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Abstract—Numerical simulation of passive microwave remote a rough ocean surface and a flat ocean surface. The difference
sensing of ocean surfaces has a strict requirement of accuracy.in emission can be as small as 0.0018 or a brightness temper-
This is because the key output of the simulations is the differ- ature of 0.5 K using a physical temperature of 283 K. Such

ence of brightness temperature between a rough surface and a . . .
flat surface. Since the difference can be as small as 0.5 K, it is & strict demand of accuracy is not needed for active remote

important to simulate the scattering and emission accurately. In S€nsing. For example, numerical simulations can give good re-
this paper, we perform accurate simulations of transverse electric sults in active remote sensing in dB scale and give poor results

(TE) and transverse magnetic (TM) waves for ocean surfaces in passive remote sensing, because energy conservation is not
with relative permittivity = 28.9541 + i36.8430 at 19 GHz. ,paved well in the simulations. Thus, the numerical simulation

Because ocean permittivity is large, we used up to 80 points thod and imati that lied t fi i
per free space wavelength. Furthermore, accurate numerical method and approximations that aré applied 1o aciive remote

integration is also performed to obtain accurate impedance matrix S€NSiNg may not be suitable for passive remote sensing because
elements. To ensure accuracy, a matrix equation obtained from of the large difference in accuracy requirements. Another diffi-
the surface integral equation formulation is solved by matrix culty for ocean surfaces is that the relative permittivity can be as
inversion. Conservation of energy is required to be accurate to a high as28.9541 +36.8430 at 19 GHz [12]. For lossy dielectric
relative error of 0.001, which corresponds to 0.3 K in brightness . . o . .
temperature. Numerical results are illustrated for rough surfaces rou.gh- surfaces W't_h h|gh.perm|t.t|V|ty, there can be-rap|d spatial
with Gaussian Spectrum and bandlimited ocean Spectrum and variations Of the dlelectrIC med|um Green'S funCtIOI’l and sur-
bandlimited fractal surfaces. We show convergence with respect face fields. This requires dense sampling to discretize the sur-
to the density of sampling points and with respect to raising the face while applying the method of moments (MOM) to rough
upper limit of the bandlimited ocean spectrum. Comparisons are surface scattering problem. In the paper by Johretca. [4]

also made with results with an impedance boundary condition . . S
approximation. Numerical results indicate that fine discretization the brightness temp_eratures for relatively smooth profile and in-
is required for ocean-like surfaces with fine scale roughness. cident wave at nadir were calculated. For example, the max-
imum value ofky, which corresponds to the high-frequency
part of the ocean spectrum, was set at 403 rads/mkAbe-
comes larger, the root mean square (rms) slope of rough sur-
faces will increase, because the fine scale structures have larger

. INTRODUCTION rms slope. More number of points per wavelength is required

ASSIVE microwave remote sensing of ocean has impof,Qr some fine scale structures. Accurate near field integration to
Ptant applications in retrieval of ocean parameters [1]-[ alculate impedance matrix elements is also necessary to satisfy
In the past, analytical methods such as the small perturbati® accuracy requirement. In the paper, We present accurate nu-
method (SPM) have been applied to calculate the brightné§§rica| results of ocean microwave emission. We give explicit
temperature of the ocean [1], [3], [6]. Analytic theory indicategquations for numerical i.ntegration to .obtain impegiance ma-
that the fine scale structures of less than a wavelength havielements for the dual integral equations and for impedance
large influence on the ocean brightness temperature. boundary conditions. We explore the accuracy for different sit-

Recently, with the advent of modern computers, numericdftions. We usé up to 6000 rads/m at an incident angle of
simulations for rough surface scattering have been performé@?- The energy conservation check is to within a relative error
Most of the ocean surface simulations are concerned with ra@0-001 for both transverse electric (TE) and transverse mag-
active remote sensing [8]-[11]. There is less work on simulBetic (TM) waves, which corresponds to 0.3 K in brightness
tions for passive remote sensing. One reason is that passivd¢gIperature. Simulations are based on a fine discretization of
mote sensing requires much more accuracy than active remf#e80 points per wavelength. Near-field integrations are also
sensing. In active remote sensing, the scattering is measureB§iformed. We also make comparisons of the results with the
decibel scale. For passive remote sensing, the major outpufT®edance boundary condition, which is a popular approxima-
the difference of emissivity or brightness temperature betwe@n method in active remote sensing [10]. Accuracy of numer-

ical simulations is indicated by thA7g, which is the differ-
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such as the small perturbation method [20]. These are not used
in this paper, because the goal of the paper is to solve Maxwell
equations exactly and calculate emissivity to within a relative
error of 0.001 in energy conservation.

incident wave
scattered wave

l//S

[I. METHOD OF MOMENTS (MOM) WITH NUMERICAL
INTEGRATION FORIMPEDANCE MATRIX ELEMENTS

Consider a tapered plane wavg,..(z, z), impinging upon
a one-dimensional (1-D) rough surface with a random heigfip. 1. Geometrical configuration for thermal emission from random rough

profile = = f(x). The incident wave is surface.
r‘/)inc(l} Z) — Cik(ac sin §; —z cos 0g)(1+'w(a;7y))6_(x+z tan ;)2 /g where
1) 2
@\ (o o
N IRV -
where we) =1+ (L) @ 7o)y ©
2(z + z tan 6;)? 1 Forn # m
_ g? B : enH(Az/2)
w= (kgCOS 91)2 ) ( ) Arnn = d-T/K(-’L'nl, .’IZ'/) (9)
zy, —(Az/2)
6, is incident anglek is the wave-number of the free space, and ) @n+(Az/2) ) )
g is the parameter that can be changed to control the tapering of Apin = e —(A2)2) dz' K (wm, ') (10)
the incident wave. " ot (An/2)
For the two-media problem, we have TE or TM waves Bon, :_/ A’ K n (2, %) (12)
impinging upon a dielectric media (Fig. 1). Let and zp—(Az/2)

11 denote the wave functions for the upper medium and

Za+(Az/2)
L 1) _
lower medium, respectively. For the TE cade,= v, and B, —_L A’ Ky (2, o) (12)

i x H = —1/(iwp)ii - Vib. For the TM caseH = g, and n(Be/2)
E x 7 = —1/(iwe)gi - Vib. They satisfy the following dual Where the kemels are
surface integral equations [18]: K(z, 2') = i HY (k\/(a: “2 + (fx) — f(.’L'/))Q)
[astaw i T+ 10D (13)
_ df(@)
B / 4 ()i - Vg (7. 7) = dunel®)  (3)  FNB2)=1+ < P )
P
=, 3 (- v/ T? 7 7 7
/dS’g1 (7, 7) pi - (7) — _wg) (- V9 (7 ™)) pan), =gy
i HY (b/@ =27 + (@) - 7@)P)
/ AV YR vZ) ! =\ = —
- [ asv e P m =0 @ 1 e+ U@ - @)
where [, denotes a principle value of integral apéndy, are . [M(ag —z) — (f(a') - f(a:))} (14)
the two-dimensional (2-D) Green'’s functions of the upper and dx’
lower medium, which are given by(7, ) = (i/4)HV (k- Kile, ') =gu(w, f(x); o, (@)
7|) andgi (7, ) = (i/4)HS (k|7 — 7). H is the ze- =2 1Y (/o = &2+ (F(@) - [(@)?)
roth order Hankel function of the first kind, artd is the wave- 4
number of the lower medium. The boundary condition on the (15)
S_l{rdffs(lcgs grive (™) = P@) anda’ - ViPu () = pit’ - Kin(e o) = 1 H;" (’ﬁ Vi —a2)?+(f(z) - f(w’))Q)
V' (7'), where in(z, ') =—
4 Vi =)+ (f(z) — f(2'))?
1, for the TE case df ()
p—— . [ / — p— / p—
p= { 5—1, for the TM case. ) [ dx’ (2" =) = (/=) f(x))} - (16)
£
By using the MOM with pulse basis functions and poinFor seli-patch termsyp = n
matching, the integral equations are discretized and given as A=A LATJC [1 N 2 <7_k Almﬂ 17)
N N 7f
3 o) + 35 Batlan) =ticlan) Oy a0 [ 2 (B )] g
n=1 n=1 4 T 4e
N N 5 1
Brnrn :Brnrn + 9 (19)
AD pu(z,) + B () =0 7 . 2
2 Ao 2 Bt D g @)
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in which For TE wavesy) represents electric field and the surface in-
. T +(A2/2) A tegral equation (27) is an electric field integral equation (EFIE),
Apm = / A dx 1 Hg while for TM wavesy) represents magnetic field and it is a mag-
e —(az/2) netic field integral equation (MFIE). We next derive a relation
: (’f\/(x’ —zm)? + (f(2') — f(xm))Q) betweeny and# - V¢ using impedance boundary conditions.
i 9 For TM case, taking the cross product of both sides of (26)
1 [1 + i; In with the normal vector, we have
v - X Etan = Ms = _nlﬁ X 75 (28)
: _k f— m 2 + " — m 2 -— . .
(2 V! = am)? + (F@) = flam)) )} whereM , is the surface magnetic current. Thus, the boundary
(21) condition becomes
e /mm-l-(Aw/Q) dx,iH(l) s V() = I,sz/)(F) (29)
mm o —(A2/2) 4 0 n prr) = —1t k‘l
. (kl V& = )2 + (f(@) — f(a:m))Q) and the surf;’:\ce integral equation becomes
. k I (7
et = [asg@ o)+ L
w .
(S V@ = 2+ () - f(xm»?ﬂ A
22) The surface unknown ig (7).
R T+ (A2 /2) ik For TE case, the impedance boundary condition in terms of
Bym =— / daﬁ’z the wave function becomes
T —(Ax/2) 1 V() = _ 31
H:El) (k\/(xm — x/)Q + (f(xrn) _ f(x’))2> E n- ?/1(7) - _1/)(7). (31)
. o= T U =T Thus, the surface integral equaAtio;zt/)?i:)omes1
df (' N ANV v/ —,/_n' AT -
NI @ a1 - )| @) [ aso@ mat e -
T+ (Ax/2) r . tial XTI (7 = N vii YY) — /. —
s | ik [ a5/ ) V) = ) (32)
mm ) 4 o
o —(A2/2) and the surface unknownig7) = /1 + (f'(x))2#n - Vap(7).
(1)
H; (/ﬁ V(Em — )2+ (f(@m) — f(w’))Q) When applying MOM to solve these integral equations, ma-
. Vom = P T Ue) — T trix equejl\?ons can be given as
!
(I @ ) -G - )| @)Y OB =uelen), forTMease (3
n=1

Al = Axy/T+ (f(zm))2. (25) and

Il. | NTEGRAL EQUATION FORMULATION USING IMPEDANCE

N
Z i wWxn) = Vine(Tm), for TEcase (34)

mn

BOUNDARY CONDITIONS . on=l
in which
The impedance boundary condition is a common approxi- 2
mation to the two media problem when the lower medium is ™ —i= V14 (f'(2n))? Amn + B~ (35)
lossy. Its approximation is similar to that of the transmission ! 1
line concept in which the voltage is equal to the product of the TE — Apn + - Bin- (36)
impedance and the current. In terms of wave reflection by a lossy kv 1+ (' (2a))?
medium, the impedance boundary condition is Apins B, @andu(x) are defined in Section |1, and matrix ele-
Foon = mds = mi x H (26) ments are computed accurately by using numerical integration.

Using the impedance boundary condition, the emissions of

where . e ) flat dielectric surfaces for TE and TM incident waves are given
FEtan tangential electric field vector; as
Js surface electric current;
. = +/1n/e1 wave impedance of the lower medium. erg =1 — |Rre|?, for TE waves (37)
The surface integral equation is erm =1 — |Rom?, for TM waves (38)
/ dS/g (F/, F) Al V/Z/) (F/) + Z/}(7) where
2 kiz - kl
Rop == (39)
= [ A @i Ve T = vnelr) @) _—
r R - kiz — /{}2//61 40
where [, is the principal value integral. ™M+ k2 /Ky (40)
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IV. EMISSIVITY AND BRIGHTNESSTERMPERATURE TABLE |
COMPARISON OFEMISSIVITIES WITH VARIOUS SURFACE LENGTHS FORTE AND

For a penetrable medium, absorptivityf;) and reflectivity TM POLARIZATIONS USING OCEAN SPECTRUM WITHA, = 100 rads/m,

r(6;) can be calculated in term of the surface fields ky = 4000 rads/mAND 60 T0 80 pointsA DISCRETIZATION. * REPRESENTS
! THE CORRECTRESULT

P, Im [ dey(z)u*(x)

P Q— Surface Ener; ns. | Emissivity of ATg(rough
CL(QZ) - -Pi,nc - L 4 T . 14 2tan2 91 (41) Polar. i) Emission (:)gj- c?ﬁ) o fy Ts(K) . f( fg )
COS . —_ e eng alf; rit; at surrace - Hat surtace
9\ 2k2g2? cos? 6;
TE 8 0.28914 0.99384 0.28728 81.83 0.53
o — P Im [ daip,(2)ul() )
r ) = =
[ -Pinc P 1 + 2tan2 91 TE 16 0.29738 0.99974 0.28728 84.16 2.86
kcosb;g b 1- 25202 cos2 6: k2g2 cos? 6, TE 20 0.29695% | 1.00016 0.28728 84.04 2.74%
™ 8 0.57340 1.0006 0.55927 162.27 4.00
where the surface scattered fields are . 6 06772 | 100088 055027 | 160,68 oal
™ 20 0.56823* 1.00096 0.55927 160.81 2.53*
us(2) =u(x) — uipel). (44) -
3) For fractal surface, we can use the Weierstrass-Mandel-
In passive remote sensing, the brightness temperiaf the brot function [19]
medium is measured at incident angle The brightness tem- Ny-1
perature IS equal to f(.’l') — hCN Z b(572)n Sin(Kobn.’L’ + (I)n) (49)

n=0

Tp(0;) = e(0:)T (45) where

o N ‘ . , N; number of tones;
where emissivitye(4;) is equal toa(6;), andT is the physical s’ fractal dimension1 < § < 2);

temperature of the medium in K. 5 equivalent rms height.

®,, is a Gaussian random variable uniformly distributed
V. ROUGH SURFACE PROFILES AND GENERATION between 0 anfl7 27 xrand V,, 1). The bandlimit can be

In the simulation, we use three models of random rough sur-  controlled byKy = &k and Kob™'~1 = k. kr = 100
faces to demonstrate the accuracy problem in passive remote andky = 4000 are used in the simulation. Note that a
sensing. The models are the following. fractal surface as given by (49) is not a Gaussian process.
1) Itis assumed that the ocean surface is a Gaussian proce$gcean surface is usually assumed to be a Gaussian process
with spectrum given below. The small-scale wind-inwith power law spectrum. It has not been rigorously verified that
duced surfaces are described by an empirical sea surfit@ ocean surface is a Gaussian process. The fractal model is a

spectrum proposed by Durden and Vesecky [7]. We us8@n-Gaussian process. Comparing profiles generated by three
a 1-D analog of a 2-D spectrum. In the 1-D spectrum models, it can be found that the fractal surface is spikier. It has
more fine scale structures [20], [21].

SR
W(lkz) = 2 (46) VI. NUMERICAL RESULTS AND DISCUSSION
alog,o(k,/K; . .
ag <bkpu§> B0 (ke / K5) bos ks The important result to compare is
kg Gs P J
Stkp) =4 " (47) ATg = Tp(rough surfacg— Tz (flat surface. (50)
bo (—0.740k./%,)?) k< k. _ _ .
k3 L= We also carry out numerical energy conservation by calculating

a(6,;) andr(6;) using (41) and (42) and see wheth; ) +7(6;)
Parameters used are the same as referred in [1], [3], da8@qual to unity. The dielectric constant2sf.9541 + 436.8430
[7]. We use the magnitude parametgy = 0.008 and is assumed in this work. Frequency 19 GHz and viewing angle
wind speed’; o = 10 m/s. The spectrumis further band-50° are used, and physical temperatfeis 283 K. Table |
limited betweenk;, andky;, which control ocean surface presents the emissivity for both TE and TM waves with various
rms height and variance of slope that are appropriate $arface lengths. Based on the energy conservation check, a sur-
microwave emission problems. face length of 8 wavelengths is not large enough to give correct

2) The random rough surface is generated by using Gaussigsults. A surface length of 20 wavelengths is used in all subse-

process with a Gaussian spectrum, which is given as quent simulations. The tapering parameter of the incident wave

is chosen ag = L/4.

N T e R R/ To demonstrate the significance of performing a rigorous
Wiks) = o /_Oo dre hoC(r) = 27 (48)  near-field integration, sample results are presented in Table Ii
that illustrate a large improvement in the TM case when inte-

wherel is the rms height, antis correlation length. gration is considered. For Dirichlet problem, the kernélfﬁ),
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TABLE I TABLE IV
COMPARISON OFEMISSIVITIES WITH AND WITHOUT NEAR-FIELD INTEGRATION EMISSIVITY AND BRIGHTNESSTEMPERATURE WITHVARIOUS VALUES OF
FORTE AND TM WAVES USING OCEAN SPECTRUM WITHE; = 100 rads/m, ki . kp = 100 rads/m

ki = 4000 rads/mAND 60 TO 80 points/A DISCRETIZATION. * REPRESENTS

THE CORRECTRESULT
Energy cons.- | Emissivityof ATg(rough
Polar. | ky (rads/m) | Emission Te(K)
Near field int. Energy cons. | Emissivity of ATg(rough a(8;) +r(8;) | flat surface - flat surface)
Polar. | Emissivity Ts(K)
performed a(f:) +r(0:) | flat surface - flat surface) TE 400 0.29358 1.00010 028728 | 83.08 1.78
YES TE | 0.29695* 1.00016 0.28728 84.04 2.74* TE 1000 0.29507 1.00006 0.28728 | 83.50 2.20
NO TE | 0.29696 0.9997 0.28728 84.04 2.74 TE 4000 0.29695 1.00016 0.28728 | 84.04 2.74
YES T™ | 0.56823* 1.00096 0.55927 | 160.81 2.54% TE 6000 0.29709 1.00011 028728 | 84.08 2.78
NO T™ | 056124 0.9968 055927 | 158.83 0.56 ™ 400 0.56250 1.00010 055927 | 159.19 0.91
™ 1000 0.56513 1.00024 055927 | 159.93 1.66
TABLE Il ™ 4000 0.56823 1.00096 055927 | 160.81 2.54
EMISSIVITY WITH VARIOUS SAMPLING DENSITY (NUMBER OF pointsA\). ™ 6000 0.56862 100110 055027 | 160.92 265
kr = 100 rads/mAND k;; = 4000 rads/m
No.of o Energy cons. | Emissivity of ATy(rough TABLE V
Polar. | Emissivity Ts(K) EMISSIVITY AND BRIGHTNESSTEMPERATURE WITHVARIOUS VALUES OF ks
points/A af:) +r{f:) | flat surface - flat surface) USING IMPEDANCE BOUNDARY CONDITIONS. THE PARAMETERS USED ARE THE
10 TE | 0.30400 1.0189 0.28728 86.03 473 SAME AS IN TABLE IV
40 TE | 0.29710 1.00050 0.28728 84.08 2.78 Eneray cons. | Emissivity of ATs(rongh
Polar. | ky (rads/m) | Emission Ts{K)
60 TE | 0.29695 1.00016 0.28728 84.04 2.74 o6+ r(6:) | fat surface - flat surface)
80 TE | 029686 | 0999968 0.28728 | 3401 27 TE 400 0.20299 1.0001 0.28684 | 82.02 174
10 TM | 0856057 | 099511 055927 | 15875 048 TE 1000 0.20403 1.0001 028684 | 83.21 2.03
4 ™ 56894 1.00155 0.55927 | 161.01 2.74
0 05689 00155 TE 4000 0.29403 1.0001 0.28684 83.21 2.03
60 TM | 0.56849 1.00121 055927 | 160.88 2.61
TE 6000 0.29386 1.0002 0.28684 83.16 1.99
80 TM | 0.56823 1.00096 055927 | 160.81 2.54
™ 400 0.56286 1.0001 0.55984 | 159.29 0.85
™ 1000 0.56557 1.0004 0.55984 | 160.06 1.62
. 1 . .
while for the Neumann problem, the kernelﬂgf ), which is ™ 4000 | 056879 | 10016 055984 | 160.97 | 2.53
more singular. The TM case is dominated by the Neuman 1y 6000 0.56935 L0018 055084 | 161.13 260
kernel, so that numerical integration is more important. During
calculating the matrix elements, numerical integration is TABLE VI

performed_ over t.he. upper a_nd lower medium Green's funcuoﬁﬁlsswlw AND BRIGHTNESSTEMPERATURE FORGAUSSIAN ROUGH SURFACE
for the points within a radius of 2.0 free space wavelengths wiTH rms HEIGHT 2 = 0.2\ AND CORRELATION LENGTHI = 0.2
around the testing points. Within the domain of each pulse basic
i i i i i E .- | Emissivityof AT; h
function, we use 25 points to perform nume_rlcal integration. 0 | porar. | Bomission | Y €0 | Bmissivityo oK) B(roug
In Table Ill, the ocean rough surface is generated usin al8)+ () | fat surface - flat surface)

240 points/wavelength. Numerical simulations of scatterin

.. . . Dual TE 0.42639 1.00067 0.28728 120.67 39.37
and emission are performed for one realization on the san
profile from ten to 80 points per wavelength in the sparse gric _ Puwl | TM | 063463 1.0084 0.55027 | 179.60 2133
kr = 100 rads/m, andty; = 4000 rads/m. It is shown that mpedance | TE | 0.40160 1.0007 0.28684 | 113.65 32.48
results converge and accuracy requirement is satisfied with «
. . . . R . ., Impedance | TM 0.63428 1.011 0.55984 179.50 21.07
points per wavelength discretization for TE polarization, while
80 points per wavelength are required for TM polarization.
In Table 1V, &y is chosen to be 400 rads/m, 1000 rads/m, TABLE VII
. X EMISSIVITY AND BRIGHTNESSTEMPERATURE FORFRACTAL SURFACE
4000 rads/m and 6_3000 rads/m with fixég = 100 _rads/m. Ko =k, = 100 rads/mAND Kb/ —! = k, = 4000 rads/m
The electromagnetic wave-number-surface rms height products
(ko) for these three cases were 0.311 30, 0.32257, 0.32404 Energy cons.. | Emissivityof AT(rough
and 0.324 06, respectively. Results show the importance of the¢ Method | Polar. | Emission Ts(K)
. . . . a(8;) +r(6;) | flat surface - flat surface)
Bragg scattering contribution to observed brightness tempera
tures and emissivities. We also list some results calculated by_ P | TF | 08236 | 09997 028728 | 9208 | 1078
using the impedance boundary condition. Comparing the result: Dpual | ™™ | 0.60870 L0147 0.55027 | 172.26 13.99
in Tables V and 1V, we find th_at good agreement is achle_v_ed D€- 1pedonce | TE | 020023 | 10010 028684 | sa6s 351
tween the results using the impedance boundary condition ani
Impedance | TM 0.60536 1.0149 0.55984 171.32 12.88

the dual integral equation whes; is small. However, a&y
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h = 0.2X and correlation length= 0.2 are used in the simu- [13] K. Pak, L. Tsang, C. H. Chan, and J. Johnson, “Backscattering enhance-

lation with Gaussian spectrum. Table VII gives emissivities and ~ ment of vector electromagnetic waves from two-dimensional perfectly

briahtness temperatures for fractal surfaces using the dual inte- conducting random rough surfaces with the sparse-matrix canonical grid
9 . P . g method,”J. Opt. Soc. Amer. Avol. 12, pp. 2491-2499, Nov. 1995.
gral equation and the impedance boundary condition. For fractgd; k. pak, L. Tsang, and J. Johnson, “Numerical simulations and backscat-

surfaces, the number of toneg() is 100, and the fractal dimen- tering enhancement of electromagnetic waves from two-dimensional di-
sions is 1.5. The equivalent rms height= 0.051 572\ is the electric random rough surfaces with the sparse-matrix canonical grid
N quiv 9 oL method,”J. Opt. Soc. Amer. Aol. 14, pp. 15151529, July 1997.

same as that chosen in th? ocean specttgm= 100 rads/m,  [15] | Tsangand Q. Li, “Numerical solution of scattering of waves by lossy
andky; = 4000 rads/m. Using the fractal surface, the surface  dielectric surfaces using a physics-based two-grid methdittowave
currents in term ofV+)(7)| are plotted in Fig. 2. Itis found that Opt. Technol. Levol. 16, pp. 356-364, Dec. 20, 1997.

sz/( )| . P 9 . &]6] Q. Li, C. H. Chan, and L. Tsang, “Monte-Carlo simulations of wave scat-
_there are some d'ﬁerences _'n the_su_rf_ace currents. As |nd|c_at tering from lossy dielectric random rough surfaces using the physics-
in Table VII, the difference in emissivity between the dual in- based two-grid method and canonical grid methdBEE Trans. An-

tegral equation and the impedance boundary condition is large__ tennas Propagatvol. 47, pp. 752763, Apr. 1999.
9 q P y g[?7] E. Michielsen and W. C. Chew, “Fast steepest descent path algorithm for

for fractal surfaces. analyzing scattering from two-dimensional objec®édio Sci. vol. 31,

pp. 1215-1224, Sept.—Oct. 1996.
[18] L. Tsang, J. A. Kong, and R. ShirTheory of Microwave Remote

Sensing New York: Wiley, 1985.

; ; _ ; [19] F. Berizzi, E. D. Dalle Mese, and G. Pinelli, “One dimentional fractal

Accurate SImUIatIOnS for 2-D scatterlng_problem are pr_e model of the sea surfaceProc. Inst. Elect. Engvol. 146, pp. 55-64,
sented. To satisfy stringent accuracy requirements, near-field 1999
integration and fine discretization of surfaces are necessaif0] L. Tsang, J. A. Kong, and K.H. DingScattering of Electromagnetic

- ; ; Waves: Theories and ApplicatiansNew York: Wiley, 2000.
fo.r fine scale roughness.. All numerical rgsults are valldatecfzﬂ L. Tsang, J. A. Kong, K. H. Ding, and C. Ao, Scatteting of Electromag-
with an energy conservation check. Numerical results show the ~ netic waves: Numerical Simulations. New York: Wiley, 2001, to be
importance of the Bragg scattering contribution to brightness  published.
temperatures and emissivities for fine scale structures. It is also
shown that the impedance boundary condition could give correct
results for smooth rough surfaces. However, with the presence
of fine scale structures with small radii of curvatures, impedance

boundary conditions give errors in the emissivity for TE case.

Fig. 2. Values of matrix elements in term ¥ (7)| on the fractal rough
surface withk;, = 100 rads/m and:;; = 4000 rads/m for TE waves, using the
dual integral equation and the impedance boundary approximation.
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