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X band microwave backscattering from ocean waves 
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Abstract. Backscattering experiments at microwave frequencies were conducted off 
the west coast of Scotland in the summer of 1991. Using a dual-polarization, eight- 
frequency, X band, coherent scatterometer mounted on the bow of a boat, we 
measured time-resolved backscattering from ocean waves at a range of grazing angles 
from 10 ø to 70 ø. From the grazing-angle-dependent signals and their Doppler spectra, 
we are able to differentiate Bragg scattering from non-Bragg scattering and resolve 
"peak separation" between the vertical and horizontal polarizations. We observe 
instances of "super" events, i.e., instances when the horizontal polarization return 
power equals or exceeds the vertical polarization power at particular frequencies. We 
find that "super" events occur not only at low grazing angles but at any grazing angle 
for upwind viewing directions and obtain statistics for such occurrences as a function 
of grazing angle. We study the coherence properties of scatterers and find strong 
evidence that at low grazing angles, lifetime-dominated, non-Bragg scattering 
contributes noticeably to returns of both polarizations, but is dominant in providing 
returns for the horizontal polarization. We examine "spiking" events and find that they 
can be related to, but need not be limited to, breaking wave events. By comparing the 
data of upwind runs with cross-wind and circle runs, we obtain wind direction 
dependence of Doppler spectra, which further assists in the identification of scattering 
mechanisms. 

1. Introduction 

During the month of July 1991 we participated in a series 
of experiments at Loch Linnhe and the Sound of Sleat in 
western Scotland. During that time we conducted micro- 
wave backscattering experiments from wind wave surfaces 
for different wind conditions at a variety of grazing angles. 
The objective of our experiment was to obtain a database to 
facilitate the evaluation of hydrodynamic-electromagnetic 
interaction models in order to gain a better understanding of 
the physics of backscattering of microwaves from ocean 
surfaces in general, and of low-grazing-angle (LGA) back- 
scattering in particular. Historically, experiments on LGA 
backscattering have provided the microwave scattering com- 
munity with some rather peculiar results [Goldstein, 1947; 
Pidgeon, 1968; Mel'nichuk and Chernikov, 1971; Long, 
1974; Leykin et al., 1975; Kalmykov and Pustovoytenko, 
1976]. These results have challenged theoreticians for some 
time, and in spite of rather intense study in past and recent 
years, the problems of LGA scattering have proven to be 
remarkably resistant to analytical solution. In order to 
correctly model the problem, the underlying physics must 
first be thoroughly understood. Our approach is therefore to 
conduct experiments which we hope will identify the funda- 
mental scattering mechanisms. 

2. The Microwave Scatterometer 

Our principal instrument for microwave measurements is 
a CW, dual-polarization, X band, coherent scatterometer, 
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designed to operate at four nominal frequency pairs as 
shown in Table 1. The close frequency spacing between 
polarization channels in a pair facilitates polarization ratio 
measurement, while the wide spacing between pairs pro- 
vides rapid speckle averaging. In order to avoid interference 
from X band equipment used by other participants in the 
Scotland experiment, the actual frequencies used in the field 
differed slightly from the nominal values. 

A block diagram of the X band scatterometer is shown in 
Figure 1. The two 25-cm-diameter corrugated horns, sepa- 
rated by 28 cm (center to center), have a "toe-in" angle of 
1.09 ø. The total transmitted power of the scatterometer is 1 
W. The receiver preamplifier noise figure is 2.1 dB. Micro- 
wave relays are used to switch the radar from an operating 
configuration to an internal calibration configuration where 
the transmitter and receiver are connected to each other via 

a 60-dB attenuator or to a null configuration where both 
transmitter and receiver are connected to resistive termina- 

tions. An additional set of relays are provided which can 
reconfigure the radar to measure cross-polarized scattering 
(VH, HV); however, only the copolarized (HH, VV) capa- 
bility was used in the 1991 experiment. Programmable atten- 
uators are provided between the receiver horn and the 
low-noise amplifier of each polarization. These attenuators 
were set for each grazing angle and sea state to keep the 
recorded signal on scale. The complete scatterometer sys- 
tem, contained in a waterproof metal box, was mounted on 
an extended platform on the starboard side of the bow of the 
80-ton, 24-m-long research vessel Loch Nevis. The scatter- 
ometer could be rotated about a hinge (located at the bottom 
of the box, 2.275 m above the mean water surface) which 
allowed the grazing angle to be varied. 

The scattered signals of each polarization are detected by 
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Table 1. Frequency Pairs for Microwave Scatterometer 

Polarization, GHz 

Pair Vertical Horizontal 

1 9.020 9.021 
2 9.170 9.171 
3 9.320 9.321 
4 9.470 9.471 

four quadrature mixers, one for each transmitted frequency. 
Each mixer generates an in-phase (I) and quadrature (Q) 
signal with a frequency response of 0 to 1000 Hz. With 
complex amplitude thus generated for each frequency, there 
are 16 channels of output. During an experiment the 16 
signals are recorded digitally on a multichannel cassette 
recorder. 

An absolute calibration of the scatterometer system [Bar- 
ter et al., 1993] was conducted in a large (10 m x 10 m x 30 
m) anechoic chamber using spheres and cylinders of various 
sizes as well as corner reflector targets. Measurements 
consisted of establishing the output power and receiver gain 
of each of the eight frequency channels, the system radiation 
patterns in two perpendicular planes in the forward half 
sphere, the range dependence of the signal power, and the 
cross-polarization isolation of the scatterometer system. The 
essential results of the calibration are as follows: total power 
(eight channels), -1 W; nominal receiver gain each channel, 
-60 dB; system radiation pattern, approximately Gaussian 
main lobe; azimuthal plane -3 dB beam width, 8.7 ø for VV 
and 10.3 ø for HH; vertical plane -3 dB beam width, 11 ø for 
VV and 9.6 ø for HH; average -3 dB beam width, 9.5ø; 
antenna gain, 26.6 dB; cross-polarization isolation, >35 dB; 
image rejection ratio, --45 dB. 

As an example, the measured two-way antenna pattern in 
the azimuthal plane (the plane containing the scatterometer 
boresight and the line connecting the centers of both horns) 
is shown in Figure 2. Note the relatively good symmetry 

between HH and VV patterns. Also note that the two-way 
sidelobes are small (<-65 dB). 

In addition to the microwave scatterometer used for the 

present experiment, we also fielded a surface truth sensor 
package which contained a scanning laser slope gauge [Lee 
et al., 1992], which measures slopes of waves in the 1- to 
10-cm range; capacitance wire wave height gauges, which 
measure wave amplitudes of waves longer than 10 cm; and 
other diagnostics which measured meteorological condi- 
tions, sea state, bulk water parameters, and ship velocity 
[Barter et al., 1991]. 

A scaled model of the instrument platform Loch Nevis was 
tested in a wind tunnel with a cross section 0.89 m high by 
1.22 m wide [Barter et al., 1992a]. A model scale of 1 '79 was 
chosen to yield a model length of approximately one-quarter 
the tunnel width and a model height of approximately 
one-seventh the tunnel height. Wind speeds were chosen so 
that the friction velocities in the boundary layer of the wind 
tunnel matched the friction velocities obtained in the field 

experiment. The wind fields at different positions on the 
scaled model and at different angles of free stream wind 
direction with respect to boat heading were thus mapped 
out. This allowed the appropriate wind field corrections (if 
any) to be taken into account for data reduction purposes. 
Also, the results of our scaled model wind tunnel measure- 
ments have been shown to be in very good agreement with 
all testable environmental observations obtained during the 
field experiment. 

3. Experiments and Data Processing 

Once per day during field experiments, an internal calibra- 
tion sequence of the scatterometer was recorded on tape. 
This sequence consisted of 10 s each of the calibration 
configuration and the null configuration, while stepping the 
V and H input attenuators through their 0- to 70-dB span. 
Also, a one-time radiometric field calibration was performed 
using a small test sphere as a moving target. 

The scatterometer data from actual ocean backscattering 
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Figure 1. A schematic diagram of the dual-polarized, eight-channel, X band, coherent scatterometer. 
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runs were recorded at a sampling rate of 5 kHz and down- 
sampled by strict averaging of each input channel to 1.25 
kHz to conserve data archive volume. Preliminary data 
reduction included high-pass filtering to eliminate DC offsets 
and static returns, and low-pass filtering with decimation to 
restrict the Doppler range to -+ 3.25 m/s. Final data reduction 
techniques were tailored to each of the various results. We 
will present speckle-averaged, time-resolved return losses, 
and time-resolved as well as time-averaged return loss 
spectral densities (Doppler spectra) for both HH and VV 
polarizations. Return loss refers to the ratio of the received 
signal to the transmitted signal and is thus specific to the 
scatterometer system. Its absolute measurement depends on 
the calibration data. The absolute radar cross section per 
unit area of scattering surface is obtained from the return 
loss using the measured antenna pattern mentioned in the 
previous section. 

An estimate of the effects of statistical fluctuations on the 

ensemble-averaged spectral densities, Gxx(f), may be ob- 
tained [Bendat and Piersol, 1986] from the number of 
disjoint spectra in an ensemble (n d) and the frequency 
resolution of the spectra (B e)' B e and n d are related by n • - 
B eTR, where TR is the total record length. The degrees of 
freedom for a spectral estimate is given by n = 2n •. For the 
power spectral densities (PSDs) presented in this paper 
(except for the time-resolved spectra and circle run spectra, 
which have shorter TR), Be -- 2.44 Hz and na = 300, which 
give a normalized random error for the estimated spectra of 
e r = n• -1/2 = 0.058, or an error bar of (+0.26, -0.24) 
dB/Hz. The corresponding bias error is small. In the worst 

2/24)[G'.•(f)/G•(f)] = 0.025 which case it is e• = (B e , 
corresponds to an error bar of _+0.11 dB/Hz. For Royal 
Signals and Radar Establishment (RSRE) pulsed radar data 
(the RSRE data at grazing angle 0a = 6 ø were obtained in 
1989 at Loch Linnhe, Scotland; data kindly provided by K. 
Ward (Defence Research Agency, Malvern, U.K., private 
communication, 1993)), B e = 0.98 Hz and nd = 50, giving 
e r = 0.14 and e b = 4.0 x 10 -3 or corresponding error 
bars of (+0.66, -0.57) dB/Hz and -+0.017 dB/Hz, for random 
error and bias error, respectively. 

The scattering-object velocity in the water frame of refer- 
ence (i.e., horizontal reference frame) is obtained from the 
measured Doppler frequency given by 

2 cos Og(vb +v +vc + , fD = A - • - - c,) (1) 

where 0g is the scatterometer local grazing angle, A is the 
microwave free space wavelength, and vo, v•, v•, and Cp 
refer to boat speed, wind drift, current velocity (including 
the effect of orbital motion [Lee, 1977]), and the speed of the 
scattering object on the water surface, respectively. Note 
that (1) is approximate, since the surface tilt and vertical 
motion are ignored. The plus and minus signs refer to 
contributions from approaching or receding scatterers, re- 
spectively. If the speed of the scattering object is associated 
with the underlying water wave, then C p is the phase speed 
of the water wave given by 

c, = +- k• , (2) 
P 
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Figure 2. The calibrated two-way radiation pattern in the 
azimuthal plane. 

where g is the gravitational acceleration, y and p are the 
water surface tension and density, respectively, and kw is 
the associated wavenumber. For Bragg scattering, 

4z- cos 0 
kw = kB = g (3) 

is the Bragg-resonant wavenumber in water. Research has 
shown that a good approximation to the wind drift is 
2.6-5.5% of the wind speed [Lange and Hiihnerfuss, 1978], 
we use 3% because it provides a slightly better agreement to 
our data. 

The data considered here consist of upwind, cross-wind 
and circle runs. During the runs, surface truth data were 
simultaneously collected using the diagnostics described in 
the surface truth sensor package. Data gathering runs were 
conducted at boat speeds in the range of 0.9-1.4 m/s. The 
wind speeds at 10 m above the water surface (U10) were in 
the range of 5-13.5 m/s for the data presented. The experi- 
mental configuration is given in Figure 3, where the angles 
and velocities of interest for the experiment are depicted for 
an upwind run configuration. For a downwind run, the 
velocities U10, Vw and Cp are reversed. For cross-wind runs, 
the velocities U10 and Vw are perpendicular to the paper. 

4. Results 

4.1. Grazing Angle Dependence of Time-Averaged Doppler 
Spectra 

In what follows, the Doppler spectra are presented as 
return loss spectral density plotted against Doppler fre- 
quency. Based on the definition of return loss mentioned 
earlier, the return loss spectral density is simply a normal- 
ized PSD. The Doppler frequency corresponds to radial 
velocity with respect to the scatterometer bore sight. The 
interpretation of the Doppler spectra is made clear by 
reference to (1), which states that the frequency of any 
particular feature (e.g., a spectral peak) is simply the sum of 
the various speeds multiplied by the factor 2 cos 0•/A. This 
is depicted in Figure 4. Also indicated in this figure is the 
spectral image at negative Doppler frequencies (recall that 
the image rejection ratio is --•-45 dB), which is due to 
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Figure 3. A schematic of the experimental configuration 
for an upwind run. For a downwind configuration, the 
direction of U10, vw, and Cp are reversed. For cross-wind 
configurations, U10 and vw are perpendicular to the paper. 

nonideal quadrature mixers in the scatterometer system. 
There is also the presence of a low-frequency bump (at 
frequencies below --•30 Hz) as well as a (sometimes distinct) 
bump centered at 0 Hz; the former is due to an instrument 
response to the platform vibration (microphonic artifact), 
while the latter is due to DC drift. Both are instrumental 

artifacts which are avoided by the choice of platform veloc- 
ity; i.e., the boat speed effectively shifts the signals of 
interest away from the low-frequency artifacts. 

4.1.1. Upwind runs. The term upwind run refers to a 
data-collection run during which the scatterometer is looking 
against the propagation direction of the dominant wave. The 
results for upwind runs for grazing angles between 10 ø and 
70 ø together with the corresponding environmental, com- 
puted and geometrical data are given in Table 2. In Table 2, 
0 o, U10 and vt, are measured values; v• is taken as 3% of 
U10; cp is the Bragg wave phase speed computed from (2) 
and (3); a and b are the major and minor (radial and 
azimuthal) half-axes of the elliptical footprint computed from 
the intersection of a cone and a plane inclined at an angle of 
0o; the cone angle is taken to be the average -3-dB beam 
width of 9.5ø; and fo is the Doppler frequency, correspond- 
ing to scattering from Bragg-resonant waves, computed from 
(1). The friction velocity u, is provided for reference. The 

boat speed is measured relative to large-scale currents (if 
any), so the effects of circulation currents do not contribute 
to Doppler frequency shifts in the boat frame of reference. 
The sea state is characterized by the rms wave height arm s 
and the gravity wave frequency fdom at the peak of the wave 
height spectrum. These sea state data were obtained from a 
Johns Hopkins University Applied Physics Laboratory 
(JHU/APL) spar buoy located within 1 km of our platform 
track and were kindly provided by R. Chapman (JHU/APL, 
Laurel, Maryland, private communication, 1993). Some of 
the times of measurement were coincidental with our scat- 

terometer data collection time; otherwise, the sea state data 

corresponding to the identical or closest value of U•0 were 
used. From the fdom data in Table 2, we note that very long 
waves are absent for our experiments. Maximum instrument 
platform pitch and roll are limited to +--1.25 ø and +__ 1.25 ø, 
respectively. In the last two columns of Table 2, the frequen- 
cies of the "slow" and "fast" PSD peaks (discussed below) 
observed in the respective Doppler spectra are given. Orbital 
velocities of dominant waves calculated from data in Table 2 

are in the range of 0.07-0.023 m/s. The effect of orbital speed 
is neglected, since we assume that the positive and negative 
contributions cancel out, an assumption which is justified by 
the data. 

Examination of the 1-min time-averaged Doppler spectra 
reveals that at large grazing angles, the HH profile is similar 
to the VV profile, both peaking at more or less the same 
frequencies. We notice, in addition to the familiar Bragg 
resonant peak in the PSD, also a peak at higher frequency. 
These will be designated as "slow" and "fast" peaks, 
respectively. We also note that the HH profile is sensitive to 
the grazing angle. As the grazing angle is decreased, the peak 
of the HH spectrum gradually shifts toward higher Doppler 
frequencies, thus causing a separation of the HH peak from 
the VV peak. A few examples are shown to illustrate this 
point. In Figure 5 the Doppler spectra for both HH and VV 
returns are quite similar at large grazing angle (0• = 55 ø) 
where the slow and fast peaks are identified. As the grazing 
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Figure 4. A schematic of a typical Doppler spectrum for an upwind run with Bragg waves and fast 
scatterers approaching the boat. The contributions of various speeds to the slow and fast peaks are noted. 
In a downwind run, the wind drift contribution is reversed in direction, while in a cross-wind run, the wind 
drift contribution drops out. If Bragg waves (or fast scatterers) are receding from the boat, the direction 
of ces (or Cpf) is reversed. If Cpf is very large, then the contribution of wind drift is negligible (indicated 
by the dashed line under Kcpf). The image spectrum at negative Doppler frequencies, DC drift, and 
microphonic response are instrumental artifacts. 
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Table 2. Data Summary of TRW Upwind Runs at Different Grazing Angles 

Oft, U10, Vb, Vw, Cp , f D, a, b, u,, arms, fdom, f s, f F, 
deg m/s m/s m/s m/s Hz m m cm/s cm Hz Hz Hz 

10 8.5 1.15 0.26 0.23 99.4 8.86 1.54 32 5.8 0.45 99 160 
15 6.0 0.9 0.18 0.23 78.3 3.43 0.89 21 2.0 0.70 77 140 
20 6.0 1.25 0.18 0.23 96.6 1.87 0.64 21 1.8 0.65 105 156 
25 9.5 1.10 0.29 0.23 90.7 1.20 0.51 37 3.9 0.55 83 135 
30 6.5 1.15 0.19 0.23 84.2 0.85 0.42 23 1.8 0.65 86 160 
35 8.0 1.10 0.24 0.23 79.6 0.64 0.37 29 3.9 0.53 85 136 
45 5.0 1.25 0.15 0.24 71.8 0.42 0.30 17 1.8 0.65 79 105 
55 7.5 1.15 0.23 0.24 57.5 0.31 0.25 27 4.4 0.68 58 89 
65 13.5 1.10 0.40 0.27 46.3 0.25 0.23 60 5.7 0.48 59 73 
70 11.0 1.15 0.33 0.29 37.5 0.22 0.21 45 5.1 0.48 41 62 

Parameters are wind speed at 10-m height, U10; boat speed vo; calculated wind drift Vw; computed Bragg resonant wave phase speed ct,; 
and Doppler frequencyfo; the characteristic lengths of the antenna footprint, a and b; the friction velocity u.; the rms wave amplitude arm s 
and dominant wave frequency fdom of the ocean wave-amplitude spectrum; and the observed Slow (Bragg) and Fast (faster than Bragg) 
frequencies fs and fir 

angle is reduced to 0 a = 25 ø (Figure 6), although the "slow" 
peak is still dominant in the VV return, the "fast" peak is 
slightly larger (by a few decibels in spectral density) than the 
slow peak in the HH return, in other words, we have 
recorded peak shifting (the shift from the slow to the fast 
peak) in transition. At a grazing angle of 0 a = 10 ø (Figure 7), 
peak separation has occurred. The fast peak has become the 
dominant peak of the HH Doppler profile, and only several 
gentle "wrinkles" remain in the profile at the frequency 
location of the slow peak. Finally, for RSRE pulsed-radar 
data at 0 a = 6 ø shown in Figure 8, we see complete peak 
separation. The VV and HH spectra shown in Figure 8 are 
for one typical range cell. The nominal range of the RSRE 
radar is 2.5 km; the cell resolution is 1.5 m in range and 
nominally -•43 m in azimuth. The look angle is -•60 ø with 
respect to the wind direction, the wind speed is -•8 m/s (i.e., 
the head wind component is -•4 m/s). Note that the HH 
profile is completely dominated by the "fast" peak without 
any hint that a slow component is present. Likewise, the VV 
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Figure 5. Time-integrated Doppler spectra of wind waves; 
upwind look direction, 0• = 55 ø. The VV trace has higher 
spectral density at both "slow" and "fast" peaks. The 
frequencies of the slow and fast peaks are given in Table 2. 
The slow peak corresponds to contribution from Bragg 
scatterers, while the speed corresponding to the fast peak 
can be evaluated from Equation (1) using environmental data 
given in Table 2. In this particular case, the fast scatterer 
corresponds to the phase speed of a gravity wave of 0.83 m 
wavelength. 

profile is completely dominated by the "slow" peak with 
little indication that a fast component is present. This 
separation of VV and HH peaks is typical of Doppler spectra 
seen at very low grazing angles [Pidgeon, 1968; Valenzuela 
and Laing, 1970]. 

We see then that peak separation is more accurately 
understood as a gradual relinquishing of dominance by the 
slow peak of the HH spectra with decreasing grazing angle. 
We will refer to the grazing angle at which dominance in the 
HH spectrum is transferred as the "switch-over" angle. We 
find that for wind speeds of 5-13.5 m/s, switch-over occurs at 
grazing angles between 25 ø to 15 ø . The switch-over angle is 
probably wind speed and sea state dependent. Since these 
data were gathered at sea and not obtained under controlled 
laboratory conditions, a more precise value of the switch- 
over grazing angle is not available at this time. 

At each grazing angle, the Doppler frequency at the slow 
peak corresponds reasonably well to that given by (1), with 
c t, matching the phase speed of the Bragg-resonant water 
wave. This can be seen in Table 2 and the examples of 
Doppler spectra shown in Figures 5-7. The fact that fs "• fo 
(more or less) justifies the assumption that effects of orbital 
speed cancel out. Stokes drift, being a higher-order term, is 
neglected. We note from our data that at wind speeds less 
than -•5 m/s, a smaller Bragg peak at lower frequency 
corresponding to the receding Bragg waves can also be seen, 
especially at lower grazing angles where the frequency 
resolution is favorable (because cos 0 a is near unity); how- 
ever for the sea state conditions given in Table 2, the 
individual Bragg peaks cannot be resolved. This "smearing" 
of Bragg peaks for higher sea states was also observed by 
Plant [1990]. 

The fast peak, however, corresponds to scatterers which 
move at speeds much faster than the Bragg wave speed. If 
one assumes that the fast scatterer is associated with the 

phase speed of a gravity wave, then the specific values of 
each case can be evaluated from the fe data given in Table 2. 
Specifically, from fe, (1) is used to compute the phase speed 
of the fast scatterer, and (2) is used to compute the corre- 
sponding gravity wave wavelengths which are given in the 
captions of Figures 5, 6, and 7. We shall return to this point 
later. 

4.1.2. Cross-wind runs. A cross-wind run means that 

the scatterometer is looking perpendicular to the propaga- 
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Figure 6. Time-integrated Doppler spectra of wind waves, 
upwind look direction, 0g = 25 ø. The VV trace has higher 
spectral density at both slow and fast peaks. Peak separation 
of HH relative to VV is in progress (see text). The fast 
scatterer corresponds to the phase speed of a gravity wave of 
0.68-m wavelength. 

tion direction of the dominant wave. While prominent fast 
peaks are present in the Doppler spectra for upwind runs, 
their presence is greatly reduced in cross-wind runs at low 
grazing angles and unnoticeable in the cross-wind runs for all 
grazing angles greater than --•25 ø. For cross-wind viewing 
directions, peak separation does not occur for low grazing 
angles; i.e., both the VV and HH spectra peak at more or 
less the same frequency. Three examples are shown in 
Figure 9, for Og = 55 ø, 25 ø, and 10 ø. In this figure, for the 
cases at 10 ø and 25 ø, the bump in the HH spectrum (at 
frequencies below 30 Hz) is due to instrumental artifacts 
mentioned earlier (see text describing Figure 4) and should 
be ignored. At large grazing angles the artifacts are less 
obvious because their presence is masked by the high-level 
Bragg signals. Comparison of the cross-wind spectra with 
Figures 5, 6, and 7 (for upwind spectra) reveals the obvious 
absence of a prominent fast peak. Although fast scatterers 
are noticeable in the 10 ø HH spectrum, the PSD value is 

smaller than the Bragg peak value. The comparison of 
upwind and cross-wind results also provides a clear indica- 
tion that the ocean is not an isotropic scatterer. To first 
order, the observed Doppler frequency in the cross-wind 
case corresponds quite well to the boat velocity. Closer 
scrutiny, however, reveals that the peak may be slightly 
upshifted or downshifted from the "reference frequency" 
(i.e., Doppler frequency corresponding to boat speed only) 
depending on whether approaching or receding Bragg 
waves, respectively, were dominant in contributing to the 
backscatter return. If both approaching and receding Bragg 
wave contributions were equal, then an appropriate broad- 
ening of the Doppler spectrum about the "reference frequen- 
cy" is observed. Specifically, (1) for the 0 a - 55 ø cross-wind 
run, U•0 - 7.5 m/s and the boat speed is 1.15 m/s. If the 
Bragg peaks due to approaching and receding Bragg waves 
were resolvable, they would appear at 49 Hz and 32 Hz, 
respectively. The observed single peak in the spectrum, 
however, is located near 35 Hz. (2) For the 0 a - 25 ø 
cross-wind run, U•0 -- 9.5 m/s and the boat speed is 1.1 m/s. 
If the Bragg peaks due to approaching and receding Bragg 
waves were resolvable, they would appear at 74 Hz and 49 
Hz, respectively. The observed peak in the spectrum, how- 
ever, is located at 57 Hz. (3) For the 0• = 10 ø cross-wind 
run, U10 - 8.5 m/s and the boat speed is 1.15 m/s. If the 
Bragg peaks due to approaching and receding Bragg waves 
were resolvable, they would appear at 83.6 Hz and 55.8 Hz, 
respectively. The observed peak in the spectrum is located at 
67 Hz. Thus we believe that it is the rough sea state that 
renders the peaks unresolvable. For the most part, cross-wind 
viewing angles provide results that can be adequately de- 
scribed by Bragg scattering. Because of the drop in the Bragg 
signals relative to the fast-scatterer signals in the HH spectrum 
at the low grazing angle of 10 ø , fast scatterer contributions at 
greater than 120 Hz are noticeable, but the Bragg signals are 
still dominant (by several decibels) in the HH spectrum. 

4.2. Time-Dependent VV and HH Signals 

In order to further study the slow and fast scatterers, we 
examine the slow and fast contributions separately. The VV 
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Figure 7. Time-integrated Doppler spectra of wind waves, 
upwind look direction, 0 a - 10 ø. The VV trace has higher 
spectral density at slow peak. Note that peak separation has 
occurred and HH has maximum spectral density shifted to 
the fast peak. The fast scatterer corresponds to the phase 
speed of a gravity wave of 0.97-m wavelength. 
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Figure 8. Royal Signals and Radar Establishment (RSRE) 
data from Loch Linnhe Experiment, 1989. Run 8, range cell 
80. Time-integrated Doppler spectra of wind waves, upwind 
look direction, 0g = 6 ø. The VV trace has maximum spectral 
density at the slow peak. Note that peak separation is 
complete and HH has maximum spectral density at the fast 
peak. 



LEE ET AL.' X BAND MICROWAVE BACKSCATTERING FROM OCEAN WAVES 2597 

and HH scatterometer signals were band-pass filtered (with 
a filter half width of---10-15 Hz) at frequencies centered 
about the Doppler frequency of the slow and fast peak values 
obtained from the time-integrated Doppler spectra (e.g., 
Figures 5-8) for the entire length of the return record. These 
record lengths were nominally 120 s for our data and 50 s for 
RSRE data. Henceforth, we will refer to these filtered Bragg 
and faster-than-Bragg signals simply as Slow and Fast sig- 
nals, respectively. A few short samples of time-resolved 
signals are shown to indicate the characteristic features. 

4.2.1. Slow (i.e., Bragg) signals. The general features 
for Slow return loss signals are found in both upwind and 
cross-wind runs. In Figures 10 and 11, two examples of 12-s 
records of the Slow signal for an upwind run are shown, for 
0g = 10 ø and 30 ø. Comparing the characteristic features as a 
function of grazing angle, we note that as the grazing angle 
increases, the temporal correlation (" synchronization") be- 
tween HH and VV signals improves. On the average, the 
HH signal appears to be comparatively spikier at smaller 
grazing angles. This spikiness is more pronounced in the 
total (unfiltered) signals. The polarization ratio of the Slow 
signal fluctuates about some mean value but never exceeds 0 
dB; i.e., HH(t) is always smaller than VV(t). 

4.2.2. Fast (i.e., faster than Bragg) signals. Since no 
prominent Fast peaks are found in the cross-wind runs, 
band-passed Fast signal data are included only for upwind 
runs. Examples of 12-s records of the return loss Fast signal 
for small, medium, and large grazing angles (10 ø, 35 ø, and 
70 ø ) are shown in Figures 12, 13, and 14, respectively. The 
improvement in temporal "synchronization" of HH and VV 
signals with increasing grazing angle is again noted. The 
polarization ratio fluctuates about some mean value, the 
fluctuation being more vigorous than that seen in the polar- 
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Figure 9. Time-integrated Doppler spectra of wind waves, 
cross-wind look direction, for 0g = 55 ø, 25 ø, and 10 ø. The 
VV trace has higher spectral density at the slow peak. 
Compare these spectra with Figures 5-7 and note the ab- 
sence of a prominent "fast" peak in both the VV and HH 
spectra. 
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Figure 10. A short sample of time-resolved, band-pass- 
filtered Slow signals, upwind look direction, 0g = 10 ø. Note 
that HH(t) and VV(t) are not well correlated in time. 
HH/VV never exceeds 0 dB. 

ization ratio of Slow signals. Most notable is the fact that the 
polarization ratio sometimes equals or exceeds 0 dB, i.e., 
there are instances where HH(t) >- VV(t). We call such 
instances "super" events, since HH equals or exceeds VV. 
As indicated by the examples shown, the occurrence of 
super events is not confined to small grazing angles but 
populates the whole range of grazing angles from 6 ø to 70 ø . 
Data on the probability of occurrence of HH -> VV events 
per unit antenna illumination area (i.e., footprint area) will 
be presented in section 6. 

4.3. Grazing Angle Dependence of Polarization Ratio 

4.3.1. Slow (i.e., Bragg) signals. The time-averaged po- 
larization ratio (HH/VV) of band-passed Slow signals versus 
grazing angle is shown in Figure 15. The mean value is 
plotted as the data point, while the standard deviation within 
the record is plotted as the error bar (1 rr above and 1 rr below 
the data point). The scatter for RSRE data points reflects the 
evaluated data for 256 range cells. For smaller grazing 
angles, our polarization ratio data are plotted against the 
effective (i.e., median) grazing angle (Appendix A). The 
effective grazing angle is a necessary correction because the 
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Figure 11. A short sample of time-resolved, band-pass- 
filtered Slow signals, upwind look direction, Og = 30 ø. Note 
that HH(t) and VV(t) are much better correlated in time and 
that HH/VV never exceeds 0 dB. 
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Figure 12. A short sample of time-resolved, band-pass- 
filtered Fast signals, upwind look direction, 0 a = t0 ø. Note 
that HH(t) and VV(t) are not well correlated in time, but 
better correlated than the case shown in Figure t0. Note also 
that HH/VV occasionally equals or exceeds 0 dB. Also note 
that fluctuations of HH/VV about the mean value are larger 
than for the Slow case (Figure t0). 

antenna pattern has finite beamwidth. No such correction is 
made for the RSRE data, since a range-resolving radar in 
conjunction with a 1 ø beam width antenna was used for the 
measurement. The gradual decrease in HH/VV with de- 
crease in grazing angle is expected. Note that the cross-wind 
data (squares) and the upwind data (circles) are in very good 
agreement. 

4.3.2. Fast (i.e., faster than Bragg) signals. The Fast 
HH(t)/VV(t) signals have also been averaged over the whole 
record. The mean value is plotted against the grazing angle, 
and the standard deviation is plotted as the error bar. The 
scatter for RSRE data points again reflects the evaluated 
data for 256 range cells. The results are shown in Figure 16. 
The same effective grazing angle corrections were used to 
plot these data. The polarization ratios for Fast signals 
appear to be insensitive to grazing angle and have values 
between -3 dB and -10 dB, with an average value of-7.45 
dB and a standard deviation of +-1.86 dB. 
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Figure 13. A short sample of time-resolved, band-pass- 
filtered Fast signals, upwind look direction at an intermedi- 
ate grazing of 0 a = 35 ø. Note that HH(t) and VV(t) are 
much better correlated in time and that HH/VV occasionally 
equals or exceeds 0 dB. 
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Figure 14. A short sample of time-resolved, band-pass- 
filtered Fast signals, upwind look direction at a large grazing 
of 0a = 70 ø. Note that HH(t) and VV(t) are much better 
correlated in time and that HH/VV occasionally equals or 
exceeds 0 dB also for this large grazing angle. 

5. Comparison With Theory 
5.1. Slow (i.e., Bragg) Signals 

Peake [1959] used the first-order fields from Rice's [1951] 
theory to obtain backscattered power for vertical and hori- 
zontal polarizations. The average backscatter cross sections 
per unit area of the ocean, of horizontal and vertical polar- 
izations from a slightly rough dielectric surface, for an 
incident plane wave polarized horizontally and vertically, 
respectively, given by Valenzuela [1978], are 

O' 0(HH) '- 16 rr k 4 m sin4 0 
(e- 1) 

[sin 0a + (e - cos 2 0a) 1/212 
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Figure 15. Time-averaged polarization ratio of Slow sig- 
nals. Solid circles are TRW upwind runs, squares are TRW 
cross-wind runs, open circles are RSRE data. The error bar 
represents one standard deviation above and below the data 
point. The solid curve is Rice's theory with a dielectric 
constant appropriate for the water temperature and salinity 
of Loch Linnhe and the Sound of Sleat (e = 51.4 - i39. t). 
The poor agreement of Rice' s theory using a perfect conduc- 
tor model is indicated by the dotted curve. 
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ß W(kB, 0), (4) 10 

o-0(vv ) = 16rrk4msin 4 0 a 
(e- 1)[e(cos 2 0 a + 1)- cos 20o] 

sin 0 o + (e - cos 2 0 o) 1/212 

ß w(tca, 0), (5) 

where k m = 2 rr/A is the microwave wavenumber, • is the 
complex relative dielectric constant, W is the two- 
dimensional wave amplitude PSD of the surface and kB is the 
Bragg-resonant wavenumber for surface waves. 

Using the Debye equation [Debye, 1929] for the complex 
relative dielectric constant of a polar liquid in the microwave 
band, we calculated the dielectric constant of the sea water 
corresponding to actual temperature and salinity conditions 
at Loch Linnhe and the Sound of Sleat (Appendix B). For a 
microwave frequency of 9.3 GHz appropriate to our scatter- 
ometer, we obtain 

51.4- i39.1. (6) 

Our calculated relative dielectric constant differs from the 

oft-quoted and oft-used values of • = 65 - i40 and • = 
65 - i30.7. The former value is from Saxton [1949] forf = 
10 GHz and a water temperature of 20øC, while the latter 
value is from Kerr et al. [1947] for A = 3.2 cm and a water 
temperature of 28øC. Both of these sets of values are 
inappropriate for our experimental conditions. It should be 
pointed out that the use of (6) changes the values of Rice's 
polarization ratio only slightly when compared with using 
the oft-used values. However, since the index of refraction is 
equal to the square root of the dielectric constant (n = • •/2), 
the amount of attenuation of the VV polarization relative to 
the HH polarization upon reflection will be affected by the 
value of n in a nonnegligible way for a double-bounce 
backscatter, although the value of the Brewster angle (0B) 
has only a weak dependence on n. Thus, for example, our 
value of dielectric constant will yield a maximum intensity 
ratio of (HH/VV)max -- 15.5 dB at 0•, min -- 7.25ø, while 
Kerr's value of dielectric constant will yield (HH/VV)max = 
18.9 dB at 0a, min = 6.75ø, where 0a, min -- 90ø -- OB' 

Using (6) for the dielectric constant, the theoretical polar- 
ization ratio (using (4) and (5) is evaluated and plotted as a 
function of grazing angle (solid line) in Figure 15. Also 
plotted for comparison is the polarization ratio for a perfect 
conductor (dashed line), a model sometimes favored for 
simplicity (Appendix C) but clearly inappropriate as is 
evidenced by the poor agreement with the data. Notice that 
Rice's theory fits the experimental data down to a grazing 
angle of---20 ø when the appropriate dielectric constant is 
used. At grazing angles less than -20 ø, Rice's theory begins 
to deviate from the experimental data. We suggest several 
arguments to account for the deviation. 

1. During the absolute calibration of our scatterometer, 
we obtained cross-section measurements from geometrical 
objects using spheres and cylinders. A sphere is a degenerate 
scatterer in the sense that it does not differentiate between 

polarizations, whereas a cylinder is a nondegenerate scat- 
terer in the sense that it does differentiate between polariza- 
tions. A degenerate object scatters microwaves isotropi- 
cally, while a nondegenerate object scatters microwaves 
nonisotropically. In the process of using backscattered 
power measurements from cylindrical targets of diminishing 
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Figure 16. Time-averaged polarization ratio of Fast sig- 
nals. Solid circles are TRW upwind runs; open circles are 
RSRE data. Although there are some physics models, there 
is no available theory, with predictive or postdictive capa- 
bility, for Fast signals at present. 

radii to establish the polarization-isolation limit of our scat- 
terometer system, we established that an alignment inaccu- 
racy can also impose a limit on the achievable polarization 
isolation. The limit, for the case that the fields of both 
transmitted polarizations are equal in magnitude, is given by 

(HH/VV)limit = 10 log(tan4 (•) (7) 

where & is the limiting angular alignment accuracy between 
the vertically polarized electric field vector and the axis of a 
cylinder. If we conjecture that a misalignment of a nonde- 
generate target is limiting the polarization ratio, then a 
relative roll of the scattering surface (as opposed to pitch, or 
tilt in microwave-scattering jargon, which changes the local 
grazing angle) with respect to the scatterometer could im- 
pose a lower limit on the polarization ratio. However, if the 
-20-dB measured polarization ratio at an effective grazing 
angle of 13 ø represented a lower limit, it would correspond to 
a combination of boat and scattering-surface rolling at a 
relative angle of & • 17 ø. This value is an order of magnitude 
too large compared with the actual relative roll of the boat 
and surface. Thus boat rolling cannot be an effective mech- 
anism for limiting the polarization ratio. On the other hand, 
if we adopt the two-scale Bragg model, then surface tilt 
could be a possible mechanism, but not at large grazing 
angles, since positive and negative tilt contributions would 
cancel. At very small grazing angles, however, Bragg 
patches on negatively tilted surfaces could be shadowed, 
resulting in an increase in the measured polarization ratio 
due to the positive tilting of Bragg patches. At 13 ø the 
contribution of positive tilt to the polarization ratio is 0.81 
dB/degree; thus a positive surface tilt of 6.2 ø could account 
for the measured polarization ratio. However, the dominant 
wave slope obtained from environmental data yields a ka of 
-0.066, which indicates a lesser surface tilt than 6.2 ø. 
Alternatively, applying composite surface theory (CST) 
[Wright, 1968; Plant, 1990] in a more detailed calculation 
(where the Bragg wave height PSD is modulated over the 
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longwave phase according to a prescription provided by 
Miller et al. [1991]), we can fit the data points at grazing 
angles 13 ø (-20 dB) and 6 ø (-25 dB) if long wave slopes were 
ka = 0.15 and 0.2, respectively. However, the large slopes 
required for the CST calculation to fit the experimental data 
are not supported by the measured environmental data (see 
Table 2). It is therefore quite interesting to note that for 
grazing angles larger than -20 ø , it is unnecessary to resort to 
CST to fit the data (Rice's theory being adequate), while at 
grazing angles smaller than --•20 ø, application of CST using 
actual values of measured ka can provide only a small 
correction which is insutficient to match the experimental 
results. 

2. Even if composite theory could fit the data with the 
appropriate slope, there is another piece of evidence which 
may provide deeper insight. We mentioned earlier the ob- 
servation that the temporal correlation of the Slow HH(t) 
and VV(t) signals deteriorates with decreasing grazing an- 
gle. This result suggests that at low grazing angles, either the 
vertical and horizontal polarizations are sometimes obtain- 
ing returns from different patches of water (Appendix D), 
i.e., different locations in the "nominal" illumination spot, 
or are seeing returns from the same patch but with a 
polarization ratio value in disagreement with the prescription 
provided by Rice's theory or CST. Both these situations are 
possible if (1) there is preferential diffraction of the vertical 
polarization into the shadow region (the back side of a 
dominant wave) or (2) multipath scattering occurs. If either 
case were true, then W(kB, 0) would not be common to both 
HH and VV (see (4) and (5)). While Rice's theory (or CST) 
would still be correct, the usage in that form, i.e., assuming 
W(kB, 0) to be common to both polarizations for all times, 
would be inappropriate. Alternatively, if Brewster reflection 
is involved in the multipath scattering process, Rice's theory 
can still be used provided that VV is multiplied by the 
appropriate attenuation factor due to Brewster reflection. 
The effectiveness of multiple scattering in influencing back- 
scattering microwave returns from an ocean surface is 
presently unclear; it is mentioned only as a possibility. 

In any case, it is evident that for grazing angles smaller 
than --•20 ø, Rice's (or composite surface) theory cannot 
explain the Slow signal data without recourse to additional 
mechanisms. 

5.2. Fast (i.e., Faster Than Bragg) Signals 

To explain the Fast signals, concepts previously intro- 
duced, such as two-scatterer models, scattering from break- 
ing waves, or returns from the tips of dominant waves, 
bound waves, plumes, facets etc. [Wetzel, 1977, 1986; Kwoh 
and Lake, 1984; Jessup et al., 1991a; Ebuchi et al., 1993] 
seem to be slowly gaining acceptance. It is uncertain 
whether any useful theory, with either predictive or postdic- 
tive capability, is available at the moment. However, vigor- 
ous efforts toward construction of a realistic theory are in 
progress [Caponi et al., 1993]. It is certain from review of the 
data presented so far that there are other scattering mecha- 
nisms besides Rice's mechanism and the composite-surface 
model. In essence, we have the following experimental 
results from the Fast signals: (1) After accounting for the 
wind drift, platform speed, etc., the Doppler frequency of 
the Fast signal corresponds to a velocity which far exceeds 
the Bragg-resonant wave phase speed. (2) The time-averaged 
polarization ratio of the Fast signal is roughly constant, 

ranging between -3 dB and -10 dB, and is insensitive to 
grazing angle. (3) The time-resolved polarization ratio 
HH(t)/VV(t) of the Fast signal can occasionally equal or 
exceed unity. Each of these results is in violent disagreement 
with Rice's theory. It is tempting to argue that the large 
values of polarization ratio from fast scatterers can be 
accounted for using only bound Bragg waves [Duncan et al., 
1974] tilted at the appropriate slope of some substrate wave 
to yield results which can be described by CST. The weak- 
ness with this argument is that if bound Bragg waves were 
the only scattering mechanism, then all values of instanta- 
neous polarization ratio would be bounded by an upper limit 
of 0 dB. The occurrence of super events with polarization 
ratios greater than 0 dB in the experimental data provides 
convincing support that bound Bragg waves are not the only 
contributors to fast scatterers. 

What mechanisms may give rise to the observed data? The 
first result points to returns from scatterers associated with a 
faster wave, that is, a water wave of much longer wavelength 
than the Bragg-resonant wave. The second result points to 
possible returns from wave-breaking (incipient or otherwise) 
of the longer waves and from "specular facets" (Appendix 
E) associated with the longer wave. The third result points to 
either nondegenerate objects whose orientations favor the 
horizontal polarization return, or multipath scattering in 
which one reflection occurs at the Brewster angle so that the 
vertical polarization return is substantially attenuated. It 
should be stressed, however, that most of the time, VV is 
observed to dominate over HH. 

On the second point mentioned above, "longer wave" 
simply means a wave much longer than the Bragg wave. It 
could be a strained shorter gravity wave and need not be the 
dominant wave in the wind wave field. As a matter of fact, 
the phase speed data obtained through the Doppler spectra 
indicate that fast scatterers are associated with gravity 
waves with wavelengths substantially shorter than the dom- 
inant waves for each case. This can be seen by comparing 
the gravity-wave lengths given in the captions of Figures 5, 
6, and 7 with the dominant wave lengths which can be 
calculated from fdom given in Table 2. The result of this 
observation in the ocean is different from results obtained 

from laboratory experiments, where fast scatterer speed 
usually can be associated with the phase speed of the 
dominant wave in the wave tank [Lee, 1976; Ebuchi et al., 
1993]. Apparently, in an ocean environment, the X band 
scatterometer is a good detector of the waves most likely to 
break. The result of the field observation raises an interest- 

ing question: What is the wave most likely to break in a given 
ocean wind wave field? 

Before embarking on further discussions of mechanisms 
giving rise to fast scatterers, more data are presented in the 
following section to support the above conjectures. 

6. Additional Data and Discussion 

6.1. Time-Resolved Doppler Spectra 

Of the many sequences of time-resolved Doppler spectra 
available in our data that strongly support the mechanisms 
which we have suggested as giving rise to the Fast signals, 
we offer one example. Figure 17 shows a 12-s portion of a 
total (i.e., not band-pass filtered) temporal record of the 
return-loss signal at 0g = 10 ø. As noted earlier, the HH 



LEE ET AL.' X BAND MICROWAVE BACKSCATTERING FROM OCEAN WAVES 2601 

returns are "spikier" at low grazing angles, and this is 
obvious from the figure. 

Eight frames of Doppler spectra taken from the record 
(Figure 17), from t = 16.6 s to t = 18.0 s at 200-ms 
intervals, are shown in Figure 18. The Slow (rs) and Fast 
(fF) Doppler frequencies, obtained from the time-integrated 
Doppler spectrum (Figure 7), are marked by arrows. At time 
t = 16.6 s, the Fast part of the spectrum has no energy. In 
the next two frames, t = 16.8 s and 17.0 s, spectral energy 
contributions from fast scatterers are evident. Notice that in 

the Fast portion of the spectrum at t = 16.8 s, HH --• VV; 
att = 17.0s, HH>VV, andatt = 17.2s, VV>>HH. At 
time t = 17.0 s and later frames, notice how the spectral 
density at the Fast frequency "cascades" down toward the 
Slow frequency, thus filling in the spectrum of frequencies 
between fF and rs. Again, at t = 17.6 s, HH >> VV, 
followed by HH --• VV (t = 17.8 s), then HH < VV (t = 
18.0 s), and again accompanied by a cascade of energy from 
fF tO fs. 

The various features observed in the eight frames of 
Doppler spectra in Figure 18 may represent the scatterome- 
ter returns from an incipient wave-breaking or microbreak- 
ing process. A possible hydrodynamic scenario is sketched 
out in a cartoon in Figure-19, in which the vertical scale is 
greatly exaggerated. At time step 1, the scatterometer sees 
free Bragg waves and the Doppler frequency corresponds to 
the Bragg wave phase speed. At time step 2, breaking is just 
about to occur on the forward face of the fast wave. This 

could form a degenerate scatterer which does not distinguish 
polarization, or it could form a nondegenerate scatterer 
which favors either the VV or HH polarization. However, 
the Doppler frequency will correspond to the phase speed of 
the fast wave. At postbreaking time steps 3, 4, and 5, a bore 
may form, or by-products of the "broken" wave (plumes 
[Wetzel, 1986], foam, bubbles, and shorter waves) may be 
"trapped" temporarily at the crest vicinity of the fast wave 
and eventually be shed by the fast wave and left behind. This 
results in a variety of scatterers which at first exhibit the fast 
wave phase speed but eventually decelerate to the free Bragg 

, 

wave phase speed if they are able to survive the transition. 
Thus one should observe the "cascading" of the Fast 
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Figure 18. A sequence of time-resolved Doppler spectra 
depicting how horizontal and vertical polarizations occasion- 
ally indicate Fast returns. Note that in the Fast region, it is 
possible for HH to equal or exceed VV. Also note energy in 
"cascade" frequencies. Refer to text for description. 
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Figure 17. A 12-s sample record of the total signal for an 
upwind run, 0g = 10 ø. The lower trace is HH, the middle 
trace is VV, and the top trace is HH/VV. Note that HH 
appears to be spikier. Between the time of 16.6 s and 18.0 s, 
eight frames of Doppler spectra will be shown in Figure 18. 

Doppler frequency to intermediate frequencies and finally to 
the Slow Doppler frequency. Although the actual data do not 
have an exactly one-to-one correspondence with the steps in 
the idealized scenario, certain features described above can 
be seen in the sequence of time-resolved Doppler spectral 
data. Time-resolved Doppler spectra exhibiting occasional 
large Doppler shifts have also been observed and have been 
attributed to signatures of breaking waves by Jessup et al. 
[1991a]. 

6.2. Wind Direction Dependence of Doppler Spectra 

The upwind and cross-wind spectral data have already 
underscored the fact that ocean backscatter is not isotropic. 
This is easy to understand, since waves propagate and also 
break, predominantly in the wind direction. For cross-wind 
look, the scatterometer does not see (or very seldom sees) 
breaking waves and therefore does not show a prominent 
Fast component in the Doppler spectra. 

An additional set of data in support of our arguments as to 
the identification of scattering mechanisms is presented in 
Figure 20. This set was obtained by running the boat in a 
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Figure 19. A possible scenario which can produce certain 
aspects of the time-resolved series of Doppler spectra shown 
in Figure 18. The top cartoon is a depiction of the various 
stages of an incipient wave-breaking process, where the 
vertical scale is greatly exaggerated (LOS, line of sight). The 
evolution of the scatterer speed of the various types of 
scatterers is given qualitatively in the bottom phase velocity 
versus time graph. 

clockwise circle in presumably the same wind wave field. 
The bore sight grazing angle of the scatterometer was fixed 
at 0 a = 35 ø. The simultaneous boat and wind speeds (v b and 
U10, respectively) for each boat heading •b with respect to 
the wind direction are provided below. 

The Doppler spectra are 20-s averages, with boat headings 
shown at 45 ø intervals with respect to the wind direction. 
Starting from •b = 0 ø or 360 ø (v b = 0.8 m/s, U10 = 9.5 m/s) 
the Slow peak is at ---75 Hz and the Fast peak is at -125 Hz. 
Notice that the Slow peak is dominant for the HH spectrum, 
since the • grazing angle used is larger than the switch-over 
angle. At the next heading, one sees the •b = 45ø (vb = 0.7 
m/s, U]0 = 11 m/s) case where both port and head wind 
components are present; both the Slow and Fast compo- 
nents are still present, but the Fast component is diminished 
in power. In the cross-wind case (•b = 90 ø, v• = 0.7 m/s, 
U10 = 9.5 m/s) in which only the Slow component is 
evident, the Fast spectral components at ---110-140 Hz have 
practically disappeared (40 dB lower compared with the 0 ø 
case). The cases between •b = 135ø to 225 ø (at 135 ø, v• = 
1.15 m/s, U10 - 9 m/s; at 180 ø , v• = 1.15 m/s, U]0 - 10.5 
m/s; at 225 ø, vb = 1.15 m/s, U10 = 9.5 m/s) all have stern 
wind components as well as fast waves propagating away 
from the scatterometer; therefore the spectra contain scat- 
tering from receding elements and are thus shifted to lower 
frequencies. In the case in which the boat is running with the 
wind (•b = 180 ø, bottom spectrum), there is partial blocking 
of the fast waves as well as the wind by the boat, and the 

scatterometer sees predominantly randomly distributed 
Bragg waves. The peak at around -20 Hz could be due to 
scattering from parts of a receding long wave of 1.8-m 
wavelength or from an unidentified object, perhaps a water- 
fowl, that was moving away at 1.68 m/s. Another cross-wind 
case is encountered at tb = 270 ø (v• = 1.1 m/s, U•0 = 7.5 
m/s) where Fast components are absent. The case at •b = 
315 ø (vb = 0.9 m/s, U•0 = 9 m/s) again has a head wind 
component and with it the reappearance of Fast components 
in the Doppler spectra. It should be pointed out that the 
Doppler spectra are short time (-20 s) averages and that the 
boat speed as well as the wind speed varied during the 
course of the circle run (as seen from simultaneous record- 
ings of the temporal wind speed and boat speed); therefore 
one should not expect the Doppler spectra of the two 
cross-wind (port and starboard wind) runs to be exactly 
identical. The same general features were verified in another 
circle run (this time, counterclockwise) in a different wind 
wave field and at a smaller grazing angle, but we refrain from 
showing the data in the interest of brevity. 

The circle run data thus further substantiate the several 

suggested backscattering mechanisms from wind wave sur- 
faces. 

6.3. Probability of "Super" Events 
Returning to the topic of "super" events mentioned 

earlier in section 4.2.2, recall that the definition refers to 
instances when HH(t) -> VV(t) and occurs only for Fast 
signals. Strict adherence to Rice's theory would render such 
a result impossible, since according to this theory, HH 
should always be less than VV unless at normal incidence 
(i.e., 90 ø grazing angle), where backscatter theoretically 
becomes independent of polarization (Appendix F). How- 
ever, if one accepts the notion that there exist nondegenerate 
scattering objects which are capable of preferentially scat- 
tering horizontally polarized radiation, then super events are 
natural. To find out how natural they are, we quantify super 
events by providing a measure of their occurrence. 

In Figure 12, at time t = 27.5 s, one observes a "super" 
event which lasts for roughly 0.2 s. Similarly, such events 
are seen at t = 27.8 s, 28.5 s, 30.5 s, and so on throughout 
the record. For time-resolved, band-passed Fast signals at 
each grazing angle, we sum the duration of all such super 
event occurrences (ZAt), then divide this time by the total 
length of the record (T) and by the illumination area AFp 
(i.e., the antenna footprint area, which is rrab, where a and 
b are given in Table 2) to obtain the probability of occur- 
rence of super events per unit antenna footprint area 

ZAt 
P = . (8) 

TA FP 

Figure 21 shows P plotted as a function of grazing angle (P 
has dimensions of reciprocal square meters). The solid 
points are our data, and the open points are RSRE data. The 
value of P is dependent on filter band width, which for the 
present case is ---20 Hz. We find an approximate exponential 
dependence of P with respect to grazing angle, giving 

P = - exp (9) 
B 

with parameters B = 2 x 10 3 m2 and 00 = 14.89 ø providing 
the best fit. The triangular data point does not fall on the 
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Figure 20. Doppler spectra as a function of wind direction. This circle run sequence was conducted at 
a fixed grazing angle of 0g = 35 ø. Doppler spectra at 45 ø intervals with respect to the wind direction are 
shown. The data set starts and ends with the upwind orientation (•0 = 0 ø and at •0 = 360ø). 

curve. However, if we look up Table 2 for this particular run, 
we find that the wind speed (5 m/s) is the lowest of all the 
runs. This would indicate that the probability of occurrence 
of super events may be a function of sea state and thus of 
wind speed and fetch. Further investigation is required. 

For large grazing angles it should be obvious that the 
probability of scattering from specular facets (whether de- 
generate or nondegenerate) will be much higher than at low 
grazing angles simply because the distribution of water 
surface slopes strongly favors the smaller slopes. This can be 
a partial explanation for the data in Figure 21. The results 
also indicate that in the range of wind speeds between 5 and 
13.5 m/s for which these data were obtained, super events 
are rather rare (i.e., VV > HH most of the time). However, 
the occurrence of super events at low grazing angles is 
sufficient to raise the time-averaged polarization ratio to 

values which greatly exceed the values prescribed by Rice's 
theory, thus lending support to the conjecture that the 
scattering is from objects other than gratinglike patches of 
Bragg waves. Since Bragg scattering provides very little 
return of horizontally polarized radiation for low grazing 
angles, super events can be important and in fact become the 
dominant contributor to the returns for horizontal polariza- 
tion, in spite of their low probability of occurrence. 

Super events have also been observed by Jessup et al. 
[1991a] in field experiments. However, they attribute super 
events as possibly due to wedge scattering [Lyzenga et al., 
1983], random fluctuations in the independent measure- 
ments, or the effect of averaging. Their reasoning is that the 
dominance of HH over VV is "not consistent with analytical 
models for which Bragg scattering dominates" [Jessup et 
al., 1991a, p. 20,551]. While wedge scattering is a possibility 
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Figure 21. Probability of super events per unit footprint 
area as a function of grazing angle. Solid circles are TRW 
data, open circles are RSRE data. The triangle is a run at the 
lowest wind speed. The straight line is a least squares fit to 
the solid circles. 

(and in principle can be verified by checking the cross 
sections, polarization ratios, and Doppler velocities), we are 
quite skeptical that it is due to random fluctuations or the 
effect of averaging, since we believe that an a priori assump- 
tion that Bragg scattering has to dominate under all circum- 
stances appears to be neither justified nor supported by 
experimental data. 

6.4. Comparison of Backscattering Cross Sections 

In order to compare Bragg scattering cross sections with 
cross sections due to non-Bragg mechanisms (e.g., specular 
facets), we provide a simplified estimation by comparing the 
cross sections per unit of area of ocean from pure specular 
reflection with the Bragg scattering for, say, horizontal 
polarization. By pure specular reflection it is assumed, for 
the sake of argument, that the return is from a large flat 
surface of water with its surface normal in the direction of 

the bore sight grazing angle. We have 

O' PURE SPECULAR sin 0 a RF 2 
• , (10) 

O' BRAGG SCATTER (HH) O' 0(HH) 

where R r is the Fresnel reflection coefficient for normal 
incidence (i.e., 90 ø grazing angle) 

1/2 
s --1 

Rr = 1/2 (11) 
e +1 

where e is the computed relative dielectric constant given by 
(6) and o-0(i_ii_i) is given by (4). To evaluate (10), we need to 
know the value of the product of the fourth power of the 
microwave wavenumber and the Bragg-resonant two- 
dimensional wave height PSD, i.e., k4mW(kB, 0). Compre- 
hensive two-dimensional wave height power spectral density 
data were obtained from surface slope data measured during 
the experiment using our scanning laser slope gauge [Lee et 
al., 1992; Barter et al., 1992b, c]. Our data show that values 
of W(kB, 0) are dependent on wind speed and wind direc- 
tion, with the grazing angle dependence being implicit in the 

Bragg wavenumber. As an example, for a wind speed of 10.9 
m/s, for an upwind direction, our measurement yields 

k4mW(k•(Ov), 0)• 4.8 x 10 -5. (12) 

Inserting the appropriate values into (10), we find that at 10 ø 
grazing angle, the pure specular reflection cross section is 
larger than the horizontally polarized Bragg scattering cross 
section by a factor of •-8 x 10 4. In other words, in an 
antenna footprint of say, 50 m 2 a 6 cm 2 purely specular area 
would provide the same backscattered power as the horizon- 
tally polarized Bragg return from the entire footprint. Gen- 
erally, however, non-Bragg cross sections are expected to be 
smaller than pure specular cross sections; a pure reflector 
model is used in this example only to provided an upper limit 
for the estimation of non-Bragg-scattering cross sections. In 
principle, the cross section due to any non-Bragg-scattering 
mechanism could be calculated if the size, shape, and 
orientation of the particular scattering object were known. 
The present example serves to illustrate that only a small 
fraction of the antenna footprint area is required for non- 
Bragg-scattering mechanisms to provide a nonnegligible 
return. The fraction can be anywhere in the range of 10 -2- 
10 -5 depending on the facet geometry as well as the wind 
speed, wind direction, microwave polarization, and grazing 
angle. 

6.5. Coherence Properties of Scatterers 

The coherence properties of scatterers in the antenna 
footprint of a CW scatterometer can provide clues to the 
nature of the scattering processes. The study of the problem, 
however, is complicated by the fact that (1) there are 
different types of scattering mechanisms (e.g., Bragg and 
specularlike), (2) there is a distribution of the size of the 
scatterers, (3) the scatterers can have different lifetimes, and 
(4) there can be a distribution of scatterer speeds. Neverthe- 
less, we will attempt to gain some insight by examining two 
idealized cases which we will use as simple models. 

The normalized autocorrelation function of the backscat- 

tered field is given by 

(E•(t)Ei(t + r)) 
Tii(T) -- , (13) 

(E t*.( t)E i( t) ) 

where E(t) and E*(t) are the complex amplitude and its 
complex conjugate, respectively, of the backscattered field; 
r is the lag time; the subscript i refers to either vertical or 
horizontal polarization; and angle brackets denote temporal 
average. We examine the following two special cases. 

6.5.1. Case 1: Lifetime-dominated scattering. Assume 
that all scatterers (patches or facets) are of the same size and 
are moving at the same speed, then the scattered field from 
the nth scatterer can be expressed as 

En(t ) - Ee (i•øøt+iøn)e -(t/2re), (14) 

where to 0 is the scattered frequency, O n is the phase which is 
assumed to be random, and r e is the average lifetime of the 
scatterer (i.e., the one e-folding time of the backscattered 
power). The normalized autocorrelation function, using 
equation (13), is thus 

7 ii(T) = e itOore --(Irl/2re). (15) 
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The absolute value of 'Yii will yield an exponential decay 
behavior with respect to the lag time. 

6.5.2. Case 2: Scattering dominated by scatterers with 
Gaussian distribution of speeds. Assume that the scatterers 
are of the same size but the scatterer lifetimes are sufficiently 
long that the process is not lifetime dominated. Assume that 
the scatterers are moving at different speeds, the distribution 
of which is assumed to be Gaussian. For this case, the 
scattered intensity (i.e., the power spectral density, or the 
Doppler spectrum) is given by 

1 P(w) = 1/2 e , (16) 
7r o) E 

where Wc is the center frequency (e.g., the peak of the 
Doppler spectrum) and wE is the width at the one e-folding 
point in the spectrum. Since the autocorrelation function is 
the Fourier transform of the power spectral density 

G(r) = •_•• P(to)ei•'•'dto, (17) 

it is straightforward to compute the normalized autocorrela- 
tion function by noting that 

G(r) 
Tii(r) = •. (18) 

G(0) 

Using expressions (16) to (18), one obtains 

,Yii(r) ei•øo•'e-(•'/2•'E) 2 = , (19) 

where rE = to/• • ß In this case, the absolute value of 'Yii is 
Gaussian with respect to lag time. 

Comparing equations (15) and (19), one notes that the 
shapes of the normalized autocorrelation function for the 
two cases are entirely different. Also, the slopes at zero lag 
time are different: for case 1, d 'y/dr = -0.5r$ -• , while for 
case 2, d •/[/dr = 0. 

A model based on the two special cases predicts that at 
large grazing angles, Bragg scattering dominates over scat- 
tering from fast events for both polarizations; the returns 
should therefore be characterized mainly by the spread in 
scatterer velocity, and thus the shape of the normalized 
autocorrelation function for both polarizations should be 
similar. At small grazing angles, in addition to Bragg scat- 
tering, the returns are also strongly influenced by scattering 
from fast events (probably from wave crests of longer 
waves) which occur sporadically in time. The scattering can 
thus be "lifetime dominated" as well. Since the horizontal 

polarization will be affected more than the vertical polariza- 
tion, the normalized autocorrelation function should there- 
fore be narrower in width for the horizontal than for the 

vertical polarization. 
Examples of our data are shown for small, medium and 

large grazing angles, and both upwind and cross-wind con- 
figurations. In Figure 22, for an upwind look at 10 ø grazing 
angle, we see the difference between the horizontal and 
vertical polarizations by noticing that Tim(r) is narrower 
than lyvv(r)l, with a one e-folding time of-4 ms (which 
could be an average facet lifetime) for the horizontal polar- 
ization. Examination of recorded video images of the foot- 
print reveal microwave-breaking events which can some- 

times be observed in one frame and not in the next frame 33 

ms later. When model exponential and Gaussian curves are 
fitted through the one e-folding point of the autocorrelation 
data for each polarization, we find that the normalized 
autocorrelation function is bracketed between these model 

limits. In Figure 23, for an upwind look at 25 ø grazing angle, 
the difference between the horizontal and vertical polariza- 
tions is also quite apparent with I•uu(r) I decorrelating faster 
than Ivv()l. At short lag times, IHH()I is almost Gaussian 
but deviates from Gaussian in a small bump peaked at 
around r - 0.019 s. The inverse of this lag time is -53 Hz, 
which is the separation between the Bragg peak and the fast 
peak in the Doppler spectrum of the HH polarization (see 
Figure 6). The autocorrelation function of the vertical polar- 
ization is practically Gaussian. In Figure 24, for an upwind 
look at 55 ø grazing angle, the shapes of the autocorrelation 
functions of the horizontal and vertical polarizations are 
quite similar. At short lag times, both IHH<>l and 
are almost Gaussian but deviate from Gaussian in a small a 

bump peaked at around r = 0.026 s. The inverse of this lag 
time is -39 Hz, which is the separation between the Bragg 
peak and the fast peak in the Doppler spectrum of both the 
HH and VV polarizations (see Figure 5). In Figure 25, for a 
cross-wind look at 10 ø grazing angle, the horizontal polariza- 
tion result is Gaussian at short lag times with a gentle bump 
(beyond 0.008 s) which raises the curve and connects it to 
the exponential at a lag time of 0.012 s. This is due to the 
weak but not negligible influence of the fast scatterers (see 
the 10 ø case in Figure 9). The vertical polarization result is 
between a Gaussian and an exponential but closer to the 
former. Note that I•/•(r)[ is narrower than I•/vv(r)l. In 
Figure 26, for a cross-wind look at 25 ø grazing angle, the 
horizontal polarization result is between a Gaussian and an 
exponential while the vertical polarization result is between 
a Gaussian and an exponential but much closer to the 
former. Note that is only slightly narrower than 
Ivv()l. In Figure 27, for a cross-wind look at 55 ø grazing 
angle, both the horizontal polarization and vertical polariza- 
tion results are practically Gaussian, and I•/uu(r)l and 
I•/vv(r)[ are equal in width. The decorrelation times match 
the Doppler band widths in the corresponding Doppler 
spectra. For example, for the 55 ø cross-wind case, the 
decorrelation time at half value is r = 0.012 s. From exp 
[-(2wAft/2) 2] = 1/2, one calculates a -3-dB Doppler 
width of Af = 22 Hz, which matches the observed band 
width in the Doppler spectrum (see 55 ø cross-wind Doppler 
spectra in Figure 9). 

In general, we have the following observations: for cross- 
wind cases at large grazing angles where there is very little 
contribution from fast scatterers, the normalized autocorre- 
lation functions for both polarizations are practically identi- 
cal and Gaussian in shape. For smaller grazing angles in both 
upwind and cross-wind configurations, •/uu is usually nar- 
rower than •/vv, i.e., •/uu decorrelates faster than •/vv, and 
both curves lie between the exponential and Gaussian limits, 
indicating that scattering from a mixture of mechanisms 
could be playing a major role. By and large, the qualitative 
difference between the normalized autocorrelation functions 

of HH and VV is usually more apparent for upwind cases, 
especially at low to intermediate grazing angles. 

The results of the autocorrelation functions obtained at 

various configurations indicate that the coherence properties 
of scatterers are quite complex. This is especially obvious 
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Figure 22. The normalized autocorrelation functions of the 
(a) horizontal and (b) vertical polarizations versus lag time. 
Upwind look, 0 a = 10 ø. Note that both •/I-II-II and I•vvl are 
bracketed by the exponential and Gaussian models. 

for upwind look configurations, where different scattering 
mechanisms are indicated by the structures and different 
timescales in the autocorrelation functions. There is an 

important issue which needs to be mentioned when dealing 
with autocorrelation functions. Any instrumental artifacts of 
the scatterometer, if not removed prior to computation of 
ly/i(r)l, will contribute to structures in the autocorrelation 
function. An example is shown in Figure 28, where the result 
of the raw data (which includes the artifacts) is compared 
with the result of data with artifacts removed. The difference 

between I•mm(•)l for cross-wind look at 25 ø with and without 
the low frequency artifact (see text description of Figures 4 
and 9) is quite obvious. In Figure 28 the plateau at around lag 
time of--•0.01 s is a manifestation of the instrumental 

artifact. In general, instrumental artifacts are easier to detect 
in Doppler spectra than in autocorrelation functions. 

The general features we observe are in quantitative agree- 
ment with data obtained by DeLoor and Hoogeboom [1982], 
e.g., the short decorrelation time at the initial decay of 
lY/i(r)l of the order of 10 ms or less and the increase of 
decorrelation time with increasing grazing angle. Recalling 
that the ocean is an anisotropic scatterer (we have shown 
through many examples that the Doppler spectra and auto- 
correlation functions are wind direction and grazing angle 
dependent), no quantitative comparison can be made with 
their data, however, since their conclusions are based on 
averages over all wind directions and over a fairly large 
range of grazing angles. The bumps we observe in our 
autocorrelation data are different from the oscillations at 

very long delay times (many seconds) seen by Ward et al. 
[1990]. In our case we attribute the bumps to a different 
scattering mechanism, while in the case of Ward et al. [1990] 
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Figure 23. The normalized autocorrelation functions of the 
(a) horizontal and (b) vertical polarizations versus lag time. 
Upwind look, 0 a - 25 ø. Note that I•/iml is narrower than 
I•/vv. See text for description. 
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Figure 24. The normalized autocorrelation functions of the 
horizontal and vertical polarizations versus lag time. Up- 
wind look, 0 a - 55 ø. Note that both I•/im and I•vvl have 
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it is stated that the slower periodic decay may be associated 
with modulations of Bragg scatterers. In any case, wherever 
structures such as plateaus and bumps in the autocorrelation 
functions are seen, it is possible to speak of different 
timescales. Besides the fact that one particular scattering 
mechanism (Bragg scattering) can be modulated in time by 
long waves, thus giving rise to the different timescales, we 
believe that the complex structures in the autocorrelation 
functions could also point to different scattering processes. 
If different scattering processes are the cause of complex 
structures of autocorrelation functions, then relating decor- 
relation time to Doppler band width should be done in a 
consistent way which is physically meaningful. For example, 
if the autocorrelation function is Gaussian, then the decor- 
relation time is a band width which corresponds to a spread 
in speeds. If it is exponential, then the decorrelation time is 
representative of a scatterer lifetime. However, if the auto- 
correlation function is neither exponential nor Gaussian, 
then the decorrelation time is representative of neither 
scatterer lifetime nor a spread in scatterer speed. Therefore 
in order to associate the decorrelation time with something 
which is physically meaningful, one needs to identify the 
actual scattering process. 

We have found that coherence properties in general and 
autocorrelation functions in particular are strongly grazing 
angle and wind direction dependent, as exhibited in the 
examples we have shown. We believe that different scatter- 
ing mechanisms can be a major cause of the complex nature 
of the autocorrelation function. 
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Figure 26. The normalized autocorrelation functions of the 
horizontal and vertical polarizations versus lag time. Cross- 
wind look, 0 o: 25 ø. Here I•..I is narrower than I•vvl; the 
former is bracketed by the exponential and Gaussian mod- 
els, while the latter is practically Gaussian. Note that both 
ly..I and lyvvl are wider than the 25 ø case for upwind look. 
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6.6. Spiking 

"Spiking" (sometimes also called a "burst") has become 
a topic of some interest in recent years [Jessup et al., 1990, 
1991b]. It has been described by Trizna et al. [1991] as a 
radar scattering event at grazing angles less than 10 ø associ- 
ated with scattering caused by the crest of a steep or 
breaking fast wave, and it is distinguished by its rare 
occurrence and very large values of HH/VV. 

We find in our data ample evidence to suggest that the 
term "spiking" requires a broader and at the same time 
clearer definition. There are instances when spiking is ob- 
served even in the Slow signal. For example, in Figure 10, 
spiking occurs in the HH signal (at t = 12.5 s, 13.4 s and 17.2 
s). However, since HH < VV, we find that spiking does not 
necessarily produce a super event; also, since it is a Slow 
signal (the Doppler frequency corresponds to a Bragg wave), 
it cannot be associated with a breaking faster-than-Bragg 
wave. On the other hand, in cases where HH > VV, we find 
that super events are not necessarily due to spiking; for 
example, see Figure 13, at t = 37.2 s. Furthermore, the 
occurrence of super events is by no means restricted to small 
grazing angles as shown in the examples of Figures 12-14. 
We also observe "negative spiking"; for example, in Figure 
12, at time t = 33.2 s, VV increases upward while HH 
spikes downwards, yielding for that particular moment a 
very small polarization ratio (-20 dB) which deviates 
greatly, by - 15 dB, from the average value (see Figure 16 for 
the average value). 

Having cited examples of so-called "spiking" in our ocean 
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Figure 27. The normalized autocorrelation functions of the 
horizontal and vertical polarizations versus lag time. Cross- 
wind look, 0g = 55 ø. Here I•HHI and I•vvl are of equal 
width, and both are wider than the 55 ø case for upwind look. 
Both IHHI and Ivvl are practically Gaussian. 

wave data which fall outside the narrow definition of the 

term, we thus ask: What is spiking? What average decorre- 
lation time between spikes is required? How short should the 
burst be? How far should the spiking power deviate from 
some time-averaged value? Lacking a general consensus 
regarding the definition of a spike or burst, it appears, for the 
moment, that "spiking" is in the eye of the beholder. Trizna 
et al. [1993] have identified two important mechanisms 
giving rise to spikes in wave tank experiments. One is a 
curvature feature caused by extreme steepening of a paddle- 
generated wave; the other is a steepened blocked wind wave 
in the trough of the paddle wave. They also express the 
sentiment that different types of sea spikes should be distin- 
guished and maybe a renaming is in order. 

In the narrow sense of the definition of spiking described 
in the first paragraph in this section, we think that it is simply 
a hydrodynamically created surface condition which re- 
sulted in some nondegenerate object (flotsam, jetsam, wa- 
terfowl, flying fish, and seal heads excluded) which favored 
the horizontal polarization return, yielding HH > VV. In a 
slightly broader sense, a "burst" is defined as the specular 
reflection from a very large water surface (kd >> 1) yielding 
HH = VV. Wave breaking is of course a prime candidate for 
"horizontal events," sometimes also called "line events," 
popular for its capability of explaining HH > VV data. There 
are several constraints, however, on the positive identifica- 
tion of a simple "horizontal" scattering object: (1) the 
measured polarization ratio defines the possible "aspect 
ratio" (length/width) of the object, (2) the measured back- 
scattered power defines the effective radar cross section 
which, taken with point 1, must define a physically realistic 

shape (for example, a wave-surface area of 0.05 m 2 with 
dimensions of 2 mm in width and 25 m in length is hydrody- 
namically unrealistic), and finally, (3) the Doppler frequency 
provides the information on whether the object is moving at 
the speed of a fast wave or otherwise. A similar set of 
constraints exists on the positive identification of a pure 
specular reflector (for the case HH = VV). Thus, simple 
models are readily testable for physical reality when invoked 
to explain scattering sources or objects. We suspect that in 
general, spiking (in the broad sense) is due to complex 
shapes and could also be a complicated mixture of several 
mechanisms. We plan to conduct measurements in upcom- 
ing wave tank experiments using ancillary optical diagnos- 
tics to record and temporally correlate the scattering objects 
with the scatterometer signals. 

7. Summary 
We have performed an ocean experiment of microwave 

backscattering for a large range of grazing angles (10 ø to 70ø), 
thereby obtaining grazing angle dependent results. This has 
enabled us to make the connection between large and small 
grazing angle backscattering data and thus distinguish be- 
tween Bragg and faster-than-Bragg components, resulting in 
a clear identification of different types of scattering sources. 
With this distinction made, we could elucidate additional 
features, such as "super" events that are due to the faster- 
than-Bragg waves and happen not only for small grazing 
angles, but for all grazing angles. By analyzing time-resolved 
and wind direction dependent Doppler spectra, we could 
verify the compelling presence of mechanisms additional to 
Bragg scattering. We were able to quantify super events and 
proposed that hydrodynamic processes could occasionally 
produce nondegenerate, fast scatterers to yield HH equal to 
or greater than VV. We were also able to see that Bragg 
scattering is still operative for the horizontal polarization at 
small grazing angles, albeit overshadowed by the faster- 
than-Bragg events, so that Rice's theory (or composite 
model) need not be abandoned too hastily. By examination 
of the coherence properties of the backscattered signals, we 
were also able to see that the autocorrelation functions at 

low grazing angles are clearly distinct for different polariza- 
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Figure 28. An example of the influence of instrumental 
artifacts (DC drift and microphonic response at frequencies 
below -30 Hz) in the autocorrelation function for a 25 ø 
cross-wind case. In this specific case, the data containing the 
artifacts contribute to a narrowing of the autocorrelation 
function and the appearance of a "plateau," both of which 
could be misinterpreted as real effects arising from the 
scattering surface. 
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tions, thus providing strong evidence for the presence of 
lifetime-dominated, non-Bragg-scattering events. Finally, 
we have found sufficient examples to demonstrate that 
spiking is in dire need of a clearer definition. 

In summary, we believe that our data suggest that there 
are several mechanisms which contribute to microwave 

backscattering from ocean waves. The mechanisms may 
include the following. (1) Bragg scattering, at all angles 
relative to the wind and at all grazing angles, contributes to 
the Slow peak in the Doppler spectrum, with polarization 
ratios in accordance with Rice' s theory or composite surface 
theory (modifications are required, however, at low grazing 
angles). (2) Scattering from the wave crest vicinity (from 
microbreaking or macrobreaking events) provides energy at 
the Fast peak and energy between Fast and Slow peaks (i.e., 
the "cascade" frequencies) in the Doppler spectrum for 
upwind look directions at all grazing angles. (3) Preferential 
diffraction of vertical polarization into the shadow region 
and multipath scattering represent possible mechanisms to 
explain the decorrelation of the VV and HH signals (by the 
former mechanism) and the deviation of the polarization 
ratio from Rice's theory (by the latter mechanism) at low 
grazing angles for Slow and Fast signals. (4) Scatterometer 
returns determined both by the specific orientation of non- 
degenerate scatterers with respect to microwave fields, and 
possible multiple (multipath) scattering events which include 
a reflection at the Brewster angle, can provide the polariza- 
tion ratio associated with super events. 

We find our results to be in good agreement with certain 
aspects of past ocean experiments, and our present sugges- 
tions of scattering mechanisms also echo past conjectures. 
However, our experiments and synoptic view provide clar- 
ification, extensions, and an integration of many past sug- 
gestions. 

We suggest that the unsolved problem of low-grazing- 
angle scattering should be approached by formulating a 
quantitative theory based on the contributions from the 
proposed scattering features, i.e., Bragg waves, breaking 
waves, nondegenerate "facets," etc. Of course, not all 
scattering objects will have to be included in order to 
account for the predominant backscatter characteristics. 
The difficulty of incorporating the physics of a breaking 
wave while retaining Rice's model in a quantitative theory is 
considerable, and it is easy to understand why currently 
available theories (e.g., composite theory, higher-order ex- 
pansions, etc.) are inadequate. However, we hope that the 
present set of results will provide the necessary experimen- 
tal evidence to prompt substantial improvements to the 
present scattering theories. 

Appendix A 
The effective grazing angle is simply a geometrical correc- 

tion and is calculated by convolving the R-4 range depen- 
dence with the measured antenna pattern and the illuminated 
area (i.e., footprint). The effective grazing angle thus repre- 
sents the median, since half the return power comes from 
local grazing angles larger than the median, while the other 
half comes from local grazing angles smaller than the me- 
dian. The correction is nonnegligible for small bore sight 
grazing angles and negligible for large bore sight grazing angles, 
e.g., the effective angle is 13.1 ø for a bore sight angle of 10 ø 
while the effective angle is 31.5 ø for a bore sight angle of 30 ø. 

Appendix B 
The dielectric constant is computed using e = e' - i e", 

with real and imaginary parts of the dielectric constant given 
by 

where es is the static permittivity, e0 is the dielectric 
constant representing the sum of electronic and atomic 
polarizations, to - 2 •rf is the radial microwave frequency, r 
is the characteristic dipole relaxation time of the polar 
molecule and tr i, the ionic conductivity, is the additional 
term to the Debye equation for seawater. For conditions 
appropriate to experimental sites (temperature of 10ø-12øC 
and salinity of 28-34 international salinity units), we obtain 
from extant data [Saxton and Lane, 1952] e s - 74, e 0 - 
4.9, r - 12.2 ps and O' i -- 0.31 x 10 • (electrostatic units). 

Appendix C 
For a perfect conductor, i.e., for the imaginary part of the 

dielectric constant tending toward infinity, the polarization 
ratio becomes a simple expression: 

HH ( sin20g ) 2 lim • = . 
,,,_•o• VV 1 + COS2 0a' 

Appendix D 
From our calibration of the antenna pattern, we find the 

-3-dB beam widths of the horizontal and vertical polariza- 
tions are not exactly identical in the azimuthal and vertical 
planes. This means that the antenna footprint is not exactly 
identical for the horizontal and vertical polarizations. For 
example, at 10 ø grazing angle, the horizontal polarization 
sees --•18% more surface area in the azimuthal direction 

while the vertical polarization sees --•35% more area in the 
range direction. Because of the R -4 range dependence of 
scatterometer signals, the additional contribution to the 
polarization ratio would be --•1 dB if scatterers were uni- 
formly and isotropically distributed on the surface. Never- 
theless, it is a fact that different polarizations will see 
different areas for real antennas at small grazing angles, 
which may account for the nonsynchronization of HH and 
VV signals we observe in our data. Note that the difference 
in illumination spot size (between polarizations) along the 
range direction decreases when the grazing angle is in- 
creased. The difference in illumination spot size in the 
azimuthal direction, however, remains independent of the 
grazing angle. 

Appendix E 
Microwave scattering from ocean waves is predominantly 

a diffractive process even if some scattering object has a 
local surface normal pointed at the scatterometer bore sight. 
Specular reflection from a "specular facet" occurs when the 
facet has dimension d such that kd >> 1 (k is the microwave 
wavenumber). Therefore scattering off a "specular facet" 
can yield either HH > VV, or HH = VV, or HH < VV, 
depending on the facet size, shape, and orientation. Thus ray 
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optics should be used with caution in modeling, since the 
most interesting effect, that of polarization, is a priori 
excluded. For the case where specular facets are considered 
in the context of explaining HH = VV results, see Kwoh et 
al. [ 1988]. 

Appendix F 
At normal incidence, HH - VV is true only in a time- 

integrated sense. Furthermore, the additional condition of 
either a glassy smooth surface or an isotropic distribution of 
scatterers (waves) is required. Neither condition is realistic 
for wind wave surfaces, since there are always dominant 
waves which travel in some preferred direction. The micro- 
wave polarization which is aligned with the wave crests will 
have a different return from the other (orthogonal) polariza- 
tion. However, at angles approaching normal incidence, 
scattering from Bragg or faster-than-Bragg waves becomes 
unresolvable because the Doppler frequency (in the water 
surface frame) tends to zero as the grazing angle tends to 90 ø , 
and only surface elevation motion will be detected. Further- 
more, at normal incidence, the Bragg resonance condition 
has a singularity. 
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