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POLARIMETRIC PASSIVE REMOTE SENSING OF OCEAN SURFACE

Under the sponsorship of the ONR Contract Contract N00014-92-J-1616 we have

published 4 refereed journal and conference papers.

Update of progress in "Polarimetric Passive Remote Sensing of Ocean Su:faces"

Our work on this project in the past year has concentrated primarily on the phase

one goals as outlined in the original proposal. To date, we have performed an experiment

in which the polarimetric thermal emission from a sinusoidal water surface was measured

and compared against a theoretical model, performed a study of the polarimetric thermal

emission from surfaces randomly rough in one direction, and begun work on a model

for predicting the polarimetric thermal emission from surfaces randomly rough in two

directions. Each of these studies is described in more detail below.

Polarimetric Thermal Emission from a Sinusoidal Water Surface

To verify further our earlier findings reported in [1,21 for ocean-like surfaces, an

experiment was design-,' and carried out in which the polarimetric thermal emission from

a sinusoidal water surface was measured [3,4]. This sinusoidal water surface was created

by placing a thin sheet of fiberglass with a sinusoidal profile on top of a pool of water

and removing the air trapped underneath the fiberglass layer. The resulting surface was

actually a 'two-layer' periodic surface whose thermal emission should be close to that of a

true sinusoidal water surface if the effect of the fiberglass layer is neglected. The first three

Stokes parameters of the thermal emission were measured at both 10 GHz and 14 GHz

using a linearly polarized radiometer whose polarzation basis was rotated to perform the

polarimetric measurements. Significant values of the brightness temperature corresponding

to the third Stokes parameter U were observed at various polar and azimuthal angles (as

high as 40 K for certain configurations). A theoretical model for the thermal emission from

such a two-layer periodic surface was constructed, and its predictions agreed well with the

expermental measurements. This theoretical model also indicated that the fiberglass layer
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did slightly affect the brightness temperatures in horizontal and vertical polarizations, but

had a much smaller effect on U.

Polarimetric Thermal Emission from Surfaces Randomnly Rough in One Direction

Our experiment indicated that appreciable values of U could be obtained from a

periodic sinusoidal water surface. However, an actual wind generated ocean surface has

a very complicated structure and can only be described statistically as a random process.

Thus, a numerical experiment in which the polarimetric thermal emission from randomly

rough surfaces was investigated was next performed [5].

Many approximate theories, such as the Kirchhoff approximation and the small

perturbation method, exist for use in predicting the thermal emission from randomly rough

surfaces. However, the theoretical predictions of [1] indicate that large surface slopes are

needed to obtain appreciable values of U. Since the approximate theories mentioned above

are known to fail if the surface slopes become too large, a Monte Carlo approach was chosen

for the study.

In this method, a set of surface profiles in two dimensions with given statistics was

generated using a spectral method. The profiles obtained were extended infinitely in the

third direction. The thermal emission from each surface of the set was then calculated using

an exact integral equation approach. The results from the set were averaged to obtain the

Monte Carlo estimate of the polarimetric thermal emission. The surfaces generated were

intended to model the ocean in the microwave frequency range. For this purpose, a power

law spectrum was chosen for the surface statistics. The surface profiles generated were also

made periodic to avoid problems with edge conditions in the calculations. Convergence of

the results with both the period of the surface chosen and the number of surface profiles

averaged was investigated in the study. The results of the study indicate that U also exists

for randomly rough surfaces and indicates the direction of the surface periodicity. U was

also found to be sensitive to the rms height of the surface and power law spectrum slope,

and insensitive to the polar angle, permittivity of the surface medium, and high frequency

content of the surface spectra beyond a certain cutoff.
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Polarimetric Thermal Emission from Surfaces Randomly Rough in Two Directions

The preceeding Monte Carlo study gave sonic indications as to the properties that

the third Stokes brightness parameter, U, could be expected to possess for a randomly

rough surface. However, the effect of a two directional roughness spectrum on the U

predictions is not yet known. For this purpose, we are currently working on a model for

calculating the polarimetric thermal emission for a surface rough in two direclions. A

Monte Carlo study using this model is also proposed to ascertain the properties of the U

parameter for this more accurate ocean surface model. This model is based on modification

of the extended boundary condition approach that was used for the previous Monte Carlo

study, and the surface statistics to be used will model both the upwind and crosswind

components of the ocean wave spectrum.

Summary

The success of these studies in measuring and theoretically predicting the properties

of the third brightness parameter, U, have advanced the idea of using U as an indicator of

ocean wind direction from remotely sensed data. Our work in the development of a model

and algorithm for the realization of such a goal will continue as planned.
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Polarimetric Thermal Emission from Rough Surfaces

J. T. Johnson, J. A. Kong, R. T. Shin, and D. H. Staelin
Department of Electrical Engineering and Computer Science

and Research Laboratory of Electronics
Massachusetts Institute of Technology, Cambridge, MA

S. H. Yueh, S. V. Nghiem, and R. Kwok
Jet Propulsion Laboratory

California Institute of Technology, Pasadena, CA

K. O'Neill and A. Lohanick
Cold Regions Research and Engineering Laboratory, Hanover, NH p

Recent theoretical works have suggested the potential of passive polarimetry in the
remote sensing of geophysical media. It has been shown the third Stokes parameter U of
the thermal emission may become large for azimuthally asymmetric fields of observation. In
order to investigate the potential applicability of passive polarimetry to the remote sensing
of ocean surface, measurements of the polarimetric thermal emission from a sinusoidal
water surface and a numerical study of the polarimetric thermal emission from randomly
rough ocean surfaces were performed.

Measurements of sinusoidal water surface thermal emission were performed using a
sinusoidal water surface which was created by placing a thin sheet of fiberglass with a
sinusoidal profile in two dimensions extended infinitely in the third dimension onto a water
surface. The theory of thermal emission from a "two-layer" periodic surface is dcri ved alnd
the exact solution is performed using both the extended boundary condition method (EBU)
and the method of moments (MOM). The theoretical predictions are found to be in good
agreement with the experimental results once the effects of the radiometer antenna pattern
are included and the contribution of background noise to the measurements is modeled.
The experimental results show that the U parameter indicates the direction of periodicity
of the water surface and can approach values of up to 30 K for the surface observed.

Next, a numerical study of polarimetric thermal emission from randomly rough surfaces
was performed. A Monte Carlo technique utilizing an exact method for calculating thermal
emission was chosen for the study to avoid any of the limitations of the commonly used
approximate methods in rough surface scattering. In this Monte Carlo technique, a set of
finite rough surface profiles in two dimensions with desired statistics wats generated and
extended periodically. The polarimetric thermal emission from each surface of the set was
then calculated using both the EBC and the MOM and the results were averaged. The
surface statistics chosen were intended to model a wind perturbed ocean surface in the X
to Ku band microwave region. p

The results of the study indicate that the U parameter is sensitive to the azimuthal angle
between the surface periodicity and the looking angle and to the rms height of the surface,
and that the U parameter is fairly insensitive to variations in polar angle, pernlittivity,
surface power law spectrum, and surface spectrum high frequency cutoff. These properties
give further strength to the idea of using the U parameter to detect wind direction over
the ocean.



Polarimetric Thermal Emission from Rough Ocean Surfaces:

A Numerical Study

J. T. Johnson, J. A. Kong, and R. T. Shin
Department of Electrical Engineering and Computer Science

and Research Laboratory of Electronics
Massachusetts Institute of Technology, Cambridge, MA

S. H. Yueh, S. V. Nghiem, and R. Kwok
Jet Propulsion Laboratory

California Institute of Technology, Pasadena, CA

Abstract A numerical study of the polarimetric thermal emission from ocean surfaces
randomly rough in one dimension using a Monte Carlo technique is presented. In this
study, a set of finite length surface profiles with desired statistics was generated using
a spectral method. Each surface was extended periodically to create an infinite rough
surface, and the thermal emission was computed using the extended boundary condition
method (EBC) and the method of moments (MOM). The results from the set of surfaces
were then averaged to obtain the Monte Carlo estimate of polarimetric thermal emission.
The surface statistics chosen were intended to model a wind perturbed ocean surface in
the X to K,, band microwave region. The results of the study show that the third Stokes
parameter, UB, is sensitive to the azimuthal angle between the surface periodicity and the
looking angle, the rms height of the surface, and the surface power law spectrum slope,
and that this parameter is insensitive to variations in polar angle, permittivity, and surface
spectrum high frequency content as an indicator of the azimuthal asymmetry of the surface.

1 Introduction

Recent theoretical works have suggested the potential of passive polarimetry in the remote
sensing of geophysical media [1-5]. It has been shown that the brightness temperature in
the third Stokes parameter, UB, may become large for azimuthally asymmetric fields of
observation. In references [4] and [5], values of UB as hi-h as 30 K were measured from
sin .,soidal water surfaces at 10 and 14.6 GHz. In order to investigate the potential appli-
cabiLity of passive polarimetry to the remote sensing of rough ocean surfaces, a numerical
study of the polarimetric thermal emission from ocean surfaces randomly rough in one
diimnension was performed. A Monte Carlo technique utilizing an exact integral equation
method for calculating thermal emission was chosen for the study.

The next section presents a brief background on the theory of polarimetry and describes
the passive polaximetric brightness vector. The method of calculation for the numerical
experiment is discussed in Section 3 and the numerical results are presented in Section 4.



2 Theory of Polarimetry

In passive polarimetry, brightness temperatures corresponding to all of the four modified

Stokes parameters are measured. The brightness temperature Stokes vector is defined as

, (EhEý)
- 1 <IB
TB -I =-• U = 7t-C 2Rc(EýE;)(1

V 21m<(E, E J
where Eh and E, are the emitted electric fields received from the horizontal and vertical
polarization channels of the radiometer, 17 is the characteristic impedance, and C = K/A'/
with K denoting Boltzmann's constant, A the wavelength. The first two parameters of the
brightness temperature Stokes vector correspond to the powers received in the horizontal
and vertical polarization channels, respectively. The third and fourth parameters corre-
spond to the complex correlation between the electric fields received by the horizontal and
vertical channels. We will label the four parameters TBh, TB.,, UB, and VB respectively in
this paper. It is shown in [3] that the third and fourth Stokes parameters may be related
to the brightness temperature in a 45 degree linearly polarized measurement (TB4) and a
right hand circularly polarized measurement (TB,.) as follows:

UB = 2 TBI- Th-TB,, (2)

VB = 2 TB, - TBh - TB. (3)

Thus, to calculate all four parameters of the brightness temperature Stokes vector, the
brightness temperatures in horizontal, vertical, 45 degree linear, and right hand circular
polarizations are first calculated, and the above equations are used to obtain UB and VB.

In the passive remote sensing of rough surfaces, the parameter that is actually of
interest is the emi-ssivity, which relates the brightness temperature emitted by an object
to its actual physical temperature, under the assumption that the object is at a constant
physical temperature and that the emission from the object is the only source of brightness:

TB. = Ca(9, ¢)Tph,0 (4)

In the above equation, the subscript a refers to the polarization of the brightness tempera-
ture, 0 to the polar observation angle, and 0 to the azimuthal observation angle. Through
the principles of energy conservation and reciprocity, Kirchhoff's law relates this emissivity
to tle reflectivity of the surface [6]:

eo(0,4¢) = 1-r O')(5)

The reflectivity rt(0, 0) for the given incident polarization a is defined as the fraction
of the power incident from direction (0, 4) that is rescattered and can be evaluated by
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integrating the bistatic scattering coefficient -y,•(0, ¢; 0', 0') over all scattering angles in the

upper hemisphere and summing the results of both orthogonal scattering polarizations.

r'(0,4)= - /2 dO' sin0' 7t(0, 0; 0', 4') (6)
b 01

In the above expression, (0,0) and (0',4') represent the incident and the scattered direc-

tions, respectively, and the subscripts a and b represent the polarizations of the incident

and the scattered waves, respectively.

Thus, to calculate the fully polarimetric emission vector, the bistatic scattering co-
efficient for each of four polarizations is first calculated and integrated over the upper
hemisphere to obtain the reflectivity for that particular polarization. Multiplication of the
corresponding ernissivity by the physical temperature of the object under view yields the
brightness temperature for this polarization. The fully polarimetric brightness vector Is
then calculated as described previously. A physical temperature of 300 K was assumed for

the surfaces in this experiment.
I

3 Method of Calculation

S g fro- randomly rough surfaces has been studied extensively by a nuinber •,f

researchers. Numerous approximate techniques, such as the Kirchhoff approximation and
the small perturbation method, exist and work well under certain restrictions for providing
the statistically expected values of scattered fields and power [6]. However, it was found

in [2] that in order to measure large UB values from a sinusoidal surface, a large height
to period ratio was required. The large slopes of such a surface fall into the regions of

non-applicability for the above methods, so a Monte Carlo method was chosen for the
study.

In this Monte Carlo method, a set of surface profiles with given statistics was generated,
and the fully polarimetric brightness vector from each surface was calculated using an
exact integral equation approach. The results for the set were then averaged to obtain the
final Monte Carlo estimate of the average brightness vector for those particular surface
parameters. The surface generation and analysis procedure are described in more detail
in the next section.

3.1 Random Surface Generation

A spectral method, described in [7-8], was used to generate a finite sample of a rough

surface with desired statistics. In thismethod, a set of normally distributed (both real and
imaginary part) Fourier coefficients is generated and then weighted by a spectral density
function in the frequency domain. The resulting Fourier coefficients are then transformed
back into the space domain using an inverse FFT algorithm to obtain a surface profile

3



sampled in space. The surface profiles were linearly interpolated between the sp(>:dfied

points.

Since only a finite surface profile could be generated, an infinite surface was created by

extending this uinite surface periodically. The Floquet modes obtained from the periodic
surface are thus a discrete approximation to the continuous spectrum of a truly infinite
random rough surface. The effect of this periodic extension on the polarimetric brighlness
temperature was investigated by comparing the results from a set of surfaces with a given
period with the results from a set of surfaces a longer period and the same frequency
spectrum. A period of 20 wavelengths was found to be sufficient to provide convergence
of tile UB results to within 0.3 K for longer period surfaces. The surfaces were continuous
when made periodic due to the periodic properties of the FFT series from which they were

generated.

The surface profiles generated were rough in one dimension only due to 4he complexity
of the calculations for surfaces rough in two spatial directions. The rough profile along the
z direction was extended infinitely along the y direction in the calculations (see Figure 1).
Three dimensional angles of incidence w.-re allowed, however, so that polarimetric effects
could be observed from the resulting 'conical diffraction' problem. While this model is
extremely simple when compared to .n actual wind perturbed ocean surface, its results
s!-onid give some indication as to the properties of UB for general ro, i- surfac-.

The surface statistics chosen for the calculations were intended to model ocean surfaces
in the rnicroweve frequency range. For this purpose, a dielectric constant of 50 + i30 was
chosen for the medium and a power-law spectral density function for the surfaces was used.

This function, ý'k) is described by:

0(k ) 0 other wiseC(7)

wherc k is the spatial wavenumber of the surface in ra •s/m, s is the slope of the power law
spectrum, and k, is the cutoff wavenumber of the surface set. The effects of varying the
slope of the spectrum and its high frequency cutoff were investigated in the experiment.
The surface in Figure I is one of the surfaces generated with -3 slope power law spectrum n
and a high frequency cutoff of k, = 47r/A.

Each surface was normalized independently of the others to a specified rms surface
heigh':rms heights of A/20, A/25 and A/30 were chosen to investigate the effect of varying-_-
t:he s$rface hcizht on the polarimetric brightness temperature. The 20A requireminent for
the surfac,_- period prevents larger rms heights from being studied due to computational

limitations. Each generated surface consisted of 400 puints within this per: iw, so that the
surfac,_ profile was sampled every A/20 along the i direction. This sampling frequency
is well above all of the Nyquist frequencies of the power spectral density functions used
in the experiment. The surface statistics calculated from the generated surface sets were
compared to their desired theoretical values and founci to be in good agreement.

The results from ten surface profiles were averaged for all of the points in the exper-
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iment. The convergence of the results with the number of surface proils averaged w •
investigated by comparing the results from independent groups of ten surfac,.s. 'The r-,e s
for UB were found to be within 0.2 K.

3.2 Integral Equation Method

Numerous studies have been made of scattering from a periodic surface. The Extend,.ed
Boundary Condition (EBC) method [9] is one of the most efficient methods, but has been
found to become i)U conditioned for steep surfaces. The Method of Moments (MOMl
for a periodic surface, described in [21, is another solution of the problem that does not
have the steep surface problems of the EBC, but is more cnrmputationally intensive. The
calculations from these two methods were compared for a sample surface for each case
in the experiment and found to give similar results in all of the cases. This agreement
i.:7 cates that the surface slope limitations of the EBC were not exceeded, and this nre
efficient ':ethod of calculation was used for the larger surface sets of the experiment.

4 fle.ults of Calculations

Figure 2 is a plot of the average UB value for the A/20 ,A/25, and A/30 rms height surfaces
as a -1:nctIon of azimuthal angle for a polar angle of 20 degrees. A power law slope of --3,
cutoff wavenumber of k, = 4r/i,, and dielectrkc constant of 50 + i30 were used. Points
were calculaed every 15deg in azimuthal angle, so that the interpolating lines Fhown
should not be taken to be exact. It is seen that the UB value is small for viewing angles
par alliel or perpendicular to the direction of periodicity of the surface, and that the highest

"v'l ... of 71. are obtained at azimuthal angles of a 'proXirt or 35 derees. h.e
magnr.ituoe of UB is determined by the rms height of the surface, with rougher surfaces
giving higher values. The small values of UB obtained in these results (2 K) are due to
'-:f convergence requirements for the Monte Carlo techniquei larger UB values could be
-L'.hai-' by an a-lyzing rougher surfacec, but would require more computer time than was

availab)e for this study. Also, data collected from the SSM/I and reported by Wentz [10]
,.2ca.,es that the azimuthal variation in TBh and TB, for real wind perturbed ocean surfaces
at both 37 and 19 GHz is typically less than 3 K, as is obtained for these rms heights. The

. is seen to indicate the azimuthal direction of the surface in all cases where it is
. ot_ .that negative values for UD are possible, as this parameter correspo%,.ds

;" 'a correlation between real observables. Also, the symmetry about ¢ 90 deg seen
lgigre 2 d the following figures is due only to the statistical symrn etry of the surface

o, ,:t t. angle; individual surfaces are not symmetric about < 90 cieg. This g:'ves
ýicati-o that the average of the ten surface profiles is converging to the true statistical

igure 3 investigates the effects of polar angle on the UB. Plotted are the results
at polar 4ngtes of 20 40, and 50 degrees for the A/20 rms height, -3 slope, k, 4-/.

S.. . . .... .• .. .... . . .. .. .... = -- 11 I " -•



50 -+- 130 dielectric constant surfaces. The results are surprising similar, demonstrating that

tt'is paramcter is relatively insensitive to polar angle as an indicator of ,urfa,'0 azimuthal

direction. TliesL larger polar angles are important due to the need for larg, polar angles

in satellite borne sensor applications.

Figure 4 illustrates the effect of permittivity on UB. Results for polar angle 20 degrees,
rmns height A/20 , -3 slope, k, = 4r//A, and dielectric constants of 40 -41 i25, 50 + i30, and

60 + i35 are plotted. The results again indicate that the U.6 channel is insensitive to a

change in the dielectric constant around 50 + 030.

Figure 5 displays the variation in UB with the slope of the power law spectrum, S. The

results for )A/20 rmis height surfaces with power law slopes of -3,-2.5, and -4.5 are compared

for a polar angle of 20 degree, cutoff wavenumber k, = 4-,r/A, and dielectric constant of
50 + i30. The results show that the U1B parameter is larger for the -2.5 slope surface,
which has more high frequency content and hence larger slopes, and that UB is smaller for
the smoother -4.5 slope surface. However, UB exists for all three cases and indicates the
direction of surface periodicity in each case.

Finally, Figure 6 investigates the effect of the high frequency cutoff wavenumber, k, on
UL. Plotted are the results from )A/20 rms height -3 slope surfaces for a polar angle of 20
degrees and dielectric constant 50 + i30. Cutoff wavenumbers of 4,/A, 87./'A, and 16-,/.'
are shown. This change in the cutoff wavenumber is seen to have little effect on the UP
results.

5 Conclusions

A numerical study of polariraet-", thermal emission from randomly rough ocean surfaces
using a Monte Carlo method has been carried out. This study indicates that polarimetric
information can be useful in the remote sensing of anisotropic rough ocean surfaces. One

proposed application is the remote sensing of wind direction over the ocean, as the rough

surface created on the ocean has an anisotropic structure. Since the UB parameter is
shown to be relatively insensitivc to the polar angle, the permittivity of the medium, and
the cutoff wavenumber of the surface spectral density function as an indicator of surface
azimuthal direction, a wind direction sensor could feasibly operate under a wide variety of
these conditions. Further research into this area and into the use of a more realistic ocean
surface model will continue.
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Abstract

A numerical study of the polarimetric thermal emission from ocean surfaces randomly

rough in one dimension using a Monte Carlo technique is presented. In this study, a set of

finite length surface profiles with desred statistics was generated using a spectral method.

Each surface was extended periodically to create an infinite rough surface, and the thermal

emission was computed using the extended boundary condition method (EBC) and the

method of moments (MOM). The results from the set of surfaces were then averaged to

obtain the Monte Carlo estimate of polarimetric thermal emission. The surface statistics

chosen were intended to model a wind perturbed ocean surface in the X to K•, band

microwave region. The results of the study show that the third Stokes parameter, UB,

is sensitive to the azimuthal angle between the surface periodicity and the looking angle,

the rms height of the surface, and the surface power law spectrum slope, and that this

parameter is insensitive to variations in polar angle, permittivity, and surface spectrum

high frequency content.
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1 Introduction

Recent theoretical works have suggested the potential of passive polarimetry in the remote

sensing of geophysical media [1-5]. It has been shown that the brightness temperature in

the third Stokes parameter, UB, may become large for azimuthally asymmetric fields of

observation. In references [4] and [5], values of UB as high as 30 K were measured from

sinusoidal water surfaces at 10 and 14.6 GHz. In order to investigate the potential appli-

cability of passive polarimetry to the remote sensing of rough ocean surfaces, a numerical

study of the polarimetric thermal emission from ocean surfaces randomly rough in one

dimension was performed. A Monte Carlo technique utilizing an exact integral equation

method for calculating thermal emission was chosen for the study.

The next section presents a brief background on the theory of polarimetry and describes

the passive polarimetric brightness vector. The method of calculation for the numerical

experiment is discussed in Section 3 and its convergence investigated in Section 4. FiZ-ally,

the numerical results are presented in Section 5.

2 Theory of Polarimetry

In passive polarimetry, brightness temperatures corresponding to all of the four modified

Stokes parameters are measured. The brightness temperature Stokes vector is defined as

1h EhE,)1
1B - 1 1 E. E.)

TB -- I = JC 2eE.E) (1)

Y . 2Im(EoE;,)

where Eh. and Eo are the emitted electric fields received from the horizontally and vertically

polarized channels of the radiometer, 77 is the characteristic impedance, and C = K/A2

with K denoting Boltzmann's constant, A the wavelength. The first two parameters of the

brightness temperature Stokes vector correspond to the received powers in the horizontally

and vertically polarized channels, respectively. The third and fourth parameters correspond

to the complex correlation between the electric fields received by the horizontally and

vertically polarized channels. We will label the four parameters TBh, TB., UB, and VIB

respectively in this paper. It is shown in [3] that the third and fourth Stokes parameters

may be related to the brightness temperature in a 45 degree linearly polarized measurement
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(TEL) and a right hand aircularly polarized measurement (TB,) as follows:

UB = 2T1- T~h- TB. (2)

VB = 2TB, -TBh - TB,, (3)

Thus, to calculate all four parameters of the brightness temperature Stokes vector, the

brightness temperatures in horizontal, vertical, 45 degree linear, and right hand circular

polarizations are first calculated, and the above equations are used to obtain UB and VB.

In the passive remote sensing of rough surfaces, the parameter that is actually of

interest is the emissivity, which relates the brightness temperature emitted by an object

to its actual physical temperature, under the assumption that the object is at a constant

physical temperature and that the emission from the object is the only source of brightness:

TB. = e,(9, O)Tphy, (4)

In the above equation, the subscript a refers to the polarization of the brightness tempera-

ture, 0 to the polar observation angle, and € to the azimuthal observation angle. Through

the principles of energy conservation and reciprocity, Kirchhoff's law relates this emissivity

to the reflectivity of the surface [6]:

e.(0,qS) = 1 -rt(0, ) (5)

The reflectivity ra(O, 0) for the given incident polarization a is defined as the fraction

of the power incident from direction (0, q) that is rescattered and can be evaluated by

integrating the bistatic scattering coefficient 70(0, €; 0', q') over all scattering angles in the

upper hemisphere and summing the results of both orthogonal scattering polarizations.
r(~)=1 fow/ 2d' '

1,f '= sin 0 dO'b.(0,q;0', ) (6)

In the above expression, (0, 0) and (0', 0') represent the incident and the scattered direc-

tions, respectively, and the subscripts a and b represent the polarizations of the incident

and the scattered waves, respectively.

Thus, to calculate the fully polarimetric emission vector, the bistatic scattering co-

efficient for each of four polarizations is first calculated and integrated over the upper

hemisphere to obtain the reflectivity for that particular polarization. Multiplication of the

corresponding emissivity by the physical temperature of the object under view yields the
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brightness temperature for this polarization. The fully polarimetric brightness vector is

then calculated as described previously. A physical temperature of 300 K was assumed for

the surfaces in this experiment.

3 Method of Calculation

Scattering from randomly rough surfaces has been studied extensively by a number of

researchers. Numerous approximate techniques, such as the Kirchhoff approximation and

the small perturbation method, exist and work well under certain restrictions for providing

the statistically expected values of scattered fields and power [6]. However, it was found

in [2] that in order to measure large UB values from a sinusoidal surface, a large height

to period ratio was required. The large slopes of such a surface fall into the regions of

non-applicability for the above methods, so a Monte Carlo method was chosen for the

study.

In this Monte Carlo method, a set of surface profiles with given statistics was generated,

and the fully polarimetric brightness vector from each surface was calculated using an

exact integral equation approach. The results for the set were then averaged to obtain the

final Monte Carlo estimate of the average brightness vector for those particular surface

parameters. The surface generation and analysis procedure are described in more detail

in the next section.

3.1 Random surface generation

A spectral method, described in [7-8], was used to generate a finite sample of a rough

surface with desired statistics. In this method, a set of normally distributed (both real and

imaginary part) Fourier coefficients is generated and then weighted by a spectral density

function in the frequency domain. This spectral density function corresponds to the desired

spectral density of the surface set; it is also the Fourier transform of the desired correlation

function for the set. The resulting Fourier coefficients are then transformed back into the

space domain using an inverse FFT algorithm to obtain a surface profile sampled in space.

The surface profiles were linearly interpolated between the specified points.

Since only a finite surface profile could be generated, an infinite surface was created by

extending this finite surface periodically. The Floquet modes obtained from the periodic

surface are thus a discrete approximation to the continuous spectrum of a truly infinite
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random rough surface. The effect of this periodic extension on the polarimetric brightness

temperature was investigated by comparing the results from a set of surfaces with a given

period with the results from a set of surfaces with twice that period and the same frequency

spectrum. A period of 20A was found to be sufficient to provide convergence of the results

for longer period surfaces, as will ie discussed in Section 4. The surface was continuous

when made periodic due to the periodic properties of the FFT series from which it was

generated.

The surface profiles generated were rough in one direction only due to the complexity

of the calculations for surfaces rough in two spatial directions. The rough profile along the

x direction was extended infinitely along the y direction in the calculations (see Figure 1).

Three dimensional angles of incidence were allowed, however, so that polarimetric effects

could be observed from the resulting 'conical diffraction' problem. While this model is

extremely simple when compared to an actual wind perturbed ocean surface, its results

should give some indication as to the properties of UB for general rough surfaces.

The surface statistics chosen for the calculations were intended to model ocean surfaces

in the microwave frequency range. For this purpose, a dielectric constant of 50 + i30 was

chosen for the medium and a power-law spectral density function for the surfaces was used. -,

This function, O(k) is described by:

k-" 27r/5A < k < k,
(k)= 0  otherwise

where k is the spatial wavenumber of the surface in rads/m, s is the slope of the power

law spectrum, and kc is the cutoff wavenumber of the surface set. The effects of varying

the slope of the spectrum and its cutoff were investigated in the experiment. The surface

in Figure 1 is one of the generated s = 3 slope power law spectra surfaces with a high

frequency cutoff of kc = 47r/A and period of 5A.

Each surface was normalized independently of the others to a specified rms surface

height; rms heights of 0.075A, 0.05A, 0.033A were chosen to investigate the effect of varying

the surface height on the polarimetric brightness temperature. The 20A requirement for

the surface period prevents larger rms heights from being studied due to computational

limitations. Each generated surface consisted of 400 points within this period, so that the

surface profile was sampled every A/20 along the i direction. This sampling frequency

is well above all of the Nyquist frequencies of the power spectral density functions used

in the experiment. The surface statistics calculated from the generated surface sets were
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compared to their desired theoretical values and found to be in good agreement.

The results from twenty surface profiles were averaged for all of the 0.075A rms height

points in the experiment. The convergence of the results with the number of surface

profiles averaged was investigated by comparing the results from independent groups of

twenty surfaces for one case of the experiment. The results for UB were found to be within

0.5 K for the 0.075A rms height surfaces at polar angle 20 degrees, as is discussed in Section

4.

3.2 Integral Equation Method

Numerous studies have been made of scattering from a periodic surface. The Extended

Boundary Condition (EBC) method [9] is one of the most efficient methods, but has been

found to become ill conditioned for steep surfaces. The Method of Moments (MOM)

for a periodic surface, described in [2], is another solution of the problem that does not

have the steep surface problems of the EBC, but is more computationally intensive. The

calculations from these two methods were compared for a sample surface for each case

in the experiment and found to give similar results in all of the cases. This agreement

indicates that the surface slope limitations of the EBC were not exceeded, and this more

efficient method of calculation was used for the larger surface sets of the experiment.

4 Verification of Convergence

Two convergence issues are important for this Monte Carlo method: the convergence of

the results with the number of surfaces averaged and the convergence of the results with

the period of the surfaces analyzed. Both issues are investigated in this section.

The convergence of the results with the number of surfaces averaged is the first type of

convergence that must be investigated. To check this type, independent groups of surfaces

were analyzed and their results compared. It was found that the difference obtained in the

average UB values from ten surface profiles were within 0.3 K for all of the cases with rms

height less than or equal to 0.05A. For the rms height 0.075A case, twenty surface profiles

were averaged, and a maximum UB difference of 0.5 K in the average from independent sets

of twenty surfaces was observed. Since this uncertainty is much less than the azimuthal

variation of UB obtained in the study, these averages were considered sufficient for the

study.
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The second type of convergence, convergence with respect to the period of the surfaces

analyzed, was also investigated. This convergence was verified by comparing the average

results from groups of ten surfaces which had different periods but the same frequency

spectra. In effect, this procedure corresponds to sampling the frequency spectrum at a

greater number of points in the frequency domain as the period is allowed to increase.

Longer scale variations were cutoff as the period was increased. Figure 2 displays the

change in polarimetric brightness temperature as the period was increased for 0.05A rms

height surfaces at a polar angle of 20 degrees with power law slope s = 3 and cutoff

wavenumber 47r/A. Plotted are the results for surfaces with periods of 5A, 10A, 15A, 20A,

and 25A.

The characteristic "jumps" of periodic surface scattering are observed in all of these

curves, but it is seen that the effect becomes less pronounced as the period is increased.

This is due to the fact that a greater number of Floquet modes is obtained for the longer

period surfaces, which results in a smaller shift in total power as one mode makes the

transition from propagating to non-propagating. Figure 3 compares the results for the 20A

and 25A period surfaces alone. It is seen that these curves are fairly smooth in azimuthal

angle and that they agree to within 0.2 K in UB for all of the angles analyzed. The

results from period 20A and 25A surfaces were also compared for a set of twenty rms height

0.075A surfaces. For this case, a maximum difference of 1.5 K was obtained in the UB

results. However, the UB results are also larger for this case, so that the uncertainty is

approximately the same percentage of UB as in the smaller rms height cases. A period of

20A was chosen for all of the surfaces throughout the rest of the experiment.

5 Results of calculations

Figure 4 is a plot of the average UB value for the 0.075A , 0.05A, and 0.033A rms height

surfaces as a function of azimuthal ingle for a polar angle of 20 degrees. A power law

slope of s = 3, cutoff wavenumber of k, = 47r/A, and dielectric constant of 50 + i30 were

used in the calculations. Points were calculated every 15 degrees in azimuthal angle, so

that the interpolating lines shown should not be taken to be exact. It is seen that the UB

value is small for viewing angles parallel or perpendicular to the direction of periodicity

of the surface, and that the highest values of UB are obtained at azimuthal angles of

approximately 45 or 135 degrees. The magnitude of UB is determined by the rms height of
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the surface, with rougher surfaces giving higher values. The small values of UB obtained in

these results (5 K) are due to the convergence requirements for the Monte Carlo technique:

larger UB values could be obtained by analyzing rougher surfaces, but would require more

computer time than was available for this study. Also, data collected from the SSM/I

and reported by Wentz [10] indicates that the azimuthal variation in TBh and TB, for real

wind perturbed ocean surfaces at both 37 and 19 GHz is typically less than 3 K, as is

obtained for these rms heights. The UB channel is seen to indicate the azimuthal direction

of the surface in all cases where it is observable. Note that negative values for UB are

possible, as this parameter corresponds only to a correlation between real observables.

Also, the symmetry about 4 = 90 deg seen in Figure 2 and the following figures is due

only to the statistical symmetry of the surface set about this angle; individual surfaces are

not symmetric about 4) = 90 deg. This gives an indication that the average of the surface

profiles is converging to the true statistical average.

Figure 5 investigates the effects of polar angle on the UB. Plotted are the results

at polar angles of 20, 40, and 50 degrees for the 0.075A rms height, s = 3, k, = 4,-r/A,

50 +i30 dielectric constant surfaces. The results are surprising similar, demonstrating that

this parameter is relatively insensitive to polar angle as an indicator of surface azimuthal

direction. These larger polar angles are important due to the need for large polar angles

in satellite borne sensor applications.

Figure 6 illustrates the effect of permittivity on UB. Results for polar angle 20 degrees,

rms height 0.075A , s = 3, k, = 4ir/A, and dielectric constants of 40 + i25, 50 + i30, and

60 + i35 are plotted. The results again indicate that the UB channel is insensitive to a

change in the dielectric constant around 50 + i30.

Figure 7 displays the variation in UB with the slope of the power law spectrum, s, The

results for 0.075A rms height surfaces with power law slopes of s = 3, s = 2.5, and s = 3.5

are compared for a polar angle of 20 degree, cutoff wavenumber k, = 47r/A, and dielectric

constant of 50 + i30. The results show that the UB parameter is larger for the s = 2.5

surface, which has more high frequency content and hence larger slopes, and that U3 is

smailier for the smoother s = 3.5 slope surface. However, UB exists for all three cases and

indicates the direction of surface periodicity in each case.

Finally, Figure 8 investigates the effect of the high frequency cutoff wavenumber, kc on

UB. Plotted are the results from 0.075A rms height s = 3 surfaces for a polar angle of 20

degrees and dielectric constant 50 + i30. Cutoff wavenumbers of 47r/A, 8r/A, and 167r,/\
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are shown. This change in the cutoff wavenumber is seen to have little effect on the U11

results.

6 Conclusions

A numerical study of polarimetric thermal emission from randomly rough ocean surfaces

using a Monte Carlo method has been carried out. This study indicates that polarimetric

information can be useful in the remote sensing of anisotropic rough ocean surfaces. One

proposed application is the remote sensing of wind direction over the oce an, as the rough

surface created on the ocean has an anisotropic structure. Since the U3 parameter is

shown to be relatively insensitive to the polar angle, the permittivity of the medium, and

the cutoff wavenumber of the surface spectral density function, a wind direction sensor

could feasibly operate under a wide variety of these conditions. Further research into the

area and into the use of a more realistic ocean surface model will continue.
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Figure 1: Geometry of the problem

Figure 2: Convergence of polarimetric brightness temperature with period of surfaces (a)
UB (b) TZh (c) TB. (d) VB

Figure 3: Comparison of average brightness temperatures for 20A and 25A period surfaces
(a) UB (b) TBh (c) TB. (d) VB

Figure 4: Effect of rms height on polarimetric brightness temperature (a) UL (b) TBh (c)
T3. (d) VB

Figure 5: Effect of polar angle on polarimetric brightness temperature (a) UB (b) TBh (c)
TB. (d) VB

Figure 6: Effect of permittivity on polarimetric brightness temperature (a) UB (b) TB, (c)
TB, (d) VB

Figure 7: Effect of power law slope on polarimetric brightness temperature (a) UB (b) TBh
(c) TTB (d) VB

Figure 8: Effect of cutoff wavenumber on polarimetric brightness temperature (a) UB (b)
TBh (c) TB. (d) VB
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Third Stokes Parameter Emission from a Periodic Water Surface

J. T. Johnson, J. A. Kong, R. T. Shin, and D. H. Staelin
Department of Electrical Engineering and Computer Science

and Research Laboratory of Electronics
Massachusetts Institute of Technology, Cambridge, MA

K. O'Neill and A. Lohanick
Cold Regions Research and Engineering Laboratory, Hanover, NH

Abstract An experiment in which the third Stokes parameter thermal emission from

a periodic water surface was measured is documented. This parameter is shown to be

related to the direction of periodicity of the periodic surface and to approach brightnesses

of up to 30 K at X band for the surface used in the experiment. The surface actually

analyzed was a "two-layer" periodic surface; the theory of thermal emission from such

a surface is derived and the theoretical results are found to be in good agreement with

the experimental measurements. These results further the idea of using the third Stokes

parameter emission as an indicator of wind direction over the ocean.

1 Introduction

Recent theoretical works have suggested the potential of passive polarimetry in the remote

sensing of geophysical media [1-3]. These works indicate that the third Stokes parameter,

UB, of the thermal emission may become large for azimuthally asymmetric fields of ob-

servation. In [3], values of UB as high as 40 K were measured from a periodic triangular

soil surface at 10 GHz, and the UB parameter was found to indicate the azimuthal angle

between the observation angle and the direction of surface periodicity. It has thus been

proposed that these properties could make passive polarimetric measurements useful in the

remote sensing of wind direction over the ocean, since a wind generated ocean surface has

an anisotropic structure. In order to demonstrate the existence of the U8 parameter for

a water surface, and thus to investigate the potential applicability of passive polarimetry
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to ocean remote sensing, observations of a periodic water surface were performed at the

Cold Regions Research and Engineering Laboratory (CRREL), Hanover, NH in Septem-

ber of 1992. This paper documents those observations and the theory developed for the

"two-layer" periodic surface actually analyzed in the experiment.

2 Theory of Polarimetry

In passive polarimetry, brightness temperatures corresponding to all four modified Stokes

parameters are measured. The brightness temperature Stokes vector is defined as

['h r (Eh E,,)

2h (E(E)-B U -_ ý_ M(EEý (1

In the above equation, Eh and E, are the emitted electric fields received from the horizontal

and vertical polarization channels of the radiometer, 17 is the characteristic impedance,

and C = K/A 2 with K denoting Boltzmann's constant, A the wavelength. The first two

parameters of the brightness temperature Stokes vector correspond to the received powers

for horizontal and vertical polarizations, respectively. The third and fourth parameters

correspond to the complex correlation between the electric fields received by the horizontal

and vertical channels, We label the four parameters TBh, TB,,, UB, and VB respectively in

this paper.

It is shown in [2] that the third and fourth Stokes parameters may be related to the

brightness temperature in a 45 degree linearly polarized measurement (TBp) and a right-

hand-circularly polarized measurement (TB,) as follows:

UB 2TBp - TBh - TB, (2)

VB1 2TB,. - TBh - TB, (3)

Thus, to measure all four parameters of the Stokes vector, the brightness temperatures in

horizontal, vertical, 45 degree linear, and right-hand-circular polarizations are first mea-

sured, and the above equations are used to obtain UB and VB.
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In the passive remote sensing of rough surfaces, the parameter that is actually of

interest is the emissivity, which relates the brightness temperature emitted by an object

to its actual physical temperature, under the assumption that the object is at a constant

physical temperature, Tphys, and that the emission from the object is the only source of

brightness:

TB. = e.(9,4)T7 hy. (4)

In the above equation, the subscript a refers to the polarization of the brightness tempera-

ture, 0 to the polar observation angle, and 0 to the azimuthal observation angle. Through

the principles of energy conservation and reciprocity, Kirchhoff's Law relates this emissivity

to the reflectivity of the surface [4]:

e.(9,4) = 1 - r.(9, ) (5)

The reflectivity ra(0, 4) for the given incident polarization a is defined as the fraction

of the power incident from direction (9, 0) that is rescattered and can be evaluated by

integrating the bistatic scattering coefficients -y(0, 4; 0', 4/) over all scattering angles in

the upper hemisphere and summing the results of both orthogonal scattering polarizations:

r.(,) f= d'sin O'f ] d (0,; 01,,S0) (6)

In the expression of the bistatic scattering coefficient, (0, 0) and (9', 4?') represent the

incident and the scattered directions, respectively, and the subscripts a and b represent

the polarizations of the incident and the scattered waves, respectively.

Thus, to calculate the fully polarimetric emission vector, the bistatic scattering co-

efficient for each of four polarizations is first calculated and integrated over the upper

hemisphere to obtain the reflectivity for that particular polarization. Multiplication of the

corresponding emissivity by the physical temperature of the object under view yields the

brightness temperature for this polarization. The fully polarimetric brightness vector is

then calculated as described previously.
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3 Two-Layer Periodic Surface Theory

In order to form a periodic water surface, a thin corrugated sheet of 4 3erglass was placed

on top of a flat water surface. After air bubbles trapped underneath were removed, a

"two-layer" periodic surface resulted, as shown in Figure 1. In this figure, region zero is

the free space region above the periodic surface, with permittivity c0 and permeability

yu0, region one is the fiberglass layer, with permittivity -E and permeability pii, and region

two is the water, with permittivity E2 and permeability ;L2 . To examine the effects of the

fiberglass layer on the measured brightness temperatures, a theoretical model for 4hermal

emission from a two-layer periodic surface was derived and implemented.

The problem of calculating thermal emission from a "single-layer" periodic surface has

been solved by several researchers using many different techniques. Two of the methods

used in the single-layer case are extended for the two-layer case in this analysis. The results

from these two 'exact' methods are then compared to determine which would apply bcst

to the cases measured in the experiment. For both of these methods, the calculations are

performed to determine the total power reflected in the reciprocal active problem; this

total reflectivity is then used to obtain the emissivity as described previously.

The extended boundary condition (EBO) method described by Chuang anrid Kong [5]

for calculating scattering from a single-layer periodic surface is the first method to be

applied. In this method, Huygens' principle is applied at the surface so that the scattered

field can be obtained once the surface fields are known. The Huygens' integral equation is

solved by expanding the unknown surface fields into Fourier series and forming a truncated

impedance matrix which is inverted to obtain the surface fields. This method is known as

the extended boundary condition method because the calculations enforce the requirement

that the Huvgens' integral which equals the field value within the region of interest must ue

zero outside that region. Although the extended boundary condition method is exact, the

numerical formulation becomes ill conditioned if the surface height-to-period ratio becomes

too large [101.
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To overcome this problem, a second method, the method of moments [91, can be used

to perform the calculations. In this formulation, the same Huygens' principle equation is

used, but the requirement that the Huygens' integral-. the region not of interest be zero

is not enforced. Instead, the integral equation is "tested" at a discrete number of points

along each surface where the equation is forced to hold. As the number of testing points

is increased, the calculated scattered fields converge to the exact results. The method of

moments can be used in cases where the extended boundary condition method fails. It

requires, however, more computation time than the EBC.

3.1 General Formulation

Consider a plane wave incident upon a two-layer periodic surface described by fl(x) =

fa(z + P), f 2(x) = f 2 (z + P) with fi representing the upper surface, f2 the lower surface

and P denoting the period of the surface in the i direction (see figure 1). The electric field

of the incident wave is given by

Ei= (7)

where ki denotes the incident wave vector and is equal to ik,.j + gkv - ik,,j and L• is the

polarization of the electric field vector.

Since the structure is uniform in the g direction, all the field components in rgions 0,1,

and 2 will be phase matched to the same exp (ik111y) dependence. Thus, we can replace all

the -a terms in Maxwell's equations with ikv, as is commonly done in waveguide theory

(usually with the z dependence by convention.) Subsequent equations will thus have the

exp (ik,,y) dependence removed.

Maxwell's equations can now be simplified so that the i and rn -omponents of the

electric and magnetic fields can be expressed as functions of the ý components of the fields

as follows:

E" k()2 [kviV.EjY(f) + wijV x lljy(f)] (8)

=l -)2 [kjN7.HjY(f) - x y(f)] (9)
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where j = 0, 1, 2 signifies regions 0,1, or 2, respectively, V, is the gradient operator that is

transverse to the ý direction
O0

v.= 9+ia (10)

and s = (x, z) indicates the transverse components of the fields for region j. The •

components of the electric and magnetic fields now satisfy the partial differential equations

(V ' + k j' - k y')A j y = 0 (11)

where AlL- = Ej, Hj.. Since V. operates only in a two-dimensional space, the • components

of the electric and magnetic fields satisfy a two-dimensional wave equation. The Green's

function for such an equation is given by

G~p"P')= 4 0 • P.-a I) (12)

4 ] dk_- x exp [ik 3(x - x') + ik1ilz - z'I1 (13)

where j = 0, 1, 2,

kj.= k1
2 - kY, 2  (14)

and

jix = + iz (16)

The above square root functions are defined with the branch cut on the negative real axis.

Applying the scalar Green's function form of Huygens' principle to the top periodic

surface and region 0 gives

E•,(ý) - d/{GaGo(p.,p'), V.Eoy(') -Eov(.), ' ' )-
foo# , P a{ Eo,,(1.) z > f,() (17)

0 z < f, (X)

where the ý dependence has been suppressed and

ID

dif~ F2:i dfZI( )1 dx' (18)
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The above surface integral is over an infinite domain. However, the periodic properties

of the surface fields can be used to reduce the integration domain to a single period. The

surface fields have the property

w()5o + :nP) = W(1o)e k'i"P (19)

where w(jY.) can be Ejy(fr.), Hj,(ff,) or their normal derivatives, n is an integer, and P is

the period of the surface.

Following Chuang and Kong [5], a periodic Green's function can be derived using this

property. This Green's function is

Gi-1 - exp [ikj.Cc(X - X,) + ikjgi.z _ z',] (20)

where
S+ k (21)

ajn = jo

(1 - • )z1/2. a 2, < 1 (22)

Now using the periodic Green's function in the scalar Huygens' principle formulation

for each of the three regions yields

Region zero

Ev(p.) - do"'{GoP(p.,p3),h) • V'Eov(p3) - Eoy(,)fzl • V'.Gop(p., a.)}

Eo00y(5. ) Z > f1(x) (23)

0 z < f1 (Z)

H,(0.)- _ d!"f {Gop(o,5•'o)h- VoHov(-'3) - Ho,(',)f.i V'Gop(AL,,o)}

{ Ho,(,g) z > f.(x) (24)- 0 Z < fi(x)

7
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Region one

JP(si) d -' {Pdp(p., p)ft, -V'. ( )- V'.,G p(,•.,P-'.)} -

Jp (S2) 
S 

-

(0 Z> fi(X)= E,(A.) f2(Z) '- C < fi(X) (25)
Z < f2(X)

Jp(S) • ( A'l ) - •VoGip( 15o.,j)} -

Js)da'{G(15.,P f1.)f12 v.•,•(p.)- H,(v.)f12  - -V'Gp(j.,
fp( 2 a4•t t - .

(0 Z> fI(X)
= jH (p.) f2(@) < z < fI(X) (26)

z < f2(X)

Region two

(s2)da' {G 2p(A., 9.)f&2 -V°E 2y() - E2 y(9.)i -V"G2p(p.,.)}

E2y,(P.) Z < f 2 () (
0 Z > f() (27)

p(•S 2) dV' {H,((., -'.),.) v.•,,,(i.- V. G2P(.v.,9.)}

H2y,(A.) Z < f2(X) (28)0 Z > f2(X)

where (SI) indicates that the integration is performed over surface 1.

Once the surface fields are determined, the fields in regions 0,1,and 2 can be obtained

using these relations. At present, there are sixteen unknown vectors to be obtained: the ý

components of the electric and magnetic fields at surface one for regions zero and one, the

ý components of the electric and magnetic fields at surface two for regions one and two,

and the normal derivatives of the ý component of the electric and magnetic fields for each

of these surface-region combinations. Electric and magnetic field boundary conditions can S

be used at both surfaces to reduce the number of unknown vectors to eight.
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3.2 Boundary Conditions

At both surfaces, the g component of the electric and magnetic fields are tangential, and

therefore must be continuous:

Eoy = Ely z = fi(z) (29)

Hoy = Hiv (30)

Ely = E~y z = f2(z) (31)

Hly = 5 2y (32)

The components of the fields along the surface profile are also tangential and must be

continuous. These relations can be written as:

hl x E 0. = fil x El, z = fl(x) (33)

iii x fro. = fii, x A. (34)

fL, x E1, = i, 2 X E2 , z = f2 (z) (35)

h2 Xf H1 . = h2 x H2 . (36)

Note that both the normal and the s component fields lie in the x - z plane, so that

-i x . is a ý directed vector whose amplitude corresponds to the tangential component

of the field along the surface profile. Following Chuang and Kong [5], the second set of

boundary conditions can be written as:

W(i -V,Eoy) = co1h x V,Hi. + c2 ( 1 - V.E11 , ) z = fi(x) (37)

*(ft,. VHo,) = -doft, x V.E,,. + d2h(fl • V,Hly) (38)

ý(f,2 V.E1 ,,) = cZ 2 X V.H 2r ,, + c39(,Z2 V.,E2 ,) z = f2(r) (39)

L(fl . V. 1 ,•) = -dlii 2 x V.E2, + dh•(9h2 • V.5 21 ) (40)

9



where

C= -.iZv1o c b (41)
ýO ek22  Wei

2 (42)

4 C = LkL C2 d,• = Lk 1 -1 , (43)

d02 =Ilol 1_ Itdo = _1O di=1] ,yj (44)

d2 oA L02 d3 = -u2k,,(4

These eight boundary conditions reduce the sixteen unknown vectors to eight. The

remaining eight unknowns are then solved by expanding the surface fields in the Huygens'

integral equations into a sum of unknown amplitude basis functions. The functions used

in this expansion and the equations solved differ for the EBC and Moment methods; each

method will be treated separately beginning with the EBC..

3.3 Extended Boundary Condition Method

If we substitute the expression for the periodic Green's function into the Huygens' Principle

integral equations and factor out the unprimed exponential dependence, the equations

reduce to:

Region zero

Eov(o.) = E-, + bb• --0  z > 1 i(.-o) (45)

0 = Ei - ao,• Z < fl(mi,) (46)

nnv

o = Hy - Z•', eao o,•'o z<fl(min) (48)

Region one

o Z+ flb0,Z z > fi(mnaz) (49)

n Vi-'ln ~1

10



f( m az) < Z < fi( m n) (50)

0 a,,n,, + Zai2. e < (min,) (51)

o = Zb(h) e, +Zb~ e&,4" ")a
11n -- 2n >,~m (52)n V(Pln Vrln

H(h) e• f "•" a (h) e4'% "

f2(..) < z < fl(,,,) (53)0 Fa (ht) e;•- a• (h e-'-h(i

11n +Za e <+2(12.) (54)
n rPn n V/Jn

Region two

E 2 y(pU) b22 Z < f2(min) (55)ei02.i

0 = E- 44n2 Z > f2(-) (56)

0 = z > f2(.') (58)

where the Iz - z'I expression in the periodic Green's function has been replaced by z - z'

when the observation point is above the surface, z' - z when the observation point is below

the surface. In the above equations,

k-`ý = ija, ± ikj,g%, (59)

f a e-n;. •.- V i)

= 2ikiP JP(s1) { P

e-j4q"•*"(z') } (60)
-Ejy,(V,)ht ' (60)

11



2ija JP(Si) I

-B*y(-4)-. v' (61)

and b(h) and a(h) have the same form as their electric field counterparts with EjY replaced

by Hjy. We now recognize that the scattered field in region 0 is composed of a discrete set

of plane waves traveling in the directions indicated by k' . These plane waves are known

as the Floquet modes; the amplitude of the nth reflected mode is determined by b01,.

For the extended boundary condition method, we use the equations which involve the

region of no interest for each region. These are equations (46),(48),(49),(51),(52),(54),(56),

and (58). These eight equations will uniquely determine the eight unknown surface field

vectors. Once the surface fields are determined, the remaining equations are used to

calculate the scattered field in each of the three regions.

Following Chuang and Kong [5], a Fourier series expansion is used for each of the

unklcfown field quantities as follows:

Surface one
.2irn 1

Ely [P.(x)] = ej k,2,i + i,---X (62)
n n.2i P

daofit VoE1 l[,.(x)] = ikiadx > 2/3rexp ikix + 2-rn-X (63)
n .2ir

H,,I.=ly = -t ex.,: p k_,.,= + ,-2-rn (64)
n

LPJdcaft, VoH1, E [/(=)] = ik1 *dzc y 26• exp ikizi+ ,-i1x] (65)

Surface two

E 2 p,(z)] = 2at exp ikziz + i 2 --izJ (66)

dahft2 V.E 2y [,3.(X)] -k 2adz E 2,8ý exp kjix + i,-. X] (67)
n I

Hi2 ,, [.(,)] = i2ki, +e- p ik 2 7X (68)
n 1

12



dafi2 . V.H 2y [ft.(X)1 = ik2,dx F 28ý exp ik,,ix + ±--rn-X] (69)
rT

Substituting the above expressions into the eight equations and using the property

dafij x V.Hfj,,(,z(x)) --=d + - dx (70)

leads to the coupled matrix equation of Appendix A. Truncating the Fourier series of the

surface field unknowns results in a finite matrix equation which can '6e solved to obtain

the surface field unknowns. The upward going field amplitudes are then calculated to be

bok =-coC- ^f - c2T--+ A, ai (71)

;(h) --- + 1 -T (72)
01 - dC-B6 A,-y (7

and the downward going field amplitudes in region 2 are

d22 =E 2 / D2 aB (73)

22h E2- + D yB(74)

The matrices in the above equations are as described in Appendix A. The above coefficients

are the amplitudes of the g components of the scattered and transmitted electric and

magnetic fields. The i and i components can be calculated from equations (8) and (9).

The scattered plane waves in region zero propagate along the directions determined by

n+, while the transmitted plane waves in region two travel along the directions of n,.

Once the amplitudes of the scattered modes are calculated, the emissivity of the surface

can be obtained by integrating the total power reflected over the upper hemisphere and

then applying Kirchhoff's law to obtain the emissivity corresponding to the polarization

of the incident field. For the nIh propagating scattered Floquet mode, the reflectivity is

given by power transmitted in the i direction divided by the incident power and is found

in 15] to be: (b11 +j~_h) 12

Iaoolo2 + 177ah) 12

13
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where the aolo and (h are as defined in Appendix A. The brightness temperature of the

surface is then given by

TB. = Tphy.(I -- r) (76)

where the sum is over the propagating modes reflected for an incident wave polarized in

the a direction.

3.4 Method of Moments

A second method for solving the Huygens' integral equations for a two-layer periodic surface

is the method of moments. The use of the method of moments for computing scattering

from a single-layer periodic surface has been presented by Veysoglu et al [2]; these methods

will be extended for the two-layer periodic surface in this section.

We begin with the integral equations presented in the general formulation section and

the periodic Green's function. We will also use a second form of the periodic Green's

function in the calculations

G~~p(~, p54 = V[X 4)k 3  f - (Z' + mp)12 + (Z - Z9)2) eXp (iko,ýmp) (7
4-00

in addition to the sum of exponentials form used in the EBC method. The eight surface

field unknowns in the integral equations are now expanded into sums of unknown amplitude

"pulse" functions as follows:

Surface one

E1 •(F) = E a.Pn(f) (78)
n

hiV.Ell,(F) = Eb. P. (F) (79)
n

Hl,(f) = E c.P.(f) (80)
n

VoH,(i) = EdP,(f) (81)
n

Surface two

S= ZenP,(f) (82)
71
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fi 2 V. E2 y(iF) = P. (fJ,) (83)
n

H2Y(f) = r, gnPn(f) (84)

ii 2 V.H 2y(f) = (85)

where

() 0 otherwise

and N is the total number of basis (pulse) functions used.

Instead of solving the equations with right-hand-sides of zero, as was done in the EBC

method, the method of moments uses the equations with right-hand-sides corresponding

to the fields in the region of interest. These six equations are "tested" at a discrete set of

points along the surface upon which the integral is performed where the integral equations

are forced to hold. The missing two equations needed to match the eight unknown functions

are obtained from testing the integral equations for region one on both surfaces one and

two. The testing points are chosen to lie in the center of the pulse basis functions described

above. The integral equations now reduce to the matrix equation given in the Appendix

B.

Note that this method will require the integration of the singularity in the periodic

Green's function when the testing point and integration range overlap. For these "self"

terms of the matrices, an asymptotic expression for the Hankel function of a small argument

is used and analytically integrated. The integral expression proposed by Veysoglu et al [2]

is also used to speed up the convergence of the evaluation of the Hankel function sum in

the periodic Green's function. After solving the matrix equation to determine the surface

fields, the coefficients of the reflected and transmitted Floquet modes can be calculated.

If the reflected fields in region zero are written as

E = b,, (87)

n.H; ~~e 0.~ (88)
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and the transmitted fields in region two as

Et= Ae'-''A (89)
2Y

H t2 A$~ en 2 (90)n

the coefficients are given in terms of the surface fields by

2ik0 1,P fP(Si) dsVa 0 jj)

-Eo(,3)iV. ve-fl ] (91)

2i~ko.P JP(SI) ~ VT,(i

/3 J (92)
I [e- P. I I

An = 2[ k2, P.E 2 y()

ne 2ik2 P 4•.2)d"

- gy(15)fii - V. e- (94)

where is defined as in the EBC section.

As with the EBC, once the mode amplitudes are determined, the emissivity can be

found by integrating the total power reflected over the upper hemisphere and then applying

Kirchhoff's Law. Note that the method of moments does not suffer from the problems of the

EBC when the height-to-period ratio becomes too large. A larger number of basis functions

is required and the calculations take longer to perform, but the method ultimately yields

an accurate result.
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3.5 Comparison of Methods

Both the EBC and MOM methods were used to perform a theoretical analysis of the surface

in the experiment. Figure 2 is a plot of the four polarimetric brightness temperatures

calculated by both the EBC and MOM at polar angle 200. Also shown in these plots

are the corresponding brightness temperatures for a periodic water surface without the

fiberglass layer on top. These calculations are for the experimental parameters described

in the next section, namely a 6.8 cm period quasi-sinusoidal surface (described in the next

section) with a peak-to-peak height of 1.4 cm and thickness 1.75 mm, dielectric constant

3.1 + iO.05 of the fiberglass layer, and dielectric constant 64 + i29 for the water, assuming

a physical temperature of 300 K. The EBC and MOM results are seen to agree, indicating

that the surface slope limitations of the EBC are not being exceeded and that the numerical

resolution of the method of moments code is adequate. The MOM code, however, was found

to require approximately ten times more CPU time than the EBC, primarily due to the

summation of the slowly convergent periodic Green's function. The more efficient EBC

method was thus used for the rest of the theoretical calculations presented in this paper.

It is also seen that the effect of the layer is to increase TBh, TBV, and TBp by approximateiv

30K over the single-layer brightnesses, but the effect on UB is small due to cancellation

of this increase when the brightnesses in the three polarizations are used to compute UiE.

Finally, the characteristic "jumps" in brightness temperature for an infinite periodic surface

due to the transition of a Floquet mode from propagating to non-propagating are seen in

the TBh curve. Note that the exact shape of the curve may not be the same as that of

Figure 2, as the curve was linearly interpolated between the calculated points every 15

degrees in azimuth.

4 Experiment Setup

To form the periodic water surface, a corrugated sheet of fiberglass 1.32 m x 1.22 m x

1.75 mm thick was placed on top of a 1.83 m side square pool of fresh water of 0.23 m
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depth. The corrugation of the sheet had a sinusoidal profile on its lower surface, and had

a uniform thickness normal to this surface, which defined the upper profile. This upper

surface is thus a slight deviation from a true sinusoid; we will describe this surface as quasi-

sinusoidal. The height and period of the sinusoidal lower profile were 1.4 cm peak-to-peak

and 6.8 cm respectively. To prevent water from flowing over the edges, a styrofoam border

approximately 3 cm high was glued around the surface.

The temperature of the water was measured around the surface in the experiment and

found to be 22.50 - 1.50 C throughout the experiment. As fresh water was used, this

corresponds to an average dielectric constant of 64 + i29 at 10 GHz over this temperature

range [7]. The dielectric constant of the fiberglass layer was measured using a network

analyzer technique [6] from 12 to 18 GHz and found to be 3.1 ± 0.1 + i(O.05 ± 0.05) over

this entire band. An accurate calibration kit was not available for the network analyzer

at 10 GHz; however, due to the constant nature of the dielectric constant from 12 to 18

GHz, it was assumed that the dielectric constant was the same at 10 GHz.

The radiometer used in the experiment is the same as that used in [3]. It operates

at 10 GHz with a 200-MHz RF bandwidth, -3 mV/K sensitivity, ±1 K precision, and

a pyramidal (standard gain) horn of 300 beamwidth. The radiometer was mounted on a

tripod at an elevation of 1.7 m above the pool surface and directed toward the surface

along a direction determined by the azimuthal angle, 4, and the polar angle, 0 (see Figure

1). The radiometer was calibrated by viewing an absorber whose physical temperature

was known for the hot load, and by viewing the sky at a set of angles for the cold load.

Since the measured sky voltage can be expressed as a function of polar angle, the points

measured can be extrapolated to obtain a radiometer voltage corresponding to brightness

temperature 3K. This voltage is then used as the cold reference for the calibration.

Observations of the periodic surface were made as a function of azimuthal angle, which

was varied by rotating the periodic surface in the pool so that the background noise contri-

bution from the antenna sidelobes would remain constant through a set of measurements.
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The horn of this single polarization radiometer was rotated to produ, measurements of

TBh, TBv, and TBp. Measurements of TB, were not possible with this radiometer; however,

the VB brightness was not predicted to be significant.

5 Estimation of Noise Contribution

The contribution of background noise to the measured antenna temperature for the periodic

surface can be large: noise from the antenna sidelobes and from reflections of sky bright-

ness off the surface both contribute to error in the measurements. Since this background

noise couid not be easily eliminated from the experiment, estimates of the background

contribution were made so that the noise could later be removed. The contribution of the

background noise was estimated by measuring the brightness temperature of a flat water

surface alone and by measuring the brightness temperature 6f ,, reflector in the pool which

was the same size as the periodic surface. The theoretical results for both of these cases

are known; thus, these measurements form a sort of two-point calibration for the periodic 3

surface when it is in the pool.

Consider the case of the observation of the water in the pool alone. The measured

brightness temperature, TIt,,M, consists of contributions from the water sur'ýLce, T 1,,t, P

from the ground beside the pool and the sides of the pool, Tod, and from reflections of

the sky temperature, Tky, off the pool. The contribution of the reflections of the sky

temperature from the ground beside the pool is neglected. If we assume that there is no

variation in these temperatures with the incidence angle, then the relationship between

these variables can be written as:

TftatM = Tfiat(l - f.) + T.k(1 - f.)(1 - Tfa1t/TP,,t) + Toief. (95)

where f. represents the fraction of the antenna pattern that does not view the pool and

Tp,,t is the physical temperature of the water in the pool. Measured values of fo ranged

from 3 to 18 percent through the experiment. Both T.k. and Tod were obtained from the
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experiment at angles corresponding to the specular reflection for the sky temperature and

direct incidence for the ground temperature.

Next consider the case of a reflector in the pool the same size and at the same loca-

tion as the periodic s'uxface. The brightness temperature measured, T,,rItf, consists of the

reflection of the sky temperature over the reflector surface, the flat water surface temper-

ature over the remainder of the pool and the reflection of the sky temperature from this

portion of the surface, and the ground contribution. This can be expressed as:

TreILM = T.jf, + Toky(1 - f, - fa)(1 - T P,,,)

+Tfft(1 - fr - f.) + TZif. (96)

= TfI.LM + TfI.tf,(ToIe/TP,,t - 1) (97)

where f, is the fraction of the antenna pattern that views thae reflector surface, which was

found to range from 50 to 74 percent through the experiment. A further assumption that

the physical temperature of the water and the background sky temperature are the same

in the flat surface and reflector measurements is made in the second equality.

Finally, consider the case of the periodic surface in the pool. The measured tempera-

ture, TsufM, consists of contribution from the periodic surface, the flat water in the pool,

sky reflections off the pool area, and the side contribution. The reflections of sky tem-

perature off the periodic surface are determined by its Floquet modes; however, since the

sky temperature is assumed uniform, this reduces to the same case as that of a specular

reflector. The measured temperature can be expressed as:

T -,,, M = T..,f. + T,+k,,(P - T°,,ri/Tpw,0) + TI,(-(l - fM)

+T.!(1 - TfIit/Tp.w)(1 - Mr - fj) + To,,I/, (98)

= T,.fiM + T.1 f,.10(1 - Tej,•/Tp,,t) (99)

These three equations can be used to solve for T,,, the periodic surface brightness
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temperature averaged over the fraction of the antenna pattern on the surface:

TrTtt (To,,,iu - T,,1M) (100)

TjrlatM - TILM((

This brightness temperature has the effects of both the reflections of the sky temperature

off the surface and the antenna field of view outside of the periodic surface removed.

This calibration procedure increases the effect of the radiometer measurement uncer-

tainty in the final calculated To,,ju to approximately 3 K. The assumptions made in the

above equations also contribute to the error in the experiment. A theoretical study in

which the brightness contributions of the water around the surface and the sky tempera-

ture were estimated by integrating the angularly varying Tf 11, and TAk, over a theoretical

antenna pattern indicated that the use of the specular Tftt and To• values were valid to

within 2 K. A bias in both of these values would produce a Atematic error of less than

5 K. One remaining possible source of error is the possibility of the close-to-the-horizon

Floquet modes of the periodic surface imaging something with a higher brightness temper-

ature than the sky. Note that the UB parameter is fairly insensitive to any systematic error

in the calibration used. Since systematic error will tend to affect all three polarizations in

a similar manner, the effects tend to cancel out, leaving UB unaffected.

The results presented in Section 6 for the measurements of periodic surface brightness

temperatures were obtained using the above technique.

6 Experimental Results

Figure 3 is a plot of the measured brightness temperatures before and after the noise re-

moval calibration for 6 -- 200, normalized to a constant physical temperature of 300 K.

Plotted are the measured brightness temperatures TBh,TB,,, UB, and TBp. The UB bright-

ness temperature is obtained from UB = TBh + TB, - 2 TB,. This formula is opposite in sign

to that previously given due to the fact that the radiometer polarization basis was actually

rotated to -450 in the experiment. It is observed from the experiment that, in general,

the UB value approaches a maximum absolute value at -. 45' and approaches zero at
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= -90° and W = 0°. This shows that the UB parameter is sensitive to the azimuthal

direction of a periodic water surface. It is also observed that the noise removal calibration

has its largest effects near 0 = -45*, at which the lowest amount of the radiometer beam

pattern was on the surface.

Figure 4 plots the measured brightness temperatures at 0 = 30' before and after the

noise removal calibration. The same trends in the UB temperature are observed as in

Figure 3. Note that the noise removal technique has a larger effect on the data for this

case, due to the fact that less of the antenna pattern was on the surface for the higher

polar angle.

7 Comparison with Plane Wave Calculations

Figures 5 and 6 are plots of the measurement results and the Theoretically predicted bright-

ness temperatures for polar angles 200 and 30', respectively, normalized to a constant phys-

ical temperature of 300 K. The theoretical values plotted were obtained using the modified

version of the Extended Boundary Condition method. The theoretical and experimental

results are seen to have the same general trends in all both of these figures. However, the

abrupt changes in the theoretical curves due to the transition of one Floquet mode of the

periodic surface from propagating to non-propagating are not seen in the experimental

results. The primary reason for this discrepancy is considered in the next section.

8 Antenna Pattern Effects

One source of the differences between the theoretical and experimental results presented

in the last section is the effect of the radiometer antenna pattern. The theoretical results

presented in the last section assumed a plane wave incidence or, for the passive case, an

antenna pattern which viewed only one angle (a delta function in theta and phi at the

observation angle.) Since the antenna used in the experiment actually samples a range of

angles over its pattern, this effect should be taken into account in order to more accurately
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model the experiment. To take the antenna pattern effects into account, the observed

antenna temperature, TA, can be written as:

TA = f f TB(O, O)G(8, 0)d& (101)
f f G(O,k)d(0

where G(O, 4) is the power gain pattern of the antenna and the integrals are performed

over all space. This expression assumes that the emission from different directions is

uncorrelated, since the brightness temperatures (powers) are summed directly.

The gain pattern used for the calculations was obtained from [8], using the pattern for

a pyramidal horn with the measured antenna dimensions of b = 5.7 cm by a = 7 cm for the

aperture dimension and I; = 10 cm and IH = 8.9 cm for the corresponding flare lengths

of the horn.

Figures 7 and 8 are plots of the measurement results and the theoretically predicted

values for the experiment at polar angles 200 and 300, respectively. The theoretical ,'alues

plotted were obtained using the modified version of the Extended Boundary Condition

method. These theoretical results were also averaged noncoherently over 81 points in the

three-dimensional calculated antenna pattern for the pyramidal horn used in the experi-

ment, which tends to smooth out the abrupt changes obtained for plane wave incidence in

Section 7.

Good agreement is observed between the theory and experiment, indicating that the

background noise removal procedure was reasonable. However, there is a slight bias of

the experimental results above the theoretical predictions on the average. One possible

source of this error is the dielectric constant value for the fiberglass surface used in the

experiment, which could be slightly higher at 10 G~z than the measured value at 12.4

GHz. An increase in the real part of this value to 3.2 indicates that this could increase

the theoretical predictions by approximately 5 K or 0.017 ernissivity. A second possible

source of the error is the use of the specular values for Tfl,, and Tdk. as discussed in

section 5. This could also contribute approximately 5 K or 0.017 emissivity variation.

Finally, the imaging of a brightness source other than the sky by the Floquet modes of the
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periodic surface would tend to increase the experimental brightness temperatures above

the theoretical predictions. However, the area in which the experiment was performed was

clear to about ten degrees above the horizon. Only the azimuthal angles -90, -15, 0, and

15 are theoretically predicted to have modes this close to the horizon.

9 Conclusion

We have demonstrated in this paper that the UB parameter exists for a two-layer periodic

water surface and can approach brightnesses exceeding 30 K at X band. We have also

shown that the UB parameter is fairly insensitive to the effects of the fiberglass layer and the

measurement uncertainties in the experiment as an indicator of surface azimuthal direction.

Although the periodic water surface is an extremely simplified model of an actual ocean

surface, this experiment further strengthens the idea of using passive polarimetry to infer

wind direction over the ocean. Further research into this area and into other applications

cf passive polarimetric remote sensing will continue.
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Appendix A: EBC Coupled Matrix Equation

The matrix equation of the EBC can be written as:

A- C2
1

-B ,cC 0 0 0 a 0

0 0 d2 LB 0 00

A + R + a 0 -D 1. + .p
1& t 01

1 ~ ~~~ "+ 1Pi 0D~-s- 12
O0 4+ B+ d,4 j 0 -D d0(12

Aj Bj 0 0 -Dj -C3 B4 IPýLf I+ P~ [0
0 0 A- B- 4jP 0 -D-1 B I

1 £ 1D :211 IBB1

where

1 ~2n7r1
[A±: k Ps)drL 5  x (103)

-1+a,ma Jfsi dxh exp ik.iim + i) -T-

-1m e'SI) I) I.*ni

[1B+ #lmti d d exp [ki~m-n 7 x~ -yx kj , Pf ( 104

P v IGjm JP(Si) d x -~

e M *2nr r
mn P (S2) dxn.V exp ix+iP (106)

P l+%3-j, JP (51) dx exp [-i(mn - n)i - k(PI3mf(

-1 f E ' ý~"' W,3(z (105)

[ELnn Imn
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[F]. = an [Er+] (108)

where (Sj) indicates that the integration is over surface j,

aon, = goEo(") (109)

and
(h) V (ki X (0

witL

The above 41 elements are determined by the ý component of the incident electric and

magnetic fields. Truncating the Fourier series of the surface field unknowns results in a

finite matrix which can be inverted to obtain the surface field unknowns.

The integrals of the above matrix were evaluated exactly over a linearly interpolated

sampled profile of the sinusoidal and quasi-sinusoidal surfaces.
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Appendix B: MoM Matrix Equation

The matrix equation for the Method of Moments can be written as:

A c2 coe 0 0 0 0 0 a E
-doC 0 A d2B 0 0 0 0 Ali

D E 0 0 F_ c3 G cjH 0 0
o o D E -dH 0 F d3G d o
I 7 0 0 K c.3LcM0 (111)

o 0 1 7 -djM 0 K d3L f 0

o 0 0 o N 0 o 0 0
o o o o h 0

where

[ .] = 8o,1.,+i) - VGo p(tm,•_ )dS (112)

f Gop(t, -f)d (113)

S6,, ,(Sl)
ID] 2 - 1 'fl VaGlp(tm,,x)dS (115)

Fflmtan Glp(t,, x)dx (116)

with the testing points and integration on surface one,

fm L l(S -j VGlp(tn, z)dS (117)

[Li = .LsZ)G.p(t', x)dx (118)

[17] -GIP(t,X.) - GiP(t.,x.,,) (119)

with the testing points on surface one, integration on surface two,

(S) il- ,lpt, xd (120)

],., l(s)GP(t.,)dn_ (121)

with the testing points on surface two, integration on surface one, and

rK] - 6- + f s) V.Gip(tm)dS (122)
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[-]mmn Gip(tm,,n) - Gip(tm,)Xn_) (124)

[M] '- = -V.G 2P(tm, x)dS (125)

mn 2 "-I(S 2)

F1mvi Jz f d'IS2) G2P(tm,,,,)dx (126)

with the testing points and integration on surface two. The above integrals were approxi-

mated by a single point rectangular area at the testing point. This approximation becomes

more accurate as the number of testing points is increased. In the results presented, 150

basis functions were used, which corresponds to 66 basis functions per wavelength in the

free space region. This large number of basis functions was needed due to the much shorter

wavelength in the high permittivity water region.
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10 Figure Captions

Figure 1: Geometry of a "two-layer" periodic surface

Figure 2: Comparison of EBC and MOM brightness temperatures at polar angle 200 versus

azimuthal angle (a) UB (b) TBh (c) TB,, (d) VB

Figure 3: Measured brightness temperatures before and after noise removal calibration at

polar angle 20' versus azimuthal angle (a) UB (b) Tei, (c) TB,, (d) VE

Figure 4: Measured brightness temperatures before and after noise removal calibration at

polar angle 30' versus azimuthal angle (a) UB (b) TBh (c) TB, (d) VB

Figure 5: Comparison of theoretical and experimental brightness temperatures at polar

angle 200 versus azimuthal angle (a) UB (b) TBh (c) TB, (d) VB

Figure 6: Comparison of theoretical and experimental brightness temperatures at polar

angle 30* versus azimuthal angle (a) UB (b) TBh (c) Tq,, (d) VB
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Figure 7: Comparison of beam averaged theoretical and experimental results for polar

angle 20 degrees (a) UB (b) TBh (c) TB,, (d) TB,

Figure 8: Comparison of beam averaged theoretical and experimental results for polar

angle 30 degrees (a) UB (b) TBh (c) TB. (d) TB,
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