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Abstract—A numerical model for polarimetric thermal emis- media are expected to vary with azimuth angle and contain
sion from penetrable ocean surfaces rough in two directions is signals in the third and fourth Stokes parametégsand V.
presented. The numerical model is based on Monte Carlo simu- Since a wind-generated ocean surface has such azimuthally
lation with an iterative version of the method of moments (MOM) . . . . . . .
known as the sparse matrix flat surface iterative approach (SMF- anisotropic properties, polarimetric _passwe remOt_e sensm_g
SIA), extended to the penetrable surface case through a numerical Should be useful for the remote sensing of ocean winds and is
impedance boundary condition (NIBC) method. Since the small currently under investigation by a number of organizations
U brightnesses obtained from ocean surfaces (usually less than[2]—[17]. Although experimental data have been taken and
1.5 K, or 0.5% of a 300-K physical temperature) require ex- yayea| azimuthal variations similar to those observed for

tremely accurate simulations to avoid large errors, a parallel . . -
version of the algorithm is developed to allow matrix elements to fabricated surfaces, a fully validated model for the prediction

be integrated accurately and stored. The high accuracy required Of ocean polarimetric brightnesses does not presently exist.
also limits simulations to near flat surface profiles, so that only In this paper, an initial numerical study of ocean polarimet-

high-frequency components of the ocean spectrum are modeled. ric prightness temperatures is performed for two-dimensional
Variations in nadir polarimetric brightness temperatures with (2-D) ocean surface models with the sparse matrix flat surface

spectrum low- and high-frequency cutoffs show the Bragg (or . . .
shortwave) portion of the spectrum to contribute significantly iterative approach (SMFSIA) of [18]-[22], which has been

to emission azimuthal signatures, as predicted by the small successfully applied to scattering of scalar and electromag-
perturbation or composite surface approximate theories. Quanti- netic waves from 2-D perfectly conducting and low dielectric

tative comparisons with approximate methods show perturbation - constant rough surfaces. Monte Carlo simulations are applied
theory to slightly overestimate linear brightness temperatures, for the Durden—Vesecky ocean spectrum discussed in [23]

but accurately predict their azimuthal variations, while physical . hi has b di . di 10
optics (PO) significantly underestimates both linear brightness SINCe this spectrum has been used in previous studies [10],

temperatures and their azimuthal variations. Further simulations  [11]. The influence of differing ocean length scales is studied,
with the numerical model allow sensitivities to ocean spectrum and predictions are compared with those of the standard
models to be investigated and demonstrate the importance of an gpproximate theories, although the large computational re-
accurate azimuthal description for the ocean spectrum. quirements associated with 2-D penetrable surface simulations
Index Terms—Emission, remote sensing, rough surfaces. limit maximum SMFSIA surface sizes to 8 8 electromag-
netic wavelengths and the small azimuthal variations that occur
(usually less than 1.5 K) make accurate calculations difficult.
o ) These limitations allow only the high-frequency portion of
M ODELS for the prediction of ocean surface polarimetriye gcean spectrum to be studied, resulting in small rms
‘thermal emission are currently of interest for the inteleight surfaces in the simulations. Results show the importance
pretation of data} from recent awafr)e microwave .radlom%T the Bragg scattering contribution to observed brightness
ter flights. As discussed in [1], vertically and horizontallyemperatures and the insensitivity of predicted brightness
polarized brightness temperatures of azimuthally anisotropiGyperature to longer scale ocean waves. Perturbation theory
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II. PREVIOUS STUDIES OF OCEAN was included in the model to obtain the observed up—down
POLARIMETRIC THERMAL EMISSION wind brightness asymmetry. Only minor differences between

Interest in improvements in the ocean wind vector retrievai§ightnesses predicted by the composite surface and SPM

of [24] has led to the development of polarimetric techniquéso"® ”m(;fdels W]f"reh observed, mdmz:tmg tha; t|h$] IO”%W?VG
for ocean passive remote sensing. The brightness tempe fing” effects 0 the ComPOS_'te surface model have iitle
uence on azimuthal variations of ocean brightness tem-

ture modified Stokes vector measured in polarimetric passi\/ , X .
remote sensing is defined as peratures. Differences between experimental and theoretical

linear brightnesses were explained due to effects of foam

I, (Enkr) and atmospheric emissions, which were not included in the

Tpe 7= 1|] L (EoBD) | (1) theoretical model. Simulations were also performed using a
c c|u nC |2Re&(E, E}) geometrical optics model with the Cox and Munk derived

4 2Im{E,EY) slope variances for an ocean surface, and predicted azimuthal

In the above equatior;, andE, are the emitted electric fields variations were found smaller than those of the composite
received from the horizontal and vertical polarization channelgifface model. Thus, [11] concludes that the most significant
of the observing radiometen,is the characteristic impedance SOurce of azimuthal_variation_s in_ocean surface emission is the
C = K/)? with K denoting Boltzmann’s constant, and SPM Bragg scattering contribution. _

is the wavelength. The first two parameters of the brightnesgln contrast, [14]-{16] propose a Monte Carlo physical
temperature Stokes vector correspond to received powers 98fics (PO)-based model that includes shadowing and multiple
horizontal and vertical polarizations, respectively. The thirgcattering effects and additional ocean surface features, such
and fourth parameters correspond to the complex correlatidh 2Symmetric waves and foam, and obtain reasonable agree-
between electric fields received by the horizontal and vertidRent with measured data from ground-based observations
channels, and they can be calculated as linear combinati§hgnechanically generated water waves at 91.65 GHz and

of brightness temperatures in three polarizations, as discus$éfy satellite data at 19 and 37 GHz. A PO model for
in [1]. These four parameters are labetBgh, Tr., Uy, and OCEanN emission would emphasize the longwave portion of
Vs, respectively, in this paper v the spectrum since near-forward scattering, in which PO

The emissivity of an object is defined as the ratio d?redictions are expected to be valid, is dominated by surface

the brightness temperature emitted by an object to its actlg%‘f’ frequencies. It should be noted that no models have been

physical temperature, under the assumption that the objec ?Ssed. on an analy.t|cal PO methqd, dye o the dlﬁlcultlgs
at a constant physical temperatufgy,, associated with PO integral evaluation since Fresnel reflection

coefficients vary as a function of incidence angle. Monte
Ta = ca(f, $)Tphys- (2) carlo simulations using the PO approximation to determine
In the above equation, the subscriptefers to the polarization induced surface currents, however, are not limited by this
of the brightness temperaturé,refers to the polar observa-problem since local incidence angles can be determined for
tion angle, andp refers to the azimuthal observation angle2 given surface realization and will be applied in this paper
Through the princip|es of energy conservation and reciproci@r comparison with SMFSIA results. The distinction between

Kirchhoff's Law relates this emissivity to the reflectivity ofconclusions regarding the influence of ocean spectral regions
the surface [25] on azimuthal brightness variations under a PO-based model

and the composite surface model emphasizes the limited
ca(t$) =1 —7a(0, ¢) (3) state of current knowledge in polarimetric passive remote
where the reflectivityy, (0, ¢) is defined to be the fraction sensing and motivates the numerical simulations of this paper.
of power scattered from a surface for an= h, v polarized Sensitivities of ocean brightnesses with respect to surface high-
wave incident from directiofié, ¢). From the above equation,and low-frequency content will be investigated to address this
it is clear that polarimetric brightness temperatures can &ue, and comparisons will be made with both SPM and
calculated using either the power absorbed (equal Y@r the Monte Carlo PO predictions to obtain some insight into the
scattered powefl — r,,) in the reciprocal scattering problem.differences between these references.
The small perturbation method (SPM) emission model of

[10] was found to produce reasonable comparisons with the ll. I NTEGRAL EQUATION FORMULATION

experimental data of [7] using the Durden—\Vesecky spectrum . .
ool . Calculation of scattering from a penetrable rough surface
once second-order contributions to the coherent reflectior

coefficient were taken into account. To address the effect | be performed through a method of moments (MOM)

. (tjechnique [27], based on the standard magnetic field integral
longer scale ocean waves, a composite surface model baseq on

the original formulation of [26] was developed and prediction%?lejgizneg\g;liasa?g&e lectric field integral equation (EFIE)
were compared with WINDRAD experimental data [11] in
Trn, T, and Ug brightnesses. Again, overall agreement in 7 x Ho(7)
the azimuthal variations of polarimetric brightness tempera- 2
tures was found to be good, although experimental data in

the linearly polarized brightnesses exceeded model predictions

by as much as 25 K and an empirical weighting function [ x HF)]} 4)

=X Hipe +7 X /dS’

. {—iw€050(F, F/)[ﬁ/ X E(?l)] 4+ V x 50
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in region 0 above the surface profile and Applying the MOM to these equations requires expansion
7 x Fu(F) . _ o of the four unknown scalar functions on the surface into pulse
—% =7 X / dS’{iwulGl(i 7) - [p' x H(7)] basis functions?,,, (7) as

LV X Gy [A x E(F’)]} (5)

in region 1 below, where Fo=2-[ax HE)] =Y Y FPu(r)  (10)
,_9f ﬁ ; _
O G YT By F, =9 [n =33 FMPa(r)  (11)
f m n
\/ <8_> < ) Gy =2-[n =N G@rPanm 12
- of of Gy =9 [ =Y ) Gyt P (13)
e () () o

is a unit normal vector to the surfage= f(«, y). The region

above the surface profile is assumed to be free space, and substituting these expansions into dot products of (8)
the region below to be a homogeneous, isotropic mediuand (9) withZ and ¢, respectively. The resulting four scalar
described by electric permittivityy and magnetic permeability equations are

po, and a time dependency ef “* is implied. The dyadic

Green’s function of the above equations is given by

_ . H;nc + g_f Hi/nc
%=t g W] 9; (7, 7) (6) v
| (&) + ()
whereT represents the unit dyadi€, is the electromagnetic __ ! dx Ay

wavenumberw, /fige;, and

Gk 77| Ly/2  pLa /2
) = o L (5) + (5)
957 7 4r |7 — 7| L,/2J-L./2 ' ay’
is the scalar Green’s function. Note that integrals in (4) and % {—iwfogo {—Gm ﬁ ﬁ el < _f )}
(5) are principle value integrals with the factor of 1/2 on dy o' dy
the left-hand side resulting from the dyadic Green’s function o J af e af
singularity. T G0 Y8y Tar e
Difficulties associated with principle value integration of the of  of
self terms in the above formulation motivate a transformation + <$ - a—>d }
to the Stratton—Chu integral equations, as discussed in [29]. ay
The equations then become + — V. {d + 91 d;} Ggo} (14)
_ Wl dy
n x H(7)
2 ) af
J— _ HlnC _ HIIIC
:ﬁxHinC—i—ﬁx/dS’ ¥ ox
_ _ af af\?
. { — iweogo(T, T) A x E(F)] + Vo x [ x H(F)] F \/1 - <8$> T <3_u>
R v/ At —,/
Wit V [ (7 )]Vgo} (8) L,/2 L. /2 , , af 2 af 2
dedy'\[1+ | 5 ) +1| 55
in region 0 above the surface profile and “L,/2dL./2 Oz Jdy
= : of of af af
-2 X{"‘“OQO[G (14 5 527) + S 3 o1
_ af _of
— / _
—nx/dS +G30{ <8’ 8x>y
N PP ot T af f
iwprg1(7, 7)) - [0 x HF )] 4+ Vg1 x [A/ x E(7)] dy == +dr -~ —dz

VR % H(F’)]Vgl}. ) S v [dx + 2 d;} Ggo} (15)

weyg Wl
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of af\? are zero; note that this is not a large source of error since
Gy 1+ <8a:> + <<9_u) a tapered incident field will be used to eliminate fields at
0= - surface edges. Surfaces in this formulation are approximated

as a collection of planes, with their heights and first derivatives

L2 ple /2 d’ dut af af specified on a rectangular grid. The above procedure for the
1,212 vy a_ @ calculation of surface field divergences effectively assumes
of af af of that adjacent field values are averaged with the center point to
X {iwuogl [ F, 8 9 < By By )} obtain values for surface fields at the edges of the center pulse
4 basis function, and these values then derive the divergence
+ Gy {G <dy of +dz _f — dz) through a centered difference derivative. The accuracy of this
Ay dx’ approximation was investigated through comparison of results
a af of with a six unknown-function penetrable code, in which surface
ay Oy field divergences were retained also as unknown functions.
) af Obtained values were found to correspond well with (19).
- E Vi [du + e d7} G31} (16)  Note also that the;; and V7, - A functions have singularity
contributions when the testing and integration points overlap,
of of 2 which require careful consideration. A small argument expan-
Gy /14 <8 ) + <8_> sion of these terms was analytically integrated, and remaining
0 * Y portions of the these functions were integrated numerically to

insure accurate calculations. Principle value integrals involving

Ly/2 L. /2 L f Vyg; are zero when testing and integration points overlap for
/L 2 / L.)2 da’ dy < ) <3_> surfaces approximated by collections of planes, as can be seen
af af af of in (14)—(17), due to the fact that MFIE matrix elements vanish
X {iwuogl [F <1 4 = —) - _} for flat surfaces.
9z 9x' Yoy o Other choices of integral equations could be used as well,
+ G [G <ﬁ _ ﬁ) but note that the choice illustrated results in the
o o~ oz )™ _
g g
<d Yy e () 4 (2)
/ of 2
+ V [dx—i_ Ox d’} G?’l} (7 terms always located on matrix diagonals if sets of four

(14)—(17) are taken together for individual testing points to
which are then tested at the center points of the pulse bagéhstruct the matrix equation and if unknown amplitudes

functions to form the matrix equation of the MOM. In thegre taken as sets of four in the column vector multiplied

above equations by the matrix. Since these terms are usually the largest
il 77| matrix elements obtained, their inclusion on matrix diagonals
Vg, (7, 7) :ﬁ—/Q <k1 #) improves matrix conditioning properties and iterative method
dr|r =7 r—7 convergence.
= RG3;
where IV. MATRIX EQUATION AND NUMERICAL
IMPEDANCE BOUNDARY CONDITION (NIBC)
R=2(x -2+ iy — )+ 2(f(z, v) — f(«, ) A standard approach to the MOM would discretize
=& de+§dy + 3 d. (18) (14)—(17) into a single matrix in terms of the,, £, G, and

Gy, unknown pulse basis function amplitudes. However, the
Note that theV’ - G and V', - F' terms require a numerical high loss tangent of sea water at the microwave frequencies of
differentiation of unknown functions and are calculated as interest leads to some important differences between (14)—(15)
and (16)—(17). Clearly, the rapid decay of the Green'’s function

V. - Ax 8/ A, + — 9 A, in the lower medium allows matrix elements beyond a certain
Oz 5 Ay N distance from the testing point to be completely neglected
R (Fpthm — b [(2A) in (16) and (17). For example, results presented in this

+ (Fy"’ m+l _ F;:m—l)/(gAy) (19) paper will use an ocean permittivity af = 39.7 + $40.2
at 14 GHz, which corresponds to that of sea water at
where n and m refer to thex and y indexes of the pulse 10 °C with a salinity of 30 parts per thousand obtained
basis functions used on the surface rectangular gridamnd from the model of [30]. The resulting wavenumber inside
and Ay refer to the spacing between these basis functiotiee ocean isk; = 2033.6 + ¢849.8, which decays to less
in the z and y directions. Derivatives at points on surfacéghan 1% in a distance of 5.42 mm, or 0.253 free space
edges are computed by assuming currents at the adjacent pe@telengths. Thus, only points within a radius of 0.253 free
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space wavelengths around the testing point are expectedhte MFIE to include the effects of finite surface conductivity.
contribute significantly. A separation of these rapidly decayinghile this revision of the entire matrix equation may not seem
lower medium Green’s functions can be obtained in the MOkb provide a significant improvement in efficiency given the
matrix equation to improve matrix inversion efficiency byadditional inversion of theR matrix required, actually this

beginning with (16) and (17) in matrix form as inversion step is not costly due to the near-diagonal form of
I~ this matrix that results from rapid Green’s function decay.
= = = = e - A strict interpretation of the MOM requires sampling at
A A Az A Fy 0 : -
i e =|_ (20) a rate ranging from four to ten points per wavelength to
Agy Az Agg Agy & 0 accurately compute lower medium Green'’s function integrals
¢

u and model possible spatial variations of the surface fields. For
materials with high dielectric constants, the short wavelengths

) g i el bl Sbtained inside the dielectric material can therefore cause
functions integrals in (16) and (17), throughG, represent oot increases in the number of unknowns required to solve

vectors made of the unknown constant amplitudes of the pulSe, g physical size problem. However, it is clear that a

basis functions and is a null vector. Although (20) is written jinit 15 the discretization level needed should be obtained for
as if the matrix is composed of eigh¥ x N submatrices, pighly Jossy media since solutions for a perfectly conducting
submatrix elements are actually a_rranged so that |nd|V|q rface require sampling only on the scale of the free-space
2 x 4 submatrices are placed adjacently for each testingzyejength. Previous approaches for highly conducting sur-
integration point combination, i.e., columns one through foytces have been based on the standard impedance boundary

of row one contain the first elements df;;, Ai2, 413, and condition (IBC) [31], which approximates tangential electric
Ay4 rather than the first four columns of;;. The notation fields on the surface profile as

above will be used for convenience, however, in the following
equations.

where thezj matrices refer to the corresponding Green’

Equation (20) can be solved fa¥ as Eran = Z[R x H] (28)
[E’U} - _Rlg [E@l (21) whereZ is the characteristic impedance of the lower medium.
Gy £, The IBC can be related to (21) by observing that it cor-
where responds to ignoring any phase variations of either surface
= = fields or Green’s functions on the scale of the lower medium
R= [ﬁw ilﬂ (22) wavelength and approximates (16) and (17) by a single point
Az Azg relationship between thé& and F' unknown functions. The
and L approach to be applied in this paper retains a sampling rate of
- Ell Em} (23) eight unknowns per free-space wavelength, as in the standard
Ay Al IBC approach, but uses the exact (21) to determine the rela-

tionship between tangential electric and magnetic fields, and

Rewriting (14) and (15) in matrix form as performs integrals over the lower medium Green’s function

. numerically to capture the rapid phase variations. This method
j?,l ng jgg EL’A Fy _Jrinc is based on the observation that fields on the surface that
[: = = = } — | = [ —fm} (24) vary significantly faster than the free-space scale generate
A Ap A Ay g’” —y only evanescent waves and should not affect scattered power
Gy results. A validation will be performed in Section VIII through
and substituting in (21) fof? yields comparison with flat surface analytical results. At a minimum,
- . the approach applied can be considered a numerical IBC
{?_ﬁ?—l?} Fm} _ {—E;m} (25) (NIBC) extension since accurate integrals over the lower
F, —Fye medium Green'’s function are performed and the single point
where relationship of the IBC is avoided.
T |:é31 égﬂ (26)
Ay Ay V. TAPERED INCIDENT FIELD
and

_ _ One issue in Monte Carlo simulations involves the effect
U= [ﬁ% i%} 27) of finite surface size. Incident fields in the simulation are
Ay “tapered” with a Gaussian beam amplitude pattern, which
_ _ confines the illuminated rough surface to the surface area
where now only theR and S matrices contain the lower 7., x L, so that surface edges do not contribute strongly to
medium Green’s function, while tHE andU terms involve the obtained scattered fields. For nadir observation at an azimuth
upper medium Green'’s function only. The filSimatrix of this angle of @, the incident field in the simulation is a Gaussian
equation is exactly that of the MFIE for perfectly conductinjpeam designed to have ocomponent of the magnetic field
surfaces [19], so the second product of three matrices modifaasthe planar boundary = 0. Writing the general plane wave
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Fig. 1. Variation in SMFSIA/NIBC brightness temperatures with high-frequency ocean spectrum cutoff: 14-GHz, nadir looking, Durden—VesegRy, spect
Uiss = 10 m/s, surface temperature 283 Ky; = 146.6 rads/m: (a)Tsn, (b) Ts., and (c)Ug.

spectral form of an arbitrary incident field gives and
J— R e 7= 2 k‘ 2 2 2 2
Y T Brailka, k) = = = (50} 14360/4 (34
oo oo B dn \ k,
X {Erai(ke, k)h(=k.) + Erp(ks, k,)é(—k. _ o _
Bk, By)h(=hs) & Br(ke, By)e(=k.)) yields an incident field of
(29)
J— 1 e e — 0o 0 _
H"M = —/ dkw/ dk, ek Fine _ 9_2 dk Ak, R T o~ (BLg" +hyg™)/4
M J—oco —o0 4 —o0 ’ -0 !
X {ETJ\l(kaza ky)é(_kz) - ETE(kaza ky)h(_kz)} % 45 k‘xl{}y . k‘g + /{5920 . k‘_y (35)
(30) Y Hk, kk.  k
2 o] o] _
where =2 / dkx/ di, R T ¢ (e +K 97 /4
kok, Kk K 0 S o
M(—k,) =& 22 g g U2 4 520 31 o ke
k) =8 e T, TR (31) X{—x—zz} (36)
, k -
e(=k) =22 — 9. 32 P .
cl=ke) =2 k, Y k, (32) where the zerg; component of the magnetic field is evident

along with the pure Gaussian form of tliecomponent of the
no is the impedance of free spack, = |/kZ + k2, k. = magnetic field

1/k2_k§, k = Tk, + 9k, — 2k, K = wy/Hocg, and . 1 iy
Erg(k., k,) and Eqy(k,, k,) are the amplitudes of plane- H = i (37)
wave spectral components with electric or magnetic fields

polarized transverse o, respectively. Setting since only a Gaussian function is involved in the Fourier trans-

form. Such properties are useful when considering azimuthal
>@<kig2+k§gz)/4 (33) Variations in scattering at normal incidence since a clear
polarization exists as opposed to other tapered beam choices

Kk
k k-

92
Exu(l, ) =
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Fig. 2. Variation in SMFSIA/NIBC brightness temperatures with low-frequency ocean spectrum cutoff: 14-GHz, nadir looking, Durden—\Vesecky, spectr
Uios = 10 m/s, surface temperature 283 Ky, = 403 rads/m (a):Isp, (b) Ts., and (c)Up.

for which there is no clear polarization at normal incidenclested iterative methods are applied for inversion of this
[19]. Incident fields at other azimuthal angles were generatethtrix equation, given by

by rotating this field in azimuth. Note that this incident _ o

field has an azimuthally asymmetric plane-wave spectrum, (7(5) +7(FS))F(1) = — Fwe (39)
which will eliminate the expected symmetries associated with — — _ . -

nadir brightness temperatures. However, it will be shown (Z(S) +Z(FS))F(n+1) = = - ZWF™  (40)

in Section IX that these contributions are insignificant when

compared with the azimuthal brightness temperature variatiapRere the original matrixz is decomposed into the sum of

caused by the surface. . three matriceZ(®) + Z(FS) 4 Z(») and (40) is iterated until
The abo_ve_spana! expression AL shows the Parameterconvergence is observed in vectdr. Matrix Z(), known
g of the incident field to be related to the width of the,g yhe “strong” matrix, contains the exact coupling between

Gaussian beam, with larger values gfresulting in larger ,ints within a certain radius of the testing point and zeros
spots on the planar boundary. For the simulations of this PaPER o rwise making it a sparse matrix Mati&FS) contains
computational requirements limit surface sizes %0>8 8\ or ' :

64 x 64 points, S0 @ = 1.5\ radius spot size on the surfac an approximation to coupling between points far away from

was chosen to provide sufficient field attenuation at surfa he surface, and it is known as the *flat surface” matrix
. p T B&cause the approximation assumes that points lie at the same
edges. This choice of implies that ocean length scales IalrgerIevation MatrixZ ) corrects the approximation made in the

than 3\ wavelength will not be resolved but will appear ratheﬁ ¢ surf i that th £ the th i is th
as “tilting” effects, so the simulations of Section IX will be at surtace matrix so that the sum ot the thrée matrices 1S the

include only surface length scales smaller than 3 original matrix equation of the MOM. Solution of the above
matrix equations in the SMFSIA iterations is accomplished
using an efficient conjugate gradient approach [32] in which
VI. SMFSIA SOLUTION required flat surface multiplies are performed with a fast
The SMFSIA [18]-[22] is applied for the solution of matrixFourier transform. The above method remains an ordér
equation (25) once the appropriate submatrices are generateghnique since the weak matrix multiplies of each iteration are
The SMFSIA begins with the matrix equation rewritten as order N2, but convergence is faster than a standard ofdér
conjugate gradient approach since weak matrix contributions
ZF = —F'™°, (38) are usually small; the method converged to within 0.1%
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Fig. 3. Comparison of SMFSIA/NIBC and approximate theory brightness temperatures: 14-GHz, nadir looking, Durden—Vesecky dpectrum,10
m/s, surface temperature 283 Ky, = 146.6 rads/m,ky, = 294 rads/m: (a)I'z,, (b) T'z., and (c)Ug.

accuracy in only a single iteration for the results illustratealgorithm was developed and implemented using the IBM SP/2
in Section IX. 400 node parallel computer at the Maui High Performance
As discussed previously, weak and flat surface terms afemputing Center [33]. The IBM SP/2 is a collection of 400
neglected for theR and.S matrices so that weak iterations ardRS-6000 (based on a POWER2 CPU) workstations, capable of
performed only on the free-space Green’s function contribaround 250 MFLOP operation individually, networked through
tions. Since a conjugate gradient solver requires a productaohigh-performance communication system to allow groups
the entire matrix of (25) with a vector, individual routinef nodes to operate in combination as a parallel processor.
for submatrix products are used in succession and anotisaftware libraries are available at the center to implement
conjugate gradient routine is used to obtain fke' product interprocess communications using simple routine calls so

by solving that development of parallel codes is relatively efficient. The
— — SMFSIA code of this paper uses the parallel virtual machine

E[Q’U} = §[E’”} (41) (PVM) message passing library [34], which is a public domain

Qy Fy package for UNIX communications. The parallel algorithm

where Q is the desired product with the matrix inverse angeyeloped IS spguﬂcglly for the simulations of this baper, in
) : S . Which polarimetric brightness temperatures at seven azimuth
the right-hand side of the equation is known from earlier ) .
S angles ranging from 0 to SOwill be presented.
multiplications. . . . o
Since brightness temperatures for a single surface realization
can be calculated at varying observation angles by changing
VII. PARALLEL ALGORITHM only the right-hand side (incident field) in (25), a group of
Computational requirements for the SMFSIA/NIBC simulaseven SP/2 nodes was used with identical surface profiles
tion are larger than those of [19] primarily due to the numericand varying incident fields to obtain predictions at the seven
integration and storage of lower medium matrix elements. Tlgimuth angles desired. Since all seven nodes share the same
greater number of matrix vector products required at each canatrix, integration of the? and S matrices is performed in
jugate gradient iteration and the conjugate iterations requirpdrallel, with each node performing calculations for 1/7 of
for the calculation ofR~! further increase the computationalmatrix rows and communicating the results to the other six
time needed. To reduce matrix element integration time so thmibcesses to generate the full integrated matrices. Validation
calculations could be accomplished more efficiently, a parallgsts to be discussed in Section VIl also showed that an inte-
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Fig. 4. Comparison of SMFSIA/NIBC and approximate theory brightness temperatures: 14-GHz, nadir looking, Durden—Vesecky dpectrum,10
m/s, surface temperature 283 Ky, = 146.6 rads/m,ky, = 403 rads/m: (a)I'z,, (b) T'z., and (c)Ug.

gration of 7 andU matrix elements near the testing point watemperatures computed usihg-r, ande, were in agreement
necessary for sufficient accuracy, so these integrations wigevithin 0.01 K when sampled at a rate of eight unknowns per
also performed in parallel. Further parallelization was achievéige-space wavelength, indicating the high accuracy obtained
by running multiple realizations in the Monte Carlo simulatiofpy the numerical method for the flat surface case. It should be
simultaneously, with the final code using 64 nodes to computeted that absorbed and reflected powers in the SMFSIA/NIBC
seven azimuth angles for nine realizations simultaneously, withde are computed by integrating the normal component of
one node used for process control and monitoring. Resultsti@ total and scattered Poynting vectors over the surface
be presented were averaged over nine realizations, for whipiofile, respectively, rather than by integrating scattered far
comparisons of independent groups showed variations withiiald powers over the upper hemisphere, which results in far
0.1 K. less time required for brightness temperature calculation.

VIII. V ALIDATION IX. RESULTS

A validation of the SMFSIA/NIBC method was performed Fig. 1 illustrates SMFSIA/NIBC polarimetric brightness
by comparing numerical and analytical surface currents fort@mperature predictions for the case studied in [10]: 14-GHz
flat surface profile with the same permittividp.7 4+ i40.2 to nadir observation of a Durden-Vesecky ocean surface
be used in Section IX. A closed form solution for the surfac@ising oy, = 0.008, as discussed in [10]) at a wind
currents induced on a flat dielectric surface by the incidegpeed of U9 = 10 m/s. A lower cutoff wavenumber of
Gaussian beam of Section V was derived and is describedk'm = 146.6 rads/m (corresponding to an ocean Iength scale
[35]. A direct comparison of the contribution of individuall, = 27 /k, = 2), where X is the 14-GHz electromagnetic
terms in the MOM integral equation revealed that integrationgavelength in free space) for the ocean spectrum is used
in the R, S, T, and U matrices within the lower medium in the numerical simulation, and the high-frequency cutoff
radius of two points were required to obtain agreement withof the spectrum is changed to investigate the effects of the
0.01 K of the flat surface result. Tests including lower mediutBragg scatter portion of the spectrum on brightness azimuthal
matrix elements beyond the two point radius showed no imariations. The three plots of Fig. 1 show tlig;,, 7., and
fluence on computed brightness temperatures, so this distabigebrightnesses for azimuth angles ranging from 0 (upwind)
(equal to the 0.25 free-space wavelengths distance discussef( (crosswind).Vg brightnesses are not plotted since all
in Section IV) was used in all further simulations. Brightnesthree models predict negligiblé&sz temperatures for nadir
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Fig. 5. Influence of tapered beam on PO brightness temperatures: 14-GHz, nadir looking, Durden—Vesecky dpectrum]10 m/s, surface temperature
283 K, kyy = 146.6 rads/m: (@)T's,, (b) T5,, and (c) Ug.

observation. Brightness temperature calculations using tiit (a surface wavelength of 2Xj were not possible due
power absorbed into the lower medium and one minus th®increases in numerical power conservation error and beam
power reflected into the upper medium are illustrated besolution problems, so a full conclusion in this regard is not
the lines and symbols, respectively, to indicate the levpbssible with the current numerical model.
of error obtained from the numerical simulation. These SMFSIA/NIBC predictions are compared with those of the
errors are seen to be small compared to the overall level M (calculated following [10]) and PO (generated through
azimuthal variations observed, especiallylig brightnesses, Monte Carlo simulation) approximate models in Figs. 3 and
indicating that sufficient accuracy is obtained for a meaningfdl A low-frequency cutoffty; of 146.6 rads/m is used in both
result. The three curves in Fig. 1 clearly demonstrate tloé these figures, with high-frequency cutoffg, of 294 and
importance of the high-frequency portion of the ocea#03 rads/m used in Figs. 3 and 4, respectively foproducts
spectrum on nadir polarimetric brightness temperatures, cit 0.137 and 0.149. SMFSIA/NIBC results are observed
least for the Durden—Vesecky spectrum model consideréd. show similar trends to both SPM and PO predictions
The small azimuthal variations observed fbg, = 294 (all within 3 K of one another), although some important
rads/m are greatly increased as more high-frequency contdifferences appear. PO predictions seemingly underestimate
is included, although a saturation effect is observed betweleoth the linear brightness temperatures and their azimuthal
the kg, = 367 rads/m and kg, = 403 rads/m cases. Thevariations in both Figs. 3 and 4; the results are similar to
electromagnetic wavenumber-surface rms height produth®se reported in [11], where SPM azimuthal variations were
(ko) for these three cases were 0.137, 0.146, and 0.148&nd to be underpredicted by a GO formulation, although a
respectively. full ocean spectrum was considered in the reference. SPM
Fig. 2 plots brightness temperatures for the configuratiosasults are seen to be in agreement in Fig. 3, where only
of Fig.1 with low-frequency cutoffs of 146.6 rads/ma very small part of the ocean spectrum is simulated, but
(ko = 0.149) and 109 rads/mie = 0.198) and with a fixed overpredict linear brightness temperatures in Fig. 4 when more
high-frequency cutoff of 403 rads/m. Fig. 2 indicates that lowkigh-frequency content is included. Brightness temperature
frequency components have little effect on nadir brightneagimuthal variations obtained from the SPM, however, are in
temperatures with the Durden—\Vesecky spectrum, as discusagteement with numerical results in both cases.
in [10] and [11] with regard to thé:,; parameter of these Figs. 3(c) and 4(c) clearly illustrate the azimuthal asym-
references. However, extensions beyondithe= 109-rads/m metry incurred by the tapered incident wave in the SMF-
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Fig. 6. Variation of SMFSIA/NIBC brightness temperatures with ocean spectral model: 14-GHz, nadir ld@king,= 10 m/s, surface temperature 283
K, kg = 109 rads/m,ky, = 403 rads/m: (a)Tz., (b) IB.,, and (c)Up.

SIA/NIBC when compared to symmetric plane-wave SPM DBJ spectra in the capillary wave region lead to differing
predictions. The magnitude of this influence on polarimetricc products of 0.198 and 0.224 for Durden—Vesecky and
brightness temperatures in the simulation is assessed in FigDBJ cases, respectively, and the two ocean models are also
where PO brightness temperatures are compared for tapese€n to lead to significantly different predictions of brightness
beam and plane-wave incident fields. Use of the PO allowgmperatures. These comparisons are of interest because the
plane-wave incidence without edge diffraction effects sindeurden—Vesecky spectrum places the azimuthally anisotropic
only a simple facet model PO formulation is used. Fig. Bortion of the spectrum in the high-frequency region, so that
shows that although tapered beam fields cause azimuthal asi@#er frequencies are almost isotropic and therefore inher-
metries in obtained brightness temperatures, the magnitudeeBly do not contribute to brightness temperature azimuthal
azimuth variations observed is not significantly influenced @riations. In contrast, the DBJ spectrum of [36] places more
the tapered beam, so that SMFSIA/NIBC tapered beam res@@muthal anisotropy into the lower frequency ocean waves,
can be assumed to be representative of the correspondiffych can poten_tially lead to_adifferen} conclusion. regarding
plane-wave signatures. the source of azimuthal variations obtained. These issues show
Fig. 6 illustrates the influence of differing ocean spectrufffat & better understanding of ocean wave azimuthal anisotropy
models on SMFSIA/NIBC computed brightness temperaturé%.”.ee_ded before realistic models of ocean polarimetric thermal
Brightness obtained with the Durden—Vesecky spectrum &r8NSsion can be developed.
compared with those of the Donelan—-Banner-Jahne (DBJ)
spectrum [36] forky = 109 rads/m andkg, = 403 rads/m. X. CONCLUSIONS

The DBJ spectrum used is modified slightly from that of an initial numerical study of ocean nadir polarimetric ther-
[36] in that the spectrum is made origin symmetric by remal emission has been performed using the SMFSIA/NIBC
flecting the first quadrant over appropriate axes to generajgproach. The derivation of the NIBC method was presented,
all four quadrants of the spectrum. An appropriate scalinghd variations in polarimetric brightness temperatures with
factor is used to maintain a constant surface rms height. Thisectral cutoffs were illustrated and found similar to those pre-
procedure was necessary to symmetrize the DBJ spectruficted by the analytical models. In particular, high-frequency
while maintaining a maximum amplitude in the up—down windomponents in the Durden—Vesecky ocean spectrum were
direction due to the nonstationary properties of the originfdund to be the principle sources of azimuthal variations in
spectrum. The differing forms of the Durden—Vesecky amuadir ocean emission, as predicted by the SPM and PO meth-
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ods. Comparisons with the approximate models showed the B@) L. Tsang, C. H. Chan, and K. Pak, “Backscattering enhancement of a
to significantly underpredict linear brightness temperatures and
their azimuthal variations, while the SPM overpredicted linear
brightness temperature levels but accurately predicted thp#]
azimuthal variations. A further comparison of brightnesses
with the Durden—Vesecky and DBJ spectra showed these two
spectra to yield differing predictions and the differing form420]
of the two spectra illustrate the limited current knowledge
of ocean azimuthal dependencies. Thus, the development of
future models for ocean polarimetric thermal emission will
require a better understanding of the azimuthal properties 3!
the ocean spectrum as well as the influence of other factors,

such as atmospheric and surface foam emission and reflection
of downwelling radiation into the radiometer field of view,[

none of which have been considered in this study.
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