9 in which the breaking-
wave cross sections as a function grazing angle for HH, VV,

and VH are plotted, we have

AN 8103 dB (5)
ovv
TVH . _8to—10dB (6)
ovv

for the range of grazing angles of 4-51°.

We note that, in contrast to a point scatterer, the breaking-

wave surface is distributed scattererThough the unbroken

steep crest might be idealized as a line scatterer, nevertheless
the broken wave surface generally fills the range cell both
in azimuth and in range, which is evident by inspection of 3)
the broken wave image (bottom figure) of Fig. 3. Thus, it is

appropriate to speak of scatterer density, irg,,defined as
0 _ o
7= Ar‘es (7)

where A,.. is the area of the resolution cell. In other words,
if the resolution cell size were greater, one would expect to
obtain a larger cross section, if the distributed target system
uniformly fills the resolution cell. Substituting the value of the
RCS from (4) and the value for the range cell area (which

in our case is 0.136 f) into (7), we obtainoy; ~ 0.7.

This value compares favorably with the value obtained from

ocean measurements [17] wherg@ak HH cross section of
o ~ 3.5 n* was measured for a range cell 644 m in

azimuthal width (2 beamwidth at 2.5-km range) and 1.5 m in

range resolution, giving a sigma-zero valueo@zean(HH) ~

0.05. The difference between our measurement and the ocean
measurement may be understood in that for our case with
small resolution cell, the breaking-wave surface approximately
fills the cell, whereas in the ocean case with a much larger
resolution cell £66 n?), one cannot expect the entire area to
be filled with broken wave surfaces. Consequently, combining
our measurement and the ocean measurement, a fill factor
/o ~ 7% may be estimated. This indicates
that about 7% of the sampled ocean surface is covered by
breaking wave surfaces (e.g., white caps, etc.). This number

— -0
"= Uocean(HH

appears to be somewhat high in comparison Bubjectively

“normal” ocean surface for which only about 1-2% of the

surface may be covered hyisible white-capping breakers.
Although the fill factor of incipiently or mildly breaking

surfaces might contribute to a substantially higher percentage,
it appears that few statistics are available. Two recent papers by
Frasier [18] suggest the possibility of providing such statistics

using a high-resolution imaging radar.

I1l. SUMMARY

Using range-resolved measurements and temporal corre-
lations of radar and optical diagnostics we have provided
answers to the questions concerning the backscatter from
breaking waves, e.g., where does scattering occur? Why is)

ID(measured) < [D(c—phase)? What is the non-Bragg cross

section of a breaking wave? We list the main conclusions as

follows.

1) In the study of backscatter from vigorously breaking 8)
waves (without wind) at small grazing angles, one

must bear in mind that the unbroken crest lasts for
only a short while and contributes at the beginning
of the breaking event. However, the maje¥§0-90%)
contribution to the fast scatterer cross section comes
from the evolving broken crest (or broken wave surface),
which is composed of a disordered mass of water, foam,
and bubbles.

The backscatter from breaking wave surfaces is clearly
non-Bragg due to the fact that HH is predominantly
greater than VV and that the cross-polarized components
are not small. The predominance of HH can be explained
by multipath effects and Brewster damping of VV [19].
The breaking wave scatterer initially has a speed that
exceeds the phase speed of the gravity wave, but then
slows down as the wave breaks, ages, and decays. Since
the broken-crest contributes to the bulk of the returns and
its average speed is slightly less than the phase speed, it
follows that the peak PSD frequency, which represents
a time average, is less than the Doppler frequency
corresponding to the phase speed of the gravity wave.
Since no two waves break alike and three-dimensional
effects are always present, a statistical description for the
characterization of scattering cross section is appropri-
ate. On the average, grazing-angle-dependent measure-
ments in the range of £517° indicate that the breaking
wave surface is approximately an isotropic scatterer,
particularly for VV polarization. Incidentally, scattered
visible light (from the OSED illumination) also appears
visually to be isotropic over a much larger range of
bistatic angles.

We have observed in our experiments that mechanically-
generated breaking gravity waves produce super events
almost exclusively, and we conjecture that at all grazing
angles, super events that are also fast scatterers are
mainly due to scattering from breaking waves. We
would like to point out, however, that we have observed
that as the breaking wave becomes less energetic, the
time averaged polarization ratio HH/VV also decreases,
approaching 0 dB for incipiently breaking waves [5].
Since the breaking-wave surface is an efficient depolar-
izer and super events are predominant, single-bounce
mechanisms will not be able to model or reproduce
the experimental results so that multibounce scattering
appears to be the correct physical scattering mech-
anism. Furthermore, this multibounce (and/or multi-
path) scattering must be out-of-plane scattering [6],
[12], since in-plane multipath scattering preserves the
plane of polarization and does not cause depolarization,
i.e., cannot generate cross-polarized returns. Although
in-plane multipath scattering can yield a wide range
of HH/VV ratios, it cannot produce significant cross-
polarized returns.

Post-break small scale scatterers are generated by fully
breaking gravity waves. Bragg scattering occurs from
these small scale scatterers and they are strongly affected
by the orbital motion of the underlying gravity wave.

For breaking wave surfaces, the nominal measured
breaking wave HH backscatter cross section is given
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by the empirical result (4) whose value is limited b
Ox—band < 0.5 m? = —3 dBnY.
From Fig. 9, the measured “nominal” cross sections a
roughly oy ~ 0.1 m?, ovv ~ 0.02 m?, and oy ~ 0.003

m>.
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