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Abstract—Combined volume scattering with rough surface scattering
effects in passive microwave remote sensing of wet snow is studied
in this paper. The dense medium radiative transfer (DMRT) theory
with quasicrystalline approximation (QCA) is used to describe the
volume scattering model for densely distributed sticky coated dielectric
particles. The Numerical Maxwell Model of 3D simulations (NMM3D)
is used to simulate the rough surface bistatic scattering and emission,
and the bistatic scattering coefficients and emissivity of the rough
surfaces are utilized as the boundary conditions for the DMRT. Full
multiple scattering solutions are calculated by solving the DMRT
numerically. Wet snow model is adopted in this paper, the results
are illustrated for a layer of wet snow over a moist rough ground at
18.7 GHz and 38.5 GHz.

1. INTRODUCTION

In microwave remote sensing of snow, there are volume scattering
from the ice grains and surface scattering of the interface between
snow and the ground. The combined volume and surface scattering
were treated by classical radiative transfer theory with rough surface
boundary conditions based on physical optics or small perturbation
methods in the past [1, 2].

The two effects are combined by using the DMRT with rough
surface boundary conditions of NMM3D [3] in this paper. For
volume scattering, the DMRT is used based on the QCA for sticky
coated dielectric particles that can be of moderate size compared
with wavelength. The DMRT theory includes the effects of correlated
scattering and coherent field interaction in the near and intermediate
field range [4]. For rough surface scattering, in the past, analytic
methods such as Kirchhoff approximation or small perturbation
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method [1, 2] were utilized. However, with the advances of more
powerful computers and more efficient computation methods, we
calculate the rough surface effects through numerical solutions of three
dimensional Maxwell equations. The NMM3D simulations are based
on the sparse matrix canonical grid method (SMCG), which is a fast
method of solving the matrix equation associated with the method of
moments [3]. The Gaussian random rough surfaces with exponential
correlation functions are used because they are more applicable to
land surfaces than Gaussian correlation function [5]. The Rao-Wilton-
Glisson (RWG) basis functions are used in NMM3D to improve the
accuracy of the solution particularly in relation to energy conservation
[5].

In order to simulate remote sensing of wet snow, effective
permittivity of wet snow is important to be exactly known, which has
ever been calculated by strong fluctuation theory in recently year [6], to
effectively describe the wet snow model, the dense medium with coated
particles is considered in this paper. The coated particle consists of
two layers within each the permittivity is constant [7]. For a medium
with densely distributed coated particles, such as melting snow, wet
snow and composite materials with coated granules, the model can be
used to study waves propagating within it.

In Section 2, the DMRT theory, the rough surface boundary
conditions and the bistatic coefficients of rough surface scattering
obtained by NMMS3D incorporated in rough surface boundary
conditions for DMRT for passive microwave remote sensing of wet
snow are described. Meanwhile, effective propagation constants and
attenuation rates in media with densely distributed coated dielectric
particles pertinent to wet snow are introduced. In Section 3, results for
passive microwave remote sensing at 18.7 GHz and 38.5 GHz of a layer
of wet snow overlying a rough moist soil ground are illustrated. In order
to study rigorously the frequency dependence of microwave signatures,
the same set of physical parameters of grain sizes, fractional volumes,
and rough surface rms height and correlation lengths for both 18.7 GHz
and 38.5 GHz is used to calculate the brightness temperatures.

2. METHODOLOGY

2.1. Dense Media Radiative Transfer Model for Volume
Scattering

In the DMRT model for wet snow, the sticky coated dielectric particle
model is used, where the snow grains are allowed to stick together
to form clusters. Distinguishing features of the dense media model
are: first, although the particles are small compared with wavelength,
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due to the aggregate nature of the sticky particles, the frequency
dependence of volume scattering is weaker than that by classical
Rayleigh prediction of frequency to the fourth power. Secondly, the
mean cosine of the scattering is not equal to zero in contrast to the
classical Rayleigh phase matrix. The pair distribution functions of
sticky particles are used [3, 5].

air

moist soil

Figure 1. Geometry of the problem for simulations with DMRT
model.

For the wet snow layer overlying ground with a rough moist soil
surface under consideration, it was modeled by a slab of densely-
distributed sticky spherical ice coated with thin water film and
embedded in a background medium of permittivity e (air)(Fig. 1).
Its effective permittivity is 1. The layer thickness is d. The moist
soil has a permittivity ¢, = 5’9 + 5;. The DMRT equations for passive
remote sensing are in the following form [2]:

Ty - 3 = -
cos Gm = —kely(2,0) + /2 df' sing - P(0,0") - I,(z,0")
z 0
+/ a9 sing’ - PO, 70 -Ty(2,0)+ra-CT (1)
0
dl4(z,0 - 3 = -
— Cos 9% =—kela(2,0) + /2 df'sin@ - P(m—0,0') - I,(z,0)
2 0

+/5d9’ sin @' P(r—6, 7—0)Ta(2,0)+ra-CT (2)
0
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respectively, the vertical and horizontal polarization directions of the

incident wave, T is snow’s brightness temperature, ke, kq, P are snow’s
extinction rate, absorbing coefficient and phase matrix respectively
[3,8,9]. They are calculated by using QCA theory. Using the same
theory, the effective propagation constant of wet snow is calculated,
which depends on fractional volume, diameter and permittivity of the
water-coated ice. The effective permittivity €; of wet snow is equal
to the square of the ratio of its effective propagation constant to
the propagation constant of air. Upon discretation using Gaussian
Legendre Quadrature in the discrete ordinate-eigenanalysis method,
the DMRT equation can be approximated by a quadrature formula as
follows

_dI Z, — = — = —
AT e L)+ 8 Plus) - Tz
+a - Pp, =) - Ta(z,—p') + kg - CT (3)
_dI (=, - _ = -
# dc(iz B ~Fe - La(z,p) + @ P(—p, i) - Lu(2, 1)
+@ - P(—pt, =) - Ta(z, =) + b - CT (4)
where
o -
12
S| 0 = ; = cosb;
M= 0 ﬁ » Ho/h = L M = i
L UN ]
1 =1,...,N, a; is the Christoffel weighting functions. There are 2N
w; values and 2N «; value, p; = —p—g, ; = vy .
At the surface between snow and air (¢ = 0), the boundary
condition is
Td(.uvz = 0) :TZIOTU(:UHZ = 0) (5)
where T = [ ? % } is the flat surface’s reflectivity.

At the rough surface of soil (z = —d), the boundary condition is

T,(0,2=—d) -cost =7, - I14(0',2 = —d) - cos @
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z 27
+/2 df sin 9-/ do'5ic(0, 0,0, ¢")-cos - 1,4(0', 2 = —d)+€(0) Ty cos 0
0 0
(6)

] are the coherent

w0 o
~h

0 A7 ,.Yifév ,yzhch )

and incoherent bistatic scattering coefficients of rough surfaces. € =

]andﬁ:

where 7, = [

{ 66’ % } is thermal emissivity of the rough soil surface, and 7} is
soil’s brightness temperature.
We set
S / 2 — o
L'ie(0,0') = ; deie(0,9,0",¢" = 0) (7)

cos®-I,(0,z=—d) =cosf-75a(0) - I4(0,z = —d)
2T N
+ dfsinT;.(0,0") - cos0' - 14(0,2 = —d) +€(0) - T,cos6 (8)
0

Applying discrete ordinate-eigenanalysis method, the rough surface
scattering boundary condition equation can be approximated by a
quadrature formula as follow

Lu(pz=—d) = () +F @ Tl i) - 1) - Talp, = = —d)
+e(p) - Ty

Define L — =
Tz = —d) = (Felw) + 5@ Ticlpop) ) (10)

yields

Iu(:“’az - _d> = ﬁ(lu’az = _d) ) [d(/%?«’ - _d) +§(/’L) ’ Tg (11)

2.2. Numerical Implementation of Rough Surface Boundary
Conditions

A tapered plane wave [3,5] impinging from wet snow onto the moist
ground is considered in Fig. 2. The ground and snow interface has a
random height profile. The incident electromagnetic wave is tapered
so that the illuminated rough surface can be confined to a finite size.
Numerical simulations of Maxwell equations are performed by the
NMM3D, in which the PMCHW formulation with RWG basis functions
is used [3, 5], and the SMCG fast matrix solver is adopted.
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Figure 2. Geometry of the rough surface problem for simulations with
NMM3D model.

The bistatic scattering coefficients are normalized by the incident
power by using NMM3D, which are subsequently used in the boundary
conditions of DMRT model. The bistatic scattering coefficients are [3],

2

Yas(Os, 0s; 0i, pi) = I P (12)
B

where a and (3 are the polarizations of the scattering and incident
wave, respectively.

Unlike infinite surfaces, the coherent scattering from finite surfaces
is bistatic. In the simulations, the coherent bistatic scattering
coefficients from the finite surface are calculated by

ngﬂ(‘gs’@s;aia@i) = 2‘1<71E—1%ZC (13)

where () denotes ensemble average over realizations. Incoherent
bistatic coefficients from the finite surface are next calculated by
subtracting the coherent scattering from the total scattering

Vi3 (05, 05305, 01) = Yap(0s, 053 05, 05) — Vo (0s, 05305, 03)  (14)

To obtain the coherent reflectivity for ”infinite” surface, the coherent
bistatic scattering coefficients of finite surfaces over scattered angles is
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integrated. The coherent reflectivity at incident angle (0;, ;) is

z 27

3, .
vel6i, i) = /0 sinfudd, [ dpatpOupibip)  (15)

Emissivity of the rough surface at incident angle (6;, ;) is
transmissivity, which by reciprocity and energy conservation, is equal
to

ea(9i7 SOZ) =1

z 27
2,
_/0 sin 0,df 0 d‘Ps ('Yha(em@éeia@i) +7va(957‘10s;9i790i)) (16)

When applying discrete ordinate-eigenanalysis method to the DMRT
equations (3) and (4) and rough surface boundary condition equation
(11), a4, pii=1,...,n) Will be used. In general, the choice of the order of
quadrature N is dependent on the angular variation of the integrand.
N = 16 is commonly chosen in the simulations. There are 16 incident
angles (0;, p;). Assuming azimuthal symmetry, we can take ¢; equal to
0. For each 6;, 7,5 (05, ©s;0i,0; = 0) owns 16 65 and many ¢,. Then

we use integration over os to get T;.(fs,6;) as indicated in Eq. (7).
The surface area needs to increase when the incident angle increases
[5]. In the simulations a surface of area 8 wavelengths by 8 wavelengths
is used, which is not large enough when the incident angle exceeds 60
degrees. However, since the forward scattering in the specular direction
dominates and resembles that of flat surface when the incident angle
is large, for incident angle larger than 60°, flat surface results are used
for the boundary conditions of the transfer equation.

2.3. Effective Propagation Constants and Attenuation Rates
in Media of Densely Distributed Coated Dielectric Particles
for Wet Snow Model

In general, a numerical technique is required to solve for the effective
propagation constants when particle sizes are comparable to or large
than wavelength. The case of moderate size coated particles (Fig. 3)
will be illustrated using the quasi-crystalline approximation in this
section. The QCA multiple scattering equations and dispersion
relation are formulated in term of the T-matrix formulism and vector
spherical wave function is utilized as basis functions [10].

—=inc ,__

Let ™ (7) be the incident electric field in a medium with multiple
species of N particles, and Ef(?) the scattered field from the jth
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Figure 3. wet snow model.

particle. The total field at a point 7 is the sum of the incident field
and the scattered fields from all the particles.

EF) =E"F) + Z E (17)

the scattered field Ej (7) is related to the jth particle exciting field
E°(r) by

=€ =5\ =e,_

E(F) =157 (7) - £5(7) (18)
where Tjj is the transition operator for particle j of S; species. The

exciting field for the jth particle can also be expressed as the total field
less its own scattered field,

I#j I#j

Under the quasicrystalline approximation, the integral equation for the
conditional average of the jth particle exciting field, <F§ (?)> s
J

<F§(?)> E™( Z / dry - gs;s,(T1,75) - T, <El€(?)>l (20)

J

where T’ <E23 (F)>l is the field scattered by a scatterer of S; species at
7; when excited by the field <Ele (F)>l.
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For a plane electromagnetic wave normally incident upon a half-
space of spherical scatterers, the incident field EMC(F) = e** and the
scattered field Tlsl <Fl€ (F)>l can be expanded in vector spherical waves
as [10]

—=inc ,_ ikzs > " — o — .
B0 o8 5 T, a7~y iy
+Ry - N1n(k7T;) + Ry - N_1,(k77;)] (21)

T (Bim), = X 3 [T a8, (1) - Mun(hr)

n=1lm=-n
+TWMst b9 (2)) - N (k777)] (22)

where RyM , (k77;) and RyNyn (kTT;) are regular vector spherical
wave functions, and M, (k77;) and N, (kTT;) are vector spherical
functions with spherical Bessel function j, replaced by spherical Hankel
functions of the first kind h,, [10]. The symbol 77; is used to denote the
vector pointing from 7; to 7. The quantities ajl,, b3, are unknown

M N
expansion coeflicients. The scattering coefficients Té )si and T, ,(L )5

in Eq. (22), for coated spherical with outer radius ag,, inner radius
bs,, core wavenumber ky,, and shell wavenumber k,,, are those of Mie
scattering [11] (Fig. 3).

L% = ~{lps, -
- [[CS, '
/Alps, -
- [[Csl :

= —{lps; -

- [[(sl :
Cs, -

in(ps)) [n(Cs) + BRt - yn(Cs)]
jN(CSL)] + BSZ [CSz ) yn(CSz)” jn(pSl)}
hn(ps))] [n(Csi) + Bt yn(Csy)]
in(Cs)) + B (s yn(Cs))] Bnlpos)}  (23)

(N)s, .

n J

in(Cs)) + ARt G, (G| P, - n(ps)}

ha(ps))' 3, [dn(Cs) + AT - yn(Cs))]

n

w(Co)) + AS - [Cs, - yn(Cs))) ] 2, - ()} (24)

~

{lps,

(s )V G, [in(Cs) + AT - ya(s)]
- [ CS[ !
where

po_ [6si-3n(€s)] - gn(ns)) = [ns - dn(ns)] - jn(&s:)
" (€, - yn (€)' dn(ns,) — [0, Gn(m8)) - yn(Es,)

(25)
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s &5 dn(€) 8, - dn(ns) — s, - n(ns))] €5, - g (€s:) (26)

(€50 yn (€)' 0, - dn(ns,) — [ns, - Jn(ns)) €G- yn(Es)

and y,(-) is the spherical Neumann function. The symbols pg,,(s,.&s,
and ng, are defined as ps, = kas,, (s, = kquas,, s, = kqbs,,
ns, = kp,bs,, respectively.

To solve Eq. (20), assume the trial solutions

asl(z) = apeK% (27)

Si iKz:
bb (25) = Bube (28)
with K being the effective propagation constant. @ The vector

translational addition theorem is used to expand the spherical vector
waves My, (k77;) and N,,(k77;) about 7; as center in terms of the

regular spherical waves RyM ,(k77;) and RyN,,,(k77;). Equating
terms with the same Ry M, (k7T;) and the same RyN ,, (kTT;) gives
the following relations [10].

. L oo
v M S N S
S R A R
1=1n=
and
L oo oo
Xit= =20 3" 30N ng, (20 + 1)[Ly(k, K|Rs,s,) + My(k, K|Rs;s,)]
S;=1n=1p=0
AT 5 XS a1, m] = 1,vip) - A(n, v, p)

N
+T0 % YS - a(1in| — Lvlp.p — 1) - B(n,v,p)} (30)

L oo 00
Y= =21 3" 30N ng (2 + 1)[Ly(k, K|Rs;s,) + My(k, K|Rs,s,)]

S;=1n=1p=0
(M)Sl S
x{Tn -X1n'a(1,n|—1>V‘pap—1)'A(n’V’p)
N
s Yl -a(1,n| = 1,v|p) - B(n,v,p)} (1)

where the coefficients Xful and Yﬁl are related to the trial solutions
afL and ﬁfll, by, respectively

S; 2" S;

Xy = =0,
Var(2v +1)

(32)
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S; 27" S;
}/11/ \/mﬁly (33)
The expressions for —a(m,n|u,v|p), a(m,n|u,vip,q), A(n,v,p),
B(n,v,p) and quantities L,(k, K|Rs;s,) and My(k, K|Rs;s,) are all
given in Ref. [7].

Egs. (30)-(31) form a system of simultaneous homogeneous
equations for the unknown X f,ll and Yfi’. For nontrivial solution, the
determinant of the coefficients must vanish. The requirement for the
vanishing of the determinant gives an equation for efficient wavenumber
K. Thus, the effective propagation constant K is then calculated by
searching in the complex plane such that the determinant of Eqgs. (30)—
(31) vanishes. Numerical algorithm about the effective propagation
constant K can be referred [7].

3. NUMERICAL RESULTS AND DISCUSS

We illustrate the brightness temperature for passive microwave remote
sensing of wet snow. The wet snow and moist soil temperatures are all
260K . Frequencies are at 18.7 GHz and 36.5 GHz. The rough surface
parameters are rms height of 0.4 mm, and correlation length 2.8 mm.
The permittivity, for water is €yqter = 68.44 4 135.39, for ice grain is
€ice = 3.15440.002 at 18.7 GHz and ;e = 3.15+1¢0.0039 at 36.5 GHz,
for wet snow is 1 = 1.43440.002, and for moist soil is e, = 15.34+3.66,
except stated otherwise. Fractional volume is 30%, and snow layer
thickness is 50 cm. The observation angle is 30 degrees. The stickiness
parameter is 7 = 0.1.

3.1. Comparison of Brightness Temperatures between
Rough and Flat Surfaces for Small Grain Size Case

In Figs. 4 to 7 we compare the brightness temperatures between rough
and flat surfaces. To show the roughness effects, we first choose coated
dielectric grain and core ice diameters to be 0.2 mm and 0.1999999 mm
respectively in Figs. 4 and 5 so that volume scattering effects are small.

Fig. 4 shows the brightness temperature at 18.7 GHz as functions
of angle in air region. For both horizontal and vertical polarizations,
brightness temperature for rough surface is smaller than that of
flat surface, which shows that contribution from rough surface is
smaller than that from flat surface. = This is because multiple
scattering occurring along the rough surface will enhance the scattering
wave extinction so as to reduce the scattering from rough surface.
Meanwhile, for horizontal polarization, when observation angle is larger
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Figure 4. Comparison between rough and flat surface at different
observation angles, f = 18.7 GHz.
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Figure 6. Comparison between rough and flat surface at different
observation angles, f = 18.7 GHz.
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Figure 8. Comparison between rough and flat surface at different
snow depths, f = 18.7 GHz.

than 40°, the difference of brightness temperatures between rough and
flat surfaces becomes smaller with increasing observation angle. On
the other hand, at the higher frequency of 36.5 GHz in Fig. 5, volume
scattering becomes important. When observation angle is larger than
50°, the difference of brightness temperatures between rough and flat
surfaces becomes even smaller with increasing observation angle.

Figs. 6 and 7 compare results of flat and rough surfaces as
functions of observation angle for the case of larger coated dielectric
grain and core, whose sizes of diameter are 0.6 mm and 0.5999999 mm,
respectively. Volume scattering becomes important at 18.7 GHz. When
observation angle is bigger than 50°, the difference of brightness
temperatures between rough and flat surfaces becomes even smaller
with increasing observation angle. In particularly, at high frequency
of 36.5 GHz, the effect on rough surface’s roughness on the reduction
the brightness temperatures will be furthermore pronounced. Thus
when observation angle is bigger than 45°, the difference of brightness
temperatures between rough and flat surfaces will be decreased for
both horizontal and vertical polarizations, and even be the same as for
horizontal polarization.

Figs. 8 and 9 compare results of flat and rough surfaces as
functions of depth of snow; the sizes of coated dielectric grain and core
ice are the same as above. At 18.7 GHz, with increasing depth of snow,



Progress In Electromagnetics Research, PIER 62, 2006 157

225 [ I I IR R N RN ST ST R R
1 VYV V VYV VYV VVY VYV VYV VYYY
20 o gg¥vTYYYYTY) [
] N :
VAP : —/— H case flat
215 4 /V —[1—V case flat B
v —W— H case rough

210 —ml— V case rough -

205 / : i
200 jjj -

195 [/. -

190

Brightness temperature (K)

185 / § _
1804  ® -

—— T
0 20 40 60 80 100 120 140 160 180 200 220

depth of snow (cm)

Figure 9. Comparison between rough and flat surface at different
snow depths, f = 36.5 GHz.

contribution from volume scattering to brightness temperature will be
enhanced, and contribution from surface scattering will be reduced,
so the difference of brightness temperatures between rough and flat
surfaces is smaller for both vertical and horizontal polarization. In
Fig. 9, we see that at high frequency of 36.5 GHz, saturation occurs
at large snow depth. Volume scattering becomes dominant and rough
surface scattering has a negligible effect.

3.2. Brightness Temperature Variations with Grain Size,
Observation Angle and Snow Depth

In this section, we study brightness temperature from wet snow with
increasing coated grain size. Figs. 10 and 11 show the angular
variations of brightness temperature for several coated dielectric grain
sizes of diameter. The brightness temperature decrease with increasing
grain size. This is because with increasing coated grain size, scattering
among the coated grains will enhance. Meanwhile, emission from the
ground is scattered and thus unable to reach the air region, which
accounts for the decrease in brightness temperature.

Figs. 12 and 13 show that for small coated dielectric grain size,
brightness temperature will increase with increasing thickness of the
snow layer, up to saturation at 38.7 GHz. For larger grain size,
brightness temperature will decrease with increasing snow depth at
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Figure 11. Varying coated dielectric grain size and as a function of
observation angle, f = 36.5 GHz.
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18.7 GHz. For 36.5 GHz, saturation effects occur as functions of snow
depth.

3.3. Brightness Temperature Variations with Proportion
between Inner and Outer Radius of Coated Grain,
Observation Angle and Snow Depth

In this section, we study brightness temperature from wet snow
with varying proportion between outer and inner radius of coated
grain. Outer radius of coated grain is fixed at 0.6mm, inner radius
of coated grain is varying with three cases, 0.5mm, 0.5999 mm
and 0.5999999 mm, respectively. Fig. 14 and Fig. 15 show that
with increasing inner radius of coated grain (ice), the brightness
temperature from wet snow will enhance for both 18.7 GHz and
36.5 GHz. The reason is that with decreasing inner radius of coated
grain (ice), the thickness of the water thin film surrounded ice will
increase, so does the wet snow’s absorptivity; on the other hand,
since the outer radius of coated grain is unvaried, scattering among
the coated grains will remain almost unchanged in this wet snow
model. In this way, wet snows emissivity will enhance, and brightness
temperature will increase.

Fig. 16 and Fig. 17 show that with increasing depth of wet
snow, brightness temperature from wet snow will enhance for both
18.7GHz and 36.5 GHz cases. Meanwhile, saturation effects occur
when the proportion between outer and inner radius is 0.6/0.59 for
both 18.7 GHz and 36.5 GHz, which means brightness temperature
from wet snow for both horizontal and vertical polarizations will be
unvaried with increasing depth of wet snow. This saturation also occurs
for other two proportion cases at 36.5 GHz when the depth of wet snow
exceeds 50 mm.

4. SUMMARY

Volume scattering and rough surface scattering effects in passive
microwave remote sensing of wet snow are studied in this paper. The
volume scattering model is based on DMRT theory with QCA for
densely distributed sticky coated dielectric particles. The rough surface
bistatic scattering and emission are modeled by the NMM3D. The
bistatic scattering coefficients and emissivities of rough surfaces are
utilized as the boundary conditions for the DMRT. Wet snow model is
adopted in this paper. The results for a layer of wet snow over a moist
rough ground at 18.7 GHz and 38.5 GHz are discussed.
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Figure 14. Varying proportion between inner and outer radius of
coated dielectric grain as functions of observation angle, f = 18.7 GHz.
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Figure 15. Varying proportion between inner and outer radius of
coated dielectric grain as functions of observation angle, f = 36.5 GHz.
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Figure 16. Varying proportion between inner and outer radius of

coated dielectric grain as functions of snow depth f = 18.7 GHz.
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coated dielectric grain as functions of snow depth f = 36.5 GHz.
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