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Abstract

T this paper, we investi gate the behavior of the scattered electrom agnetic waves
froni non-G aussian ocean surfaces at near grazing incidence.  From the experimental
ocean scattering data, it has been observed that the backscattering cross section of a
horizontally polarized wave canbeas large as the vertical counterpart a near grazing
incidence. In addition, these returns are highly intennittent in time. Using numerical
scat tering sitnulations, it can be ghown that the horizontal average backs cattering cross
scction cannot be larger than the vertical counterpart for the Gaussian surfaces. Our
main ohjective Of this study iSto gain a clear understanding oOf necar-grazing scattering
mechanisms and statistics from ocean surfaces which arc intrinsically non-Gaussian. For
the ocean surface modeling, We generate Gaussian surfaces fromthe ocean surface power
speetrumn which is derived using several experimental data. Then, nonlinear hydrody -
namic characteristic is introducedusing an eflicient iethod. For surface scattering, we
usc MOM (Method of Moments)to calculate the scattered ficlds from ocean patches.
The differences between Gaussian and non-G aussian surface scattering at near grazing
incidence arc presented. We also discuss the polarimetric dependence and statistics of

the scattered fields from oceansurfaces.
1. INTRODUCTION

Scattering from an ocean surface at near g1 azing incidence has been studied both theoreti -
cally and experimentally by many resea rchers [See, for example, Lewis and Olin, 1 980; Wet-
zel, IWO; Trizna,1991; Rino and Ngo,1993). According to experimental observations, radar
backscatter at grazing incidence angles shows an interesting polarization dependence which
has not beenexplained satisfactorily using theoretical models. Specifically, the backscatter
ratio 901{’1‘1/ comes closer t0 unity than predic ted by many thin-dim. High resolution radar
returns show high intensity sca spikes whichare intermittentintime. For these sea spikes,
oy can be larger thau oy y. ‘1'here have been so me suggestions that these unexpected
obscrvations may comne from shadowing or feature scattering [Wetzel,1990]. However,
currently, there is no clear understanding of the origin of these phenomena. In order to

discover their cause, onemustnodel ocean surfaces realistically. Many canonical and and




semi-empirical features, such as cylinders, wedges, sharp crests, sloshes and pluines, have

been used for this purpose [Wetzel, 1990]. li this paper, we performn anunerical exper-
iment whichincludes nonlinear wave interactions derived from the law of hydrodynamics
[Creamer et al., 1989)and calculate the scattered field using MOM (Method of Moments)
to understand scattering behavior at grazing incidence.

As discussed inthe previous paragraph, both hydrodynamicmodeling of ocean surfaces
and an accurate near grazi ng scattering theory are required in order to evaluate the scat-
tered field from the ocean surfaces at near grazing incidence. Yor the surface modeling, we
generate Gaussian surfaces from the ocean surface power spectrum derived using several
experimental data [Rodriguez ¢t al., 199'2]. Then, nonlinear eflects are introduced using a
new approach developed by Creamer et al [1 989]. For su rface scatteri ng, we implemente
MOMto calculate the backscattering fromn oceansurface patches. Since 110 analyticalscat-
tering theories have been proven to be accurate for near grazing scattering, we implemented
MOM qaven though full two dimensional ocean surfaces cannot be used. Iiyven with MOM,
it is well known that, if the conventional incident wave tapering [1'horsos, 1988] is used, the
scattering patchlength must be very large (usually miuch larger than 100 A) for near grazing
scaltering. Here, A is the wavelength of the incident electromagnetic wave. For incidence
angles larger than 80 degrees, the scattering patch lengthrequirement prevents us from us-
ing the tapered MOM (popularly known as the taperedintegral equation method). Here, e
use periodic boundary conditions and the periodic Green’s function is accurately evaluated
using the method suggested by Veysogluet a. [ 1991] in order to avoid the unreasonably
large patch lengths.

The purpose of this paper is to examine the eflects of nonlinear ocean surfaces in order
to determine the origin of the curious scattering phenomena at near grazing incidence.
The statistics of near-grazing scattering arc investigatedand compared with the scattering
statistics at modestincidence angles. Yspecially, the polarimetric dependence of near-
grazing scallering is contrasted with that at modestincidence. However, we emphasize that

the ocean surface modeling in this paper dots not include several important features present




inthe real ocean. First, we ignore breaking waves since they are not well enough understood
to be included in the hydrodynamic modeling. Second, we have neglected wind forcing
which is of importanceindetermining the Inoculation andp hase for very short waves. This
may not aflect significantly our evaluation of the scattering cross scctionsince we consider
the S-hand (A =-15 cm) scattering. ‘1'bird, weassume perfectly conducting one-dimensional
surfaces for computationalsimplicity. ‘] horsos [1990] has studied the scattering cross section
for Gaussian ocean-like surfaces at 80 degrees incidence. Qur approach differs from his in
that we consider nonlinear ocean effects, polarization effects and smnaller wavelengths and
incidence angles.

The outline for this paper is the following. In the next section, we present amethod to
generate non-Gaussian ocean surfaces. The bistatic scattering Cross sections are calculated
inthe third section. The fourth section presents the statistics of the backscattering cross

section atnear grazing incidence. The final section sumarizes our conclusions.
2. NON GAUSSIAN OCEAN SURFACE GENERATION

In order to redlisticaly modelocean surfaces, one mustinclude the nonlinear hydrody -
namic effects. This nonlinear interaction of ocean waves produces the Flectromagnetic Bias
effect when the ocean is illuminated from tile nadir direction [Sece, for example, Rodriguez
et a., 1992]. However, non- Gaussian surface effects for near grazing scattering are not well
understood. In this section, we present anexisting technique to include the nonlinearin-
teraction using a linear representation of ocean surface waves developed by Creamer et a
[1989]. To our knowledge, this method was first implemented for ocean scattering by Rino
et a. [1991]. Inthe following paragraph, we summarize the method.

For one-dimensional surfaces, this method is particularly simple to implement. ¥or
detailed mathematical and physical explanation for arbitrary two-dimensional spectra, the
reader is referred to the original paper [Creamer et a., 1989]. Therecipe is as follows, First,

generate a Gaussian surface from the proposed ocean spectrum I'(k) as

F(k) = k™ 228y ¢ MR gy K R2) k> ko (1)




ko = g/U? 2
ky = 20/3 [ 1) )
k2 = 2770.02 [m ') 4

where k is the wavenumber, g and U are the acceleration of gravity and the wind speed
measured at 10 mn, respectively. The spectral strengths sy and S, are chosen based 011 some
experimental data andthe details canbe found inRodriguezetal. [1 992]. Then, after
removing the mean height of the Gaussiansurface, take Hilbert transforin d(z) as

v / - A
d(z) - ;]r]/ ho(@)- <ha> g (5)

-

where I’ [ is the principal value integral and h¢ is a Gaussian surface height. Next, perform

a coordinate transformation using
a'=a - d(z). (6)

Finally, take an inverse Hilbert transform and add mean to generate non-Gaussian ocean

surfaces given by

-1 1.(z' .
hne(z) = g P / S—(%),dml-i' < hg > (i"

where hyg is a non-Gaussian surface and d.(z') is the coordinate transformed Hilbert
transform.

If Gaussian andnon-Gaussian surfaces are compared, they show significant differences
cven though their spectra are similar. The most relevant difference is that the small scale
surface roughmness is inodulated by the large waves owing to nonlinear wave interactions.
We have examined this using our surface height data to verify these nonlinear effects. Both
Gaussianand non-Gaussian surfaces were divided into 4096 patches of 1 meter length. For
each patch, we calculated the mean height, rins slope, and average radius of curvature. The

average radius of curvature 1. is given by

P N
1e= <| K(z)|> (8)




where

- hea(2)
MO i e ©

and h, and &, are the first and second derivatives of the surface height. ‘J hew? surface
roughness parameters were binned according to their mean height. The results for 10 i /sec
wind speed are shown in Fig. 1. As shownin Fig.1, the surface roughness of non-Gaussian
surface increases for larger mean height. This is evident from both rins slope and radius

of curvature. This is expected results from nonlinear interaction of waves [lLonguet-Higgins

and Stewart, 1961].
3. RADAR Cross SEcTION CALCULATIONS

I this section, we calculate bistatic cross sections fromm simulated ocean surfaces using
MOM. Fven though MOM demands intensive numerical computation, we use itsince 110
analytic techniques have proven accurate for near grazing scattering. I order to evaluate
the scattering cross section from a large ocean surface, we divide the surface into many 80
wavelength patches andscattering from each patch is calculated using MOM. Notice that,
cach patch was tilted by the large waves. This tilting changes the loca incidence angle and
it aso provides the shadowing due to large wave components. |1l our simnulation, we used
324 patches of 12.5 meter and the incidence wavelength was 15.625 cm. The scattered fields
from ecach patch were incoherently averaged to obtain the bistatic cross section.

The scattered field was computed using MOM assu ming periodic boundary condition
in order to reduce the edge current effect. Due to this periodic condition, wc do not have
to taper the incident field but wc must evaluate the periodic Green's function which is an
infinitesummation. llence, even though wc remove the large patch length requirement of
the tapered incident wave method at near grazing, the computational burden is on the
evaluation of the periodic Green’s function. Here, we converted the Green's function to an
integral using a l.aplace transform pair following the technique by Veysoglu et al. [1991].
The detailed implementations of this method arc presented elsewhere [Rodriguez and Kim,
19934].




The bistatic cross sections of both Gaussian and non-Gaussian surfaces are shown in
Iig. 2 for three different incidence angles. Yor modest incidence angles (lig 2(a) and
(b)), we notice that there is almost no diflerences in the bistatic cross sections of Gaus-
sian and non-G aussian surfaces. Yor grazing incidence angle (Fig.2 (c)), the bistatic cross
section of the non-Gaussian surface is higher than its Gaussian counterpart by 2 to 3 dB
for H-polarization. However, for V-polarization, the non-Gaussian features make almost
110 differences in the bistatic cross section. Thismay suggest that if highly non-Gaussian
sharp features are introduced, the H-polarization backscatter can be highly enhanced com -
pared with the V-polarization casc. From the YVig. 2(c), the difference between H- and
V-polarization backscatiering cross sections is 30 dB.

For near grazing scattering, it is important to consider shadowing effects which may be
aflected by 12.5 meter patch size. Inorder to examine the patch size eflect, we increase the
patchlength to 25 meters and calculate the bistatic cross section. The results arc shown in
Fig. 3. ‘Jhere is dmost no difference between the bistatic cross sections of two patch lengths
for either polarization. Y.ven though this results cannot prove that the further increase in
patchlength will not affect the bistatic Cross section, it is very suggestive that 12.5 meter

pate.11 is long enough for the S-band scattering calculation.
4. STATISTICS OF BACKSCATTERING CROSS SECTION

The bistatic cross section shown in the previous section can be considered as the scat-
tering response of a low resolution radar. Yor our numerical calculation, the radar footprint
was 4 km. Since wc calculate the scattered field from each 12.5 meter patch, we can simulate
the backscattered returns for a high resolution radar. The results are shown inlig. 4. From
Fig. 4, it can be noticed that stronger returns of @iy are inore sporadic than those of ovv -
Similar experimental observation was reported by Lewis and Olin [1 980] for sca spikes using
0.9 Gl 7 pulses. However, the stronger returns in Fig. 4 co not appear to be sea spikes since
tile vertical backscatters arc much stronger (approximately 30 dB) than the horizontal ones.
Based on the observations by Lewisand Olin, the largest backscatter was due to whitecaps.

Since whitecaps and breaking waves are not included in our modeling, the absence of sca




spikes in our simulation can be understood. Hence, to verify the experi mental observations
by Lewis and Olin, we must inodel the breaking events in our numerical simulation.

I'rom the backscattering cross sections from 12.5 meter patches (Fig. 4), one can no-
tice that 11- and V- polarization cross sections vary diflerently. That is, V-polarization
backscatter canbe relatively sinall when H-polarization has a strong backscattering cross
sectionand vice versa. In order 1o quantify this pheniomenon, we calculated the correlation
cocflicient (yy v ) of 11- and V-polarization backscattering cross section defined as

) <opypovv > - <opypy >< avy >
(< 0]2”] > - <opyn >2)(< Of”, > - <oy >2)

(10)

THV =

where <> denotes the ensemble average. The H-V correlation coeflicients for three incidence
angles are shown in Fig. 5. Yor the nadir looking radar returns, o7y and 0vv are perfectly
correlated. As theincidence angle increases, they become decorrelated which suggests that
the contributing scatterers of 1 - and V-polarized returns may be very diflerent. This has
been experimentally observed [Sletten et al., 1 993]. The decorrelation due to the increase
of the incidence angle may be an intrinsic characteristic of rough surface scattering because
similar behavior can be observed for Gaussian surfaces [Rodriguez and Kimn, 1993a]. One
can also evaluate the correlation cocfficient of thefield quantities (Fypand 1y, ) inorder
to examine bothamplitude and phase correlations. Here, /2 is the backscattered electric
field and # denotes the complex conjugate. Using the same data, it can be shown that both
backscattered cross section and field show strong decorrelation for higher incidence angles.

We also examined the temporal variation of the backscattered field using the wavelet
transformationandthe results are presented elsewhere [ Rodriguez and Kim, 1993b]. I
order to study the temporal behavior, we calculated the backscattered fields from six patches
of 12.5 meters for 10 seconds with 0.01second sampling interval. Using these 6000 returns,
we examined two interesting scattering mechanis ms atnear grazing incidence. They arc
tilt and hydrodynamic. modulations. For the 85 degreeincidence angle, wc divided the
backscattering cross sectioninto several large wave tilt angles. The results are shownin
Iig. 6. As expected, the backscattering cross section increases when the scattering patch is

tilted toward the radar since thie corresponding local incidence angle becomes smaller. Yor




the Il-polarization case,80 dB variation inthe backscattering cross section can be observed
while the V-polarization returns show 60 dB variation. One should remember that the tilt
angle is strongly related to the patch size. Here, our scattering patch size is 12.5 meters.
Another quantity thatwe considered isthehydrodynamnic Inoculation. As shownin Fig. 1,
we observed the increase of surface roughness for higher mean surface height. Hence, one
canexpect brighter returns from higher surface height for relatively large incidence angles.
Unfortunately, wec have to usc long scattering patches (12.5 meters) for 85 degrees incidence
angle. The largest ocean wavelength is 64meters in our simulation. Due to thelong patch
length, the surface height resolution diminishes. Hence, we divided the backscattering cross
sections into only three mecan height bins as showninVig. 7. Clearly, for Il-polarization,
the hydrodynamic modulation is observed for Non-Gaussian surfaces. The hydrody namic
modulation for V-polarization is much sinaller than the H-p olarization case (not shown).
More dramatic effects of the hydrodynamic modulation 011 the backscattered field can be
scen from the temporal variation of the field[Rodriguez and Kim,1993b).

If one considers the scatter-cd field from an ocean surface as the sum of many phasors
from ocean scattering objects, the pdf (probability density function) of the field becomes
Gaussian owing to the central limit theorem. The scattered field amplitude follows the
Rayleigh distribution arid the corresponding intensity obeys the exponential distribution.
If the backscattered cross section is normalized by its mean, thecdf (cumulative density

function ) of the normalized quantity becomes

CDF = 1-- ¢ 7 (12)
where
i -1
Pt . N ]2
p <0 > ( )

Whenlog.(1- CDF)is plotted versus p, aline with the slope of -1 will be obtained if the
scattered field follows the Gaussian statistics. We exanined the calf’s of the backscattering
cross sections for threeincidence angles. Three plots (cross. O, diamond: 45, and square:85
degrees incidence angles) are shown inI'ig. 8 () and(b) for both Gaussian and non-

Gaussian surfaces, respectively. As canbe noticed from lig. 8, both calf's show similar




behaviors.  Y¥or O and 45 degrees incidence angles, it is evident that the scattered field
salisfies the Gaussian statistics. However, the backscattered field for the 85 degreec incidence
angleis clearly non-Gaussian. The cdf of the near grazing scattering displays two distinct
characteristics. One is alarge number of low backscatter events due to shadowing. The
other is the increase of the brighter retuins which cause the long tail of the 85 degrees
calf. 1t isinteresting to notice that the Il-polarization cdf has the longer tail than the
V-polarization cdf for 85 degrees incidence angle. In addition, the non-Gaussian cdf (Fig.
8(b)) also shows the longer tail than the Gaussian counterpart. This departure from the
Gaussian statistics has been experimentally observed by many researchers [Sce, for example,
Wetzel, 1990; Trizna, 1 991].

5 CONCLUSIONS

We have examined the near grazing scattering cross sections from non-Gaussian ocean
surfaces and their statistics. We sinulated the non-liniear hydrody namic interaction using
a method by Creamer et al. [1989). This simulated non-Gaussian ocean surface exhibits
the increased surface roughuess for higher mean surface height, as expected. The scattered
ficld was evaluated using MOM with periodic boundary conditions. The periodic Green’s
function was cfliciently calculated following a technique developed by Veysogluet al. [1991].

When we compared the near grazing bistatic cross sections fromn Gaussian and non-
Gaussian surfaces, only n-polarization case showed a noticeable difference. This implies
that the Il-polarization sea spikes may be originated from the sharp non-Gaussian features.
From the siinulation results, the 11-polarized backscattered field was found to be more spo-
radic than its V-polarized counterpart at near grazing incidence. As the incidence angle
increases, thell-and V-polarized backscattered fields become deem-related, We also con-
sidered the cdf of the backscattering cross section and found that the backscattered field
at modest incidence angles satisfied the Gaussian statistics while a remarkable deviation
was observed fromthe near-grazing backscattered fields. The scattering mechanisins of the
large backscatter variation at near grazingincidence may be due to shadowing and tilt and

hydrodynamic modulations.
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Our simulation showed that theS-band H-polarization backscattering cross section at
85 degrees incidence angle was lower than the V-polarization counterpart by 28 dB. This
difference is not in agreeinent with the experimental observations. We could not find the
H-p olarized sea spikes which might belarger than the V-polarized sca spikes. These dis-
agreements may ¢ ome from the absence of breaking waves and sharp scattering features
in our simulation. The perfectly conducting surface assumption may have profound cf-
fects on the near grazing sea spikes [Rino, personal comimunication]. The inclusion of the

above-mentioned factors in our scattering simulation is under current consideration.
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IF1curE CAPTIONS

Figure 1: The relationship between surface roughness ((@) RMS slope, (b) radius of
curvature) andthe surface meanheight due to the hydrodynamic modulation, Notice the
increase of surface roughness for higher mean height for non-Gaussian surfaces.

Figure 2: 11- and V-polarization bistatic cross sections for (&) O, (b)45 and (c) 85
degreesincidence angles. Both non-Gaussian (solid line)and Gaussian(dashedline) surface
arc considered.

Figure 3: 11- and V- polarization bistatic cross sections using12.5 meters (solid line)
and 25 meters (dashed line) scattering patches.

Figure 4. Radar (backscattering) cross sections from 324 non-Gaussian surface patches.

Figure 5: I1-V correlation coeflicients for three incidence angles.

Figure 6: Tilt modulations at 85 degrees incidence angle for (a) 11- and(b) V- polar-
izations.

Figure 7: Il-polarization hydrodynamic modulation at 85 degrees incidence angle.

Figure 8: 11- aud V- polarization cumulative density functions of three incidence angles
(cross: O, diamond: 45, andsquare:85 degrees) for (a) Gaussian and (b) non-Gaussian

surfaces.
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