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Thermal Emission from a Layered Medium Bounded
by a Slightly Rough Interface

Joel T. JohnsonMember, IEEE

Abstract—The small perturbation method (SPM) is applied model for emission from a layered medium bounded by a rough
to study thermal emission from a layered medium bounded by a interface could also be applied to model sea water covered with
slightly rough interface. Brightness temperatures are calculated to foam, ice, or other materials, or used to estimate surface clutter

second order in surface height, including both specular reflection . fl . di t t for buried obiect
coefficient corrections and incoherent Bragg scatter terms. Unlike INTILENCES ON Microwave radiometry SyStems 1or bUed ODJEC

the homogeneous medium case, in which the SPM applied for detection [10], [11].

emission predictions produces an expansion in surface slope, the The SPM has previously been applied to study backscattering
theory remains a small height expansion, and convergence of the from a layered medium bounded by a slightly rough interface
series is shown to depend on properties of the layered medium. [12]-[16] and results demonstrated that the presence of a lay-

Results from this theory can be applied in studies of soil moisture, d di ianificant ch in first ord
sea ice, or sea surface remote sensing and buried object detectiont'€d MediUM can cause significant changes In 1irst oraer sur-

with microwave radiometers. face scattered fields. An approximation for modifying two layer
. . . medium surface scattering predictions to the case of a finite ob-
Index Terms—Microwave radiometry, remote sensing, rough . . . .
surfaces. ject buried beneath a rough interface was also suggested in [12]

for application to ground penetrating radar problems.
In this paper, the results of [12], [13] are extended to enable
. INTRODUCTION calculation of thermal emission from a slightly rough interface
ODELS for microwave thermal emission from deterbounding a layered medium. Note that studies of thermal emis-

ministic or statistically described rough surfaces are §fon require both the first order SPM terms as in [12], [13] and
interest in passive remote sensing of soil moisture, sea ice, &P Second order corrections to the specular reflection coef-
the ocean surface. Several models for thermal emission frdgient [2]. These quantities are derived and presented in Sec-
a rough surface bounding a homogeneous medium have bi@Rs Il and lll. As in the homogeneous medium case, the re-
developed previously [1]-[6], primarily through application ofulting expression for the rough surface-induced correction to
standard surface scattering approximate methods to calcuffgésurface brightness temperatures is expressed in terms of an
surface emissivity using Kirchhoff’s law. Models based on botRtegral over the surface directional spectrum multiplied by a
the small perturbation method (SPM) and the physical Opti‘(‘:\geighting" function [17]. Studies of the weighting functions
(PO) approximation have been presented. A recent work [ayljow properties of the emission physics to be inferred indepen-
has further revealed that use of the SPM for emission fromdgnt of the surface statistics considered. Consideration of the
rough surface bounding a homogeneous medium results imveighting functions for isotropic (i.e., azimuthally symmetric)
small slope (rather than small height) emission approximatigdfaces in Section IV reveals that a small height and not small
identical to that which would be obtained from the small slopdloPe expansion is obtained in the layered medium case, and
approximation of [8]. The SPM can thus provide accurate emig@nvergence properties of this series are discussed. Studies of
sion predictions even for surfaces with large heights in terms € Weighting functions for azimuthally asymmetric surfaces in
the electromagnetic wavelength. Numerical tests of the SPM fagction V again show a small height expansion for the second
a set of canonical periodic surfaces have confirmed this sta@éd higher azimuthal harmonics of all polarimetric brightness
ment [9]. These results motivate use of the SPM/small slope dpmperatures. Sample results applying the theory are presented
proximation (SPM/SSA) for the study of homogeneous mediulf Section VI, and implications of the study considered in Sec-
thermal emission. However, the SPM for emission from a roudi" VL.
surface bounding a layered medium has apparently not previ-
ously been considered. This problem is potentially more rele- Il. FORMULATION
vant to soil moisture remote sensing studies given the variations ) ) ) )
in soil moisture content with depth which typically occur. A A systematic solutu_)n of SPM equations forsc_:attenng froma
rough surface bounding a homogeneous medium has recently
been developed in [18]. This procedure applies the Rayleigh
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medium. The details of the procedure are very similar to [18], 2
so only the basic formulation and results from the method are
summarized here.

Consider a zero mean periodic surface profile= f(z, v)
with periodsP, andF, in thex andy directions, respectively,
which separates free space in region zero (permittigtyper-
meability zi0) for z > f(z, y) from region one, a homogeneous 2=H{xy)
nonmagnetic dielectric medium with permittivity = e, for ~ o T— o~
—d < 2z < f(z, y). Initially, a two layer configuration is con-
sidered, with Region 2 for < —d a homogeneous nonmagnetic
dielectric medium with permittivityy, = e2¢o as illustrated in ‘Region 1: & &y
Fig. 1. Extension to a multilayer medium is straightforward and
will be described below. The periodic surfagér, y) can also
be expressed in terms of its Fourier series coefficients

i i exp <L 27 nx)exp(i 27;3ﬂ> P, m

nN=—o0 Mm=—0o0 Y

Region 00 &y My

z=-d

Region 2: &, €, l,

Fig. 1. Geometry of two layer medium bounded by a slightly rough interface.

while fields in region one consist of both upgoing and down-
(1) going plane, waves which can be written as

5 1 /PL J Ly J 27mx
n,m — r €xX - 7 AN, m
P P 0 0 Y P Et == Z Z |:h?7nl’7n m + Uy 6n nl:|
me m n _
- exp < P, ) f(z, v). 2 cexp (k™ - 7)
Consider an incident electromagnetic plane wave that illumi- + Z Z [h; Lm0 A, m}

nates this periodic surface from the free space region, with elec-

tric and magnetic fields given by - exp (ik7) 'F) ©)

E' =¢; exp (ik; - T) (3) v
oo exp (iF)™ -7)
B =520 o (i 7) @
= ex 1 P g AT, M n, m
"o P +_ZZ|: anw+h Anrn:|
where¢; represents the polarization vector of the incident elec- - exp (zk{j ™7 (10)

tric field.

_ R R wheren; = 19 /+/¢is the impedance of the lower medium. Note
ki = kok; = 2kyi + Gkyi — 2k.; (®) thatall sums are assumed to be frenw to oo unless otherwise

notated. Fields in region two consist only of downgoing plane
represents the propagation vector of the incident plane waygves, written as

with wavenumbety = 27/ A.
S [ P 677

F=2fx+ gy + 2z (6)
exp (LG m -F) (1D
is a position vector in Cartesian space, apd= +/(j0/€o) IS s p N
the impedance of free space. Noteeap(—iwt) time conven- Z Z [ Pa,m + R Qn:m}
tion is assumed.
Under the Rayleigh hypothesis, the scattered field in region " exp ('L ? " 'F) (12)
zero consists of a sum of upgoing plane waves (or “Floquet
modes”), which can be written as wheren; = n9/,/€2 is the impedance of the lower medium. In
the above equatiom, 3,~, 8, ", A, P, and@ are the unknown
. complex amplitudes of the Floquet modes in each region. Plane
= Z Z [h?’man m 05" B, } wave propagation vectors are defined by the Floquet theorem as
o (k5™ -7) Y Ko™ = ki + Gy + 2hnm (13)
H Z Z |: on Tnan m + hn nlﬁn rn:| E?:"l :'/i'kacn + ijyrn - ékzlnrn (14)

EZ7 = -/i'k"rn + gkyrn + ékzlnrn (15)
$exp (Lkg ) 7_) (8) E?,m/ = '%kacn + gkyrn - 2kz2nrn (16)



370

where
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Qn,rn : ", m eXP( (k z1lnm — kz?nrn) d)

2mn 2kzlnrn\/ €2 )
kxn kxz + Pac (17) <€2kzlnrn + fk,’:?nrn ( )
2mm

kyrn = kyz + T (18) Fn,rn =%n,m exp(2ikzlnnld) < (36)
Y
kpn'rn = k'2 + kgrn Rh( zlnm, kz?nrn) (37)

( )
. ek, nm Fk,. nm
kznrn — k? k2 (20) An,rn = n, m exp(ZZkzlnnl ) < 2021 -2 ) (38)
( )R

kzlnrn - kz?nnl)
k. zlnm + kz?nrn
(19) =n,m €XP 2ikzlnrn

pnm 62kzlnrn + 6k42nrn
(FQk z1lnm, ek, Qnrn) (39)

= On,m €XP Zikzlnrn

kzlnrn = k%é k2 (21)

pnm

K = 1/ K2es — k2, . (22) which defines the lower layer reflection coefficients
o Rh(kzlnrna kz?nrn) and R'v(‘f?kzlnnlv 6kz2nrn)a reSpeC-

Modes for whichk,,,,,, becomes greater thds, k;, or k2 have tively. These definitions make the generalization to a layered
Eorms Kostrms @NdE.onm, respectively, defined so that attenumedium below the rough interface cledty, (kz1nm, ko2nm)
ation occurs as upgoing fields propagate away from the rougRd/Z.(€2&:1nm, €kz2nm) are simply replaced by the reflection
surface in region zero and as downgoing fields propagate avfggefficients of the layered medium belaw= —d. Expressions
from the layered medium boundaries in regions one and tw8! £, m and@y, ., are no longer correct in this case, but since
Orthogonal horizontal and vertical polarization vectors for theé@ermal emission can be computed from the reflectivity in the

plane waves are defined as region Zero (i.e., in terms af andﬁ Only), it is still pOSSib|e
to compute brightness temperatures for the layered medium by
hy :jj@ _ g@ (23) modifying only these reflection coefficients.
pi ki Substituting the above relationships and the Rayleigh hypoth-
nom s kym L kan esis fields from (7)—(10) into (30), (31), the following equations
Epnm Epnm result if onlyz andy components are considered:
@Z :,’i’ vz +:\ yrivze +7:\’ﬂ (25) 2 2
Fopi ok ko IPILE (125 ) e (125
ATV, M ~ kxn kznrn ~ kyrn kznrn ~ k/mrn Py
pm= - i 5 (26)
kOkpnrn kOkpnrn kO .
’ (7 X hn nl)(an m exp(Zkznrnz) — Tn,m
AT, M .’i’ k"rn kzlnrn, ~ kyrn, kzlnrn + ; kpnrn, (27) ’ ’
g N klk/mm klk/mm i k1 : (exp(_ikzlnmz) + Rh(kzlnma kz2nm)
g = _ gRenkaanm _BmBatnm K og) - exp(2ik-1md) exp(ikitnm))) + (2 X 0™
klk/mrn ) klk/mrn kl . kOkzlnrn
~n,m Fznkz2nm AkyrnkZQnrn Ak/mrn ’ ﬁn,rn exp(zkznmz) + kik 6n,rn
. =T ok + 9 ok + Z 2 (29) ‘ 1Rznm
2Rpnm 2Rvpnm, 2 . (exp(_Zkzlnrnz) - R'U(Ckalnrna Ckz?nrn)
wherek; = ko\/e andk, = ko,/€; are the wavenumbers in - exp(2ik.1nmd) eXp(ikzlan))ﬂ
regions one and two, respectively.
Boundary conditions on the layered medium interfaces = —(2 x ¢;) exp(—ik.;z) + (Of x &;) exp(—ik.;z)
specify that tangential electric and magnetic fields must be 27nx 2nmy
continuous. Atz = f(z, ), this becomes + Z Z exp <'L P ) exp <'L P )
n x Y
5 _ ar A T\ — 5 _ ar It k
(2-97) x (B'+E) = (:-0f) x B (30) [(af « omm) (/sn, o explikonmz) — 0
(2-0f) x (H'+H*) = (2-0f) xH"  (31) ka

N 6n, m(eXP(—ikzlan) + Ru (€2kzlnnlv 6kz2nrn)

since a vector normal to the surface can be writted asdf,

conditions specify

wheredf = #(9f/0x) +9(df/0y). At » = —d, the boundary - exp(2ikz1nmd) eXP(ikzlnmz))ﬂ (40)
. 2mnx 2mmy
— — € 2 € 2
ixE'=:x E' (32) zn: ~ Xp( Px> Xp( Py )
¢ x H' =2 x H'. 33 .
z X zZ X ( ) i |:(_} % qA} rn) <an,rn eXP(ik;mmZ) + ]z.lnrn

Substituting the Rayleigh hypothesis fields from (9)—(12) into
(32), (33), the following relationships can be derived:

Pn m = VYn,m eXp( (k zlnm — kz?nrn) d)

" rYn, nl(exp(_ikzlnrnz) - Rh(kzlnnm kz?nrn)
. exp(2ikzlnnld) exp(ikzlnrnz))>

k1

2k.
. <&) (34) +(2x R </3n, m Xp(Phznm2) = -
0

kzlnrn + kz?nrn
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N 6n, m(eXp(—ikzlan) + R'U(Gkalnrnv Gk,’:?nrn)
. exp(2ikzlnnld) eXP(ikzlan))>:|

—(7/3 X ];'z X éz) exp(—ikziz) + (8_f X ];'z X éz>

2 2
-exp(—ik.;z) + Z Z exp < 7;135) eXp( 7;@)
x Y

) [(_af X U? rn) (an, m eXp(Lkznnlz)
- ,Vn,rn(exp(_ikzlnrnz) + Rh(kzlnrnv kz?nrn)
- exp(2ik.1nmd) exp(ikzlnmz)))] .

(41)

Note that the above equations (which have two components
each) provide four scalar equations for the four scalar unknown
functionsc, 3, v, and§, with unknownd”, A, P, and@ deter-

mined from (34)—(39).
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for a vertically polarized incident field. The above equations are
the total reflection coefficients at= 0 of the layered medium
with a flat surfaceR;; and Ry, and also involve

Zh(kzlnrna sznnlv d)
- 1-— Rh(kzlnnu sznrn) exp(2ikz1nmd)
1+ Ry(ketnm, keonm) exp(2ik.1nmd)
1= Grkatnms kognm, d)
o 1 + Gh(kzlnrna sznrna d)

Z’U(Gkalnnu 6kz2nrna d)
- 1-— R (62kzlnrna 6kz2nrn) exp(2ikz1nmd)

B 1 +R (e2kz1nms €kz2nm) exp(2ik.1nmd)
(Ckalnnu Ckz?nnu d)
(

At this point, a small height expansion is used by expanding

the exponentials in the above equations in power series

(£ik.z)?
q!

q=0

exp(tik,z) (42)

= . 48
1 + G 62kz1nrna 6kz2nrnv d) ( )

A general form for first order solutions is
Crgl)m = h, mgél)(kwna kym) (49)

where¢ = «, 3, v, or 6, andgél) is a corresponding function.
Solutions in region zero for a horizontally polarized incident

and by substituting a perturbation series for the unknowns field are

= 00, + oD, 4+ =

n,m

(43)

=)
E U]

an, m
=0

with similar definitions for3, v, andé. Perturbation series terms
are defined so that theh term is of orderf! or equivalent com-

binations of f and its derivatives sinced{/dz) and @f/dy)
are assumed to be the same ordef as

I1l. SOLUTION OF SPM EQUATIONS

_ 9k (2 _ .2
gl = 2ik.ilko ~ ki) Ciyn
(kznrn + kzlnnl)(kzi + kzli) ’
. |: 1+ Gh(kzliv kz?iv d) :|
1+ Gh(kzlia kz?ia d)Rh(kzia kzli)

|: 1+ Gu(kznm, kz2nm, d)
1+ Gh(kzlnrna sznma d)Rh(kznn” kzlnrn,)

} (50)

o = —2ik.i(kg — k1) <kzlnm> .
’ (konm + Eztnm)(kzi + E21i) ko ’
' [ 14+ Gu(ka1is kz2i, d) }
14+ Grkei, kezi, d)Ru(kzi, ke1i)

1- G'v(62kzlnnlv 6kz2nnlv d) :|

i 1 H ' |:1 G’l' kZ nm; kz nm:» d R’I‘ kznnh kz nm
The systematic procedure for solving SPM equations de- + Guleaketnm, ehaznm, )R (Kenm, Kzinm)

scribed in [18] is applied to (40) and (41) once the perturbation (51)
series is substituted. Solutions at the zeroth order are found
to consist only of the specular plane waves in each regiamhile
(represented by = m = 0), with fields in region zero given by
() 2kl — k) (%),
0) _ 41 - ]ﬂ/zlth(kzlia szia d) _ RHI (44) (k_znrn + kzlnnl)gkzlif—’_ kzlilz ko d
OO0 ks + ka1iZn(Koviy Koi, d) e (kl + h/E Zl"’m’d)]z;"g']l’ ) - )}
+ 1\Rz1lnmy Rz2nm 1\ Rznmy Rzlnm
3(0) -0 45 L ’ ’ ’ 1
/070 ( ) 1- G'n(Ckalia Ckz?ia d) (52)
_1 + G’U(Gkali7 6kz2i7 d)R'v(ekziv kzli)_
for a horizontally polarized incident field (i.e; = 717;), while g(l) _ —2ik.i(k§ — ki)
s (ekznnl + kzlnnl)(ekzi + kzli)
[ 14+ Gy(eakzni, koo, d) ]
oy =0 (46) |1+ Guleakusi, choni, d)Ry(ckos, kori)
ki — k. iZ'n(Ckali e1koi d) [ 1+ G'v(62kzlnnl 6kz2nrn d)
3(0) — ¢ 1 2 ? —_ R . 47 5 s
/070 ekzi + kzliZU(Gkalia elkZQia d) v ( ) _1 + G'n(Ckalnnm Ckz?nnm d)R'I;(Ckznnm kzlnrn,)
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. <6km‘k/mm _ kaikaim bation theory, since scattered fields at a particular angle [i.e.,
k2 k2 o (n, m)] are directly proportional to the amplitude of a partic-

Gole2kz1nm, €kz2nm, d) ular surface Fourier component. Equations (50)—(53) are iden-

L + Gyleakztnm, k2nm. d)} tical to those in[12] when backscattering is considered but apply
Goleakani, €hni, d) for general bistatic scatte_ring angles. _ _

[1 ¥ Goleakori, ckoni, d)D (53) A second order correction to the specularly reflected fields in

region zero can also be derived as

for a vertically polarized incident field. In the above equations,

¢i » ands; ,, represent the cosine and sine functions = Z Z i, 295 (Rt K ans bym) — (56)
Cin = — (54) @ . _ _
pifvpnm where¢ = « or 3, andg< is a corresponding function. For a
- kikym — kyikan (55) horizontally polarized incident field, see (57) and (58), shown at
' k ik prim the bottom of the page. For a vertically polarized incident field,

see (59), shown at the bottom of the page, aﬁbhs 1times
while the terms in brackets are due to the presence of the I@f) for horizontal incidence in (58). The above results reduce to
ered medium. Note these terms become unity as the reflectiottet second order specular reflection coefficient corrections de-
z = —dvanishes (i.e(7;, andG, approach zero), and first orderscribed in [2] when the reflections at= —d vanish, except for
results for a homogeneous medium are obtained. These resaltsinus sign difference in cross polarized terms due to differing
illustrate the “Bragg scatter” phenomenon of first order pertucoordinate systems.

(2) _ —Zk,zZ(k(% — k%) k. ‘Z} (/i'» o d) + kznnlkzlnnz(l - G)Z'U(Gkalnrn; 6kz2nrn; d)
(kzi + kzliZh(kzliv kz?iv d))2 HTERAREL T2 6kznrn + kzlnnlzv(62kzlnnlv 6kz2nnlv d)
< k(2) - k]? kznnlkzlnnl(l - 6)Z'U(62kzlnrna 6kz2nrna d) ) }

Eonm + kz1nmZn(kz1nm, kz2nm, d) €kznm + K1nmZy(€2k21nm, €kz20m, d)
@ —2k.i (kg — k7)
 (ekai + ki Zo(eakoai, e1kaoi, d)) (ko + ko1 Z0(kovi, ke2iy d))
koii(e — 1) Zy(e2k.1i, €1kz24, d)

. {—Si NCi7n kznrn + kzlnrnZh(kzlnrna sznrna d)

. <—k0 n konmbtnmZo(€2k1nm, €kz0nmy @) (Kenm + ka1nmZn(z1nm. Ka2nm. d)))

kO(ekznrn + kzlan,U(egkzlnm, 6kz2nrna d))

ek pikpnm (Bznm + Ezinm Zo(€2k-1nm, ¢hz2nm, d))

kO(ekznrn + kzlan,U(egkzlnm, 6kz2nrna d)) } )

—Si,n (58)

9@ N (Ckzi + kzlizl;(Ckalia ClkZQia d))2 kQ(Ckznrn + kzlnrn 'zi(Ckalnnm Ckz?nnm d))
kgli(Z'v(Gkaliv le,:/in d))2(1 - 6)
kznrn + kzlnrnZh(kzlnrnv kz?nnlv d)
26kpik/mrnkzliz'v(62kzli7 elkz%v d) kznrn + kzlnrnZ'U(Gkalnrnv 6kz2nnlv d)
Ci,n
’ k2 sznrn + kzlnrnZ'v(Ekalnrnv Gk,’:?nnlv d)
+C2 < kgli(Z'n(Ckalia ClkZQia d))2(1 B C)
" kznrn + kzlnrnZh(kzlnrnv sznnlv d)
kglikznrnkzlnrn(l - G)ZU(Gkalnrnv Gk,’:?nnm d)(Z'v(Gkaliv le,:/in d))2
kQ(ekznnl + kzlnrnZ'U (62kzlnnlv 6kz2nnlv d)) )

(2) _ _2kzz(k(% - k%) { _CkQ k%nn)( 1)

_EkzliZ'v(Ekaliv le,:/in d) -

Ly N

(59)
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Polarimetric brightness temperatures of a periodic surfaoéthe radiometer polar observation ang@lethe radiometer az-
can be calculated through the application of Kirchhoff’s Law imuthal observation anglg;, the layered medium properties
€2, andd, and the integration variablé§ and¢’. Note also thata

Lo L=rn coordinate shift has been made in the above integragitumc-

Tg = 1;?'” =T, 1 _)“‘ (60) tions are evaluated as in (61), except that = k.;+ &/, cos ¢/
v —Tu andk,,, = ky; +k/, sin ¢'. The dependence of tligfunctions

Iy v on ¢’ — ¢, is found from (61), and the dependencesgris re-

whereT’s;, and T, are the brightness temperatures measur8:ced by a dependence & and R, atz = —d in the case of

by horizontally and vertically polarized antennas, respectivefy,9eneral layered medium. Equation (62) expresses the bright-
Ty andTy are proportional to the real and imaginary parts dt€SS temperature of a layered medium bounded by a slightly
the correlation between fields in horizontal and vertical polafoudh interface in terms of the brightness temperature of the

izations, respectively ([2]), arifl, refers to the layered medium!@yered medium with a flat interface and a roughness correc-

physical temperature in Kelvin (assumed constant throughd{@"- The roughness correction is obtained through an integra-
the layered medium). Total reflectivities for the periodic sufion Of the surface power spectral density weighted by the

face to second order in surface height are shown in (61), %{V€ighting functions, which are distinct for each polarimetric
the bottom of the next page, where the first term is the refleguantity. Studies of these weighting functions therefore allow
tivity of the layered medium with a flat interface, and the folth€ Physics of rough surface thermal emission to be examined
lowing two terms are the Bragg scattering and reflection codpdependent of the particular surface power spectral density and

ficient correction contributions, respectively. In the aforemerf'® considered in the next section.

tioned equations, the subscripté and hv refer to g, func-

tions with horizontal incidence and vertical incidence, respec- V. STUDY OF WEIGHTING FUNCTIONS FORISOTROPIC
tively, while vh andvv refer to gs functions with horizontal SURFACES

mations are in terms of sums over the periodic surface powgjnsidered (i.e., one with no directional properties) so that

spectral densityfu,, m|? and can be combined into a single termynd 1 brightnesses are zero [2] and so that the roughness cor-
that expresses the correction to brightness temperatures caysgfion becomes

by surface roughness. In the limit that surface periods become

large compared to both the electromagnetic wavelength and any 00 27
roughness features, the sums can be replaced with integrals ovdm = — Ts </ dk kW (k) / dg’
the continuous power spectral densWy(k.,, — kui, kym —

kyi) = (|l m|?/8kn6k,), Wheresk, = (2ir/P,) andsk, = by (O e er di o — @))
(2n/P,). The final result for continuous surface brightness tem- -
peraj;ures i_s sh(_)wn in (62), at the bottom of the page, Wr_lere the _ _ T, </ AR KW (K )3y, o(fs 0, € e2r dy K ))
newg functions include both the Bragg scatter and reflection co- ree preT r
efficient correction terms described previously and are functions (63)
Th | R |? |9£h;(kznm)|2 + |9r§;(kznm)|2
T _ |RVI 2 + Z Z |hn nl|2Re{kzn"l} L |g}w (Ifznrn)|2 + |g'h"h‘1(kznrn)|2 .
0 T k| 2Re{g) (Rann)gg) (Ran) F 963 (Bnn) 94" (R}
o, 1 1)=* 1 1)*
v 2Im{9}(w)(kznm)9£h) (kznm) +9'1(f'v)(kznnl)giib) (kznm)}

% 2
2Re{ Ry 9v0 (uis byis bany Kym)}

IRe{ R 1952 (Kuis ki ks kym

£330 S bl 01050 (s iy o, K] (61)
m n 2RE{(RHI - RVl)gthU (kl‘w kylv kl‘fn kym)}
2Am{(R%, + R )9 (knir kyis Kany Kym)}
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TV 0 gV(fa 97‘,, €, €2, da k;;a d)/ - ¢7)
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wherey = h or v. Studies of the;, o functions reveal further
simplification if a factor ofk3 is removed

W
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£

N
(=]
N

ATp, = —Tsk3

</ kLKW (K)) G, o(6is €, €2, kod, k;//fo)>
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pend on frequency if length scales relative to the eIectrome% 10 —
netic wavelength (i.ekod andk’ ./ ko) are considered.
tended to model a clay medium at 3 GHz with upper and low & 20 i
layer moisture contents of approximately 20 and 5%) and f“:

. i ! " log. (X ;) log, (k /k
Signs of these functions (defined &4 for positive values and %0 29y )
—1 for negative values) are displayed in Fig. 2 plot (b), W|t't1Ig 2. Weighting functions for a wo layer medium with = 30°,
valued Welghtlng functions obtained ﬁﬁ/ko becomes small weighting functlonsy . (d) Magnitude ofwelghtmgfunctlorys . Note the
(large length scales in the spectrum relativéJoNotating the sign curves are shifted b2 and—2 for h andv polarizations, respectlvely

illustrating that the; weighting functions do not explicitly de- _

Fig. 2(a) ploth,L o andg gb o versusk’/ko for a two layer
medium withd = 0.1\, ¢ = 7.5 + 40.67, ¢ = 3 +¢ 0.08 (in-
0; = 30°. Logarithmic scales are used for both the horizont.‘:‘:g;30 . -
and vertical axes to enable a large range of scalestobe obserz -3 -2 -1 12 3 5 2 -1 0 2 3
the g gh o andg, o sign curves shifted by-2 and—2, respec- ¢ = 0.1\, = 7.5+i 0.67 ande> = 3 +i 0.08. (a) Magnitude of weighting
tively, to enable them to be distinguished. Note the constdnmCtIOHSJ .o- (b)_Sign of weighting functiongj, ;. (¢) Magnitude of
value of this constanta},sy olb;, €, €2, kod, 0), Fig. 2 plots (c)
and (d) illustrate the scaled dlfference functions
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and their signs, respectively. Roughness induced changes
brightnesses can then be rewritten as
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=T, < 50,0 (B € @2, kod, 0) = 2 L ,
£ -30 =
/ ARy KW ()35, (03, €, €, kod, k’//w)) CONE B = (TR

whereh? is the surface height variance. The above equatibf§:- 3- Same as Fig. 2, butfeg = 7.5+ 0.67.
showstha§ o(8;, €, €2, kod, 0) indicates adependence on the
surface varlance wh|Ig s(0:, ¢, €2, kod, k,/ko) represents  Toclarify therelationship betweenemissionforaroughsurface
a function that weights the spectrum in computing the surfabeunding, a two layer medium versus a homogeneous medium,
slope variance. Fig. 3 (a)—(d) illustrate the same functions as in Fig. 2, except
Fig. 2 (a) and (c) both show the “critical phenomena” effectqat ¢, is modified to equat, so that a homogeneous medium
[17] observedinthe homogeneous medium case, and the vertiédbts below the rough surface. Note the dramatic change in plot
lines included in plot (c) mark the boundaries of the region withia), as the constant-valued weighting functions for siigiko
which critical phenomena can occur. As in the homogeneons longer occursmcg o(bs, ¢, ¢, kod, 0) = 0.Thus,witha
mediumcase, Fig. 2 (c) demonstratesthatlength scales both mh'@l”hogeneousmedlum asurface heightvariance-dependentterm
larger than or comparable to the electromagnetic wavelength ¢aAot obtained, resulting in a small slope approximation[7]. Asiis
contribute to the roughness-induced correctionthrgugh The  evident from Fig. 2 (a) however, height-dependent terms do not
importance oﬁ contributions, however, depends strongly oranishinthe layered medium case, and the theory remains asmall
themagmtudeofth@xoh?/%r)gw olb;, €, €2, kod, 0)product. heightexpansion.
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Fig. 4. Surface height dependent te(rhnyw)émo(Hi, €, €2, kod, 0) for the
layered medium of Fig. 2 versusd. Fig. 5. Second harmonic weighting functions for a two layer medium with
f; =30°,d = 0.1\, e = 7.54i 0.67, and; = 3 4 0.08. (a) Magnitude of
weighting functionsgy, 2 (b) Sign of weighting functiong , ,. (c) Magnitude
Note also that the magnitude of the height variance-def-weighting functions;., ,/(k//ko)?. (d) Magnitude of weighting functions
pendent correction is determined By  (6;, ¢, €2, kod, 0), 95 2/(k,/ka)*. Note the sign curves are shifted #8, 0, -3, and—6 for 1,
. . . ’ . ), U, andV polarizations, respectively.
which remains a function of the layered medium propet:
ties. Thus, convergence of the series is not determined by
rough surface parameters alone. An estimate of the acwhenf}%O(ei, €, €2, kod, 0) vanishes unless the physical con-
racy of the second order correction for surfaces with smdiguration approaches that of the homogeneous medium (i.e.,
slopes can be obtained by examining the magnitude of theyion one becomes sufficiently lossy to obscure reflections
(kgh?/2m)g., o(bs, €, €2, kod, 0) product. Small values of from region two.)
this product €0.025) should indicate that the second order
require a higher order theory in order to obtain accurate SURFACES
predictions. Fig. 4 plots(1/2r)g. o(6;, €, €2, kod, 0) for

the two layer medium above as a function /gfl. Note the For surfaces that are not symmetric in azimuth, brightness

periodic increases that occur. A reasonable prediction tgmperatures become a function of the radiometer azimuthal ob-

roughness-induced corrections can still be obtained for depfifgvation angle; and/, andV" polarimetric brightnesses be-
at which (1/27)d. o(6i, ¢, e, kod, 0) becomes large, but come nonzero. In this case, the roughness-induced correction is
v, (] ’ ’ ’

a correspondingly smaller surface height variance would ,

be required. A verification of the suggested convergence _ R o

test was performed through comparison with a numerical Alpy = -1, o dkk, AWk, &)
solution of the SPM equations as described in [18], which R .

enabled the fourth order correction to be determined. Choosing Gy(f, 0i, €, €2, d, K, ¢ — (/)i)) (67)
[(1/2m)kgh?g., o(6;, €, €2, kod, 0)] < 0.025 [or equiva-

lently, kh < (0-4/\/@%0(91‘7 €, €2, kod, 0)|)] was found wherey = h, v, U, or V. The above expression can be

in several tests to provide fourth order corrections signifsimplified as described in [17] through an expansion of both
cantly smaller than second order, although cases in whigh(k), ¢') and g, into Fourier series in azimuth. It is also

G- 0(bi, €, €2, kod, 0) vanishes remain problematic and reassumed that the surface spectrum contains only even cosine
quire careful consideration. Tests of the higher order theomarmonics. The resulting expression for the roughness-induced
indicate that a small slope expansion is not necessarily achiewedrection is shown in (68), at the bottom of the page, where

> . - 2C08(n<f)i)/ dk! k! Re { g, (k) /ko)} Wi (k)
dk’ k! K. [ko)Wo (K, Pep VAt ,
ATp., = ~T,kj /0 oty Rl +3 0 ~ (68)
0 n=1 | —2 sin(ne;) / dk K Im { g, (K, ko) } W (k)
0
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the upper row applies for andv brightnesses, while the lower £ 5 (a)
row applies for/ andV'. In the above equation §
[ 51
@
z / 1 o ! ing ~ AV 8 Hi
g’y,n(kp/kO) = ﬁ d¢ 2 g"/(fv eiv €, €2, d7 kpv d)) o
oJo T e - )
(69) _‘ué 0 — Layered
g’ --- 10 x Homogeneous |
and is also a function df;, ¢, e, andkqd, while §'1o 10 20 30 20 50 60 70 80
Observation angle (deg)
1 e g, (b)
Walky) = o | ddle "W, #).  (70) 8
r 27r 0 4 ..3
[l
EoAr
Equation (68) demonstrates that particular azimuthal haid
monics of polarimetric brightness temperatures [i.e., the 0
cos(n¢;) and sin(n¢;) terms] are given by integrals of a (5,,
distinct weighting function for each azimuthal harmonicé |

: ! ioli i i = 0 10 20 30 40 50 60 70 80
(9, n(K},/ ko)), mglhphe/d with the corre;pqndlng surface Obsarvation angle (4g)
spectrum harmoni@,, (k/,). Under these definitions, the zeroth
harmonic weighting functions are identical to those considereg 5. comparison of roughness induced brightness corrections for a two
in Figs. 2 and 3. layer medium withi = 0.1\, ¢ = 7.5+i 0.67, ande, = 3 +i 0.08 with a

Fig. 5 plots the second harmonic weighting functiongomogeneous medium = 7.5+ 0.67 versus radiometer polar observation
’ angle. The surface has an isotropic Gaussian roughness spectrurha with

Re{g, »} forh aqdv ano!hn{g% o} for U qndV V?rsugf.,/o/ko 0.01\ andi = A. (a) Horizontal polarization and (b) vertical polarization. Note
for the case considered in Fig. 2. Plot (a) in this figure illustratéist homogeneous medium results are multiplied by ten in these plots.

the magnitudes of the second harmonic weighting functions in
dB, while plot (b) illustrates their signs. Note again the fo
sign functions are shifted in steps of 3 to allow the curves
be more easily distinguished. The constant-valued weighti

; p T ;
functions for smalls, /ko observed in Fig. 2 are not obtameqhe amplitude of roughness corrections and in their variations

in this case, indicating that the second order SPM producea”?h observation angle. Homogeneous medium roughness cor-
surface slope-dependent term for second azimuthal harmon}%

. ) S ) fektions plotted in Fig. 6 are multiplied by ten to make their
Plots (c) and (d) of Fig. 5 illustrate the weighting functions dl\'/ariations more clear. Height-dependent factors for all the cases

. VARG . : y
;/r:dedl by(ké/ko) (,jas n p*otsl ©) anctjh(d)t(;]f F'gh' 2 aLr;ddconﬂr(;nshown were found to be0.006, so that the second order cor-

€ slope dependence. A siope rather than height dependeiis, should be accurate. Clearly, the presence of a layered
for azimuthal harmonics witlh > 0 would be advantageous,

i ) . . medium below a rough interface can cause large changes in the
particularly in studies of sea surface emission. However, furtq Huence of surface roughness on the medium boundary. Bright-

]Eeﬁts W'thﬂfhe numgrlcal_ Spll\él SOLUt'On d(?r?atm’ !mp[;mlel:t ss temperatures for the flat surface medium are of course sig-
oflowing the procedure in [ ].) showed that azimuthal | alrﬁificantly different in the homogeneous and layered medium
monics withn > 0 depend directly on the surface heigh

ases as well.

variance at. fou'rth and higher. orders. Thus,'the theory rema}msi:ig_ 7 illustrates the dependence of roughness induced emis-
an expansion in surface height for all azimuthal harmom%?,on corrections on layer depth The configuration is the same

of surface brightness temperatures, even though the Sec%@?hat of Fig. 6 and for polar observation anglé 3te the os-

girrdeirtlsri?] 3';&'/2””?; zlrrg::t:ileri];r:;n\?anr:gig:/emP?egigt(i)c?r?sng: trlc)illatory pattern observed versus depth, indicating the presence
second order theory for second harmoni(': coefficients werqg coherent effects that are not disrupted by the gmall roughness
found adequate in cases for which the convergence requiremug?d' Homogeneous_medlum roughngss corrections for this case
specified in Section IV was satisfied S _Iess than 0.02 K in both pola_rlzatlons_._ _

' Fig. 8 plots second harmonic coefficients of brightness
temperatures versus observation angle for surfaces with an
anisotropic Gaussian roughness spectrum with0.02\, [, =

To illustrate the influence of layered media on roughness-ifi-54, and!, = 1A, wherel, and{, represent the correlation
duced emission corrections, sample brightness temperaturedemgths in the: andy directions, respectively. Parameters of the
considered in this section. Fig. 6 illustrates results for surfackeyered medium are the same as those of previous examples,
with 7, = 283 K and with an isotropic, Gaussian roughnesand again layered medium results are compared with those of a
spectrum, completely characterized by the root mean squaheanogeneous medium. In this rougher surface case, height de-
(rms) surface height and correlation lengthparameters. Note pendent factors remaia0.025 for all cases illustrated, so that
a Gaussian roughness spectrum is not necessarily realisticfecond order theory predictions should be reasonable. Again
soil surfaces, but is commonly applied in theoretical studiéise results show that the presence of a layered medium can
due to its simplicity. Roughness induced brightness temperause significant changes in azimuthal variations of brightness

ture corrections for the two layer medium considered in Fig.t2Bmperatures, although the differences are smaller than those

YWnd forh = 0.01\, I = X are plotted versus observation angle
}R Fig. 6 and compared with those for a homogeneous medium
h e = ¢. Note the significant differences observed, both in

VI. SAMPLE RESULTS
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effect of surface roughness on layered medium brightness tem-
peratures. Typically, surface roughness corrections are expected
to be small in microwave passive remote sensing, but current
sensors are sufficiently accurate to observe these variations in
many cases. Understanding and including rough surface effects
in retrieval models can therefore potentially lead to more accu-
rate sensing of layered medium parameters. The modification
proposed in [12] for modeling scattering from a finite size ob-
ject buried beneath an interface can also be applied in the emis-
sion equations to produce an approximate emission theory for

Roughness (lzorrection (K)

-2

—3f — Horizontal .
- - - Vertical

-4 L 1 1 )

0.1 0.4 0.5

0.2 0.3
Layer depth (wavelengths)

a finite object buried beneath the ground. Studies of microwave
radiometry for buried object detection like those of [10], [11],
but including rough interface effects can therefore also be per-
formed with the theory developed.

Finally, note that the change from a small slope to small
height theory in the layered medium case raises some inter-

esting issues, in particular regarding the magnitude of a change
Fig. 7. Layer depth dependence of roughness induced brightness correctihpermittivity in the medium required to introduce a significant

for a two layer medium witle = 7.5+ 0.67 ande; = 3 +7 0.08 at 30 polar
observation angle. The surface has an isotropic Gaussian roughness spe
with h = 0.0\ and! = A.

height dependence. This question can be important in studies
Bt'Tea surface remote sensing, since the height variance of sea

surfaces is typically very large with respect to the wavelength at
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Fig. 8. Comparison of second harmonic brightness temperatures for a two[6]
layer medium withd = 0.1\, ¢ = 7.5+: 0.67, andez = 3 +: 0.08 with a
homogeneous medium = 7.5+: 0.67 versus radiometer polar observation

angle. The surface has a Gaussian roughness spectrunh witld.2\, I, = (]
0.5\, andl, = A. (a) Horizontal polarization, (b) vertical polarization, (c) U (8]
brightness, and (d) V brightness.

[9]

of Fig. 6 due to the absence of a height variance dependence in
the second order prediction of second harmonic coefficients. [10]
VIl. CONCLUSIONS ]
Expressions for slightly rough surface-induced corrections télz]

layered medium thermal emission have been derived through
the small perturbation method in this paper. Results show that3!
an expansion in surface height, as opposed to surface slope, is
obtained, but accurate predictions can still be computed fromi4]
the theory as long as the specified convergence rules are fol-
lowed. The theory can be applied to problems in the remote; 5
sensing of soil moisture, sea ice, or sea surfaces to assess the

higher microwave frequencies, making a small height theory of
sea surface emission impractical. The convergence expressions
proposed can be applied to address these questions for a speci-
fied layered medium, but a more accurate emission theory will
be needed in cases for which the convergence requirements are
not satisfied.
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