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Electromagnetic Wave Scattering from Rough Boundaries Interfacing
Inhomogeneous Media and Application to Snow-Covered Sea Ice

Alexander S. Komarov!: 2 *, Lotfollah Shafai', and David G. Barber?

Abstract—In this study a new analytical formulation for electromagnetic wave scattering from rough
boundaries interfacing inhomogeneous media is presented based on the first-order approximation of the
small perturbation method. First, we considered a scattering problem for a single rough boundary
embedded in a piecewise continuously layered medium. As a key step, we introduced auxiliary wave
propagation problems that are aimed to link reflection and transmission coefficients in the layered media
with particular solutions of one-dimensional wave equations at the mean level of the rough interface. This
approach enabled us to express the final solution in a closed form avoiding a prior discretization of the
inhomogeneous medium. Second, we naturally extended the obtained solution to an arbitrary number
of rough interfaces separating continuously layered media. As a validation step, we demonstrated that
available solutions in the literature represent special cases of our general solution. Furthermore, we
showed that our numerical results agree well with published data. Finally, as a particular special case,
we presented a formulation for scattering from inhomogeneous snow-covered sea ice when the dominant
scattering occurs at the snow-ice and air-snow interfaces.

1. INTRODUCTION

Accelerated decline of the Arctic sea ice extent [1] and thickness [2,3] causes dramatic changes in
the coupled ocean-sea ice-atmosphere system. Over the past three decades the ice-albedo feedback
mechanism played a major role in a pervasive increase in the amount of solar energy deposited in the
upper Arctic Ocean, with maximum values of 4% per year [4]. Larger heat fluxes from the ocean
to the atmosphere are expected to cause significant warming of the Arctic region [5]. Furthermore,
extensive solar heating led to a sharp depletion of thick multiyear (MY) ice and concomitantly increased
proportion of first-year (FY) ice. Monitoring, modeling and predicting these climatic changes in the
Arctic is becoming increasingly important because of the increase in development of recently accessible
Arctic resources.

Microwave radar remote sensing has been extensively used for detecting dynamic [6,7] and
thermodynamic changes [8] in sea ice. However, improved algorithms for extracting key parameters
of sea ice from radar observations such as synthetic aperture radar (SAR) imagery are still required.
To better understand the linkage between the geophysical and thermodynamic state of sea ice and
radar signatures, modeling techniques for electromagnetic wave scattering from snow-covered sea ice are
particularly important. These models should reproduce scattering characteristics in the bistatic case
(when transmitter and receiver antennas are spanned in space) to anticipate future bistatic spaceborne
SAR systems [9)].

In the literature various approaches to modeling of electromagnetic wave scattering from rough
surfaces can be found.
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Semi-empirical composite scattering models [10-12] allow to naturally account for volume scattering
in sea ice (based on the radiative transfer theory [13]); however, the surface scattering terms in these
models need to be separately determined from empirically or physically based theories.

All other models considered are based on solution of Maxwell’s equations. They can be classified
into numerical and analytical (wave theory) methods. Unlike the radiative transfer models, the physical
models are able to provide phase information as well.

Numerical finite-difference time-domain (FDTD) [14,15] and finite-volume time-domain
(FVTD) [16] methods exactly solve Maxwell’s equations, within numerical approximation. These meth-
ods can account for surface and subsurface roughness and an arbitrary behavior of the dielectric constant
within the media. However, the time domain methods require significant computational resources due
to a number of reasons. Among them are (a) numerous realizations of the random rough surface, and
(b) extremely fine mesh in the situations where absorption is high (e.g., sea water under the ice). Un-
fortunately, the computational constrains make the numerical methods difficult to apply to practical
remote sensing problems such as simulation of temporal changes in SAR signatures over the sea ice.

Analytical methods are aimed to derive a closed-form solution of Maxwell’s equation under various
approximations. These methods are not computationally expensive and thereby more suitable for
practical geophysical applications. The small perturbation method (SPM) was introduced by Rice [17]
in 1951 to analytically describe wave scattering from slightly rough surfaces. Since then the SPM theory
was extended to solving more complex scattering problems. In [18] an SPM solution for wave scattering
from a rough surface embedded in a three-layered structure was derived. Scattering from a layered
structure with a rough upper boundary was treated in [19]. In [20] a unified formulation of perturbative
solutions derived by [18,19] was presented. Later the SPM solution was extended to scattering from
two [21] and several rough interfaces [22] embedded in a layered medium. The recent study by [22]
presents an SPM solution for the medium treated as a number of homogeneous discrete layers separated
by rough interfaces. Meanwhile, most natural media (e.g., snow, ice, soil) have continuous profiles of
dielectric constants and a few rough interfaces separating the inhomogeneous media. Therefore, it is
important to consider the SPM formalism for wave scattering from rough surfaces interfacing continuous
dielectric fillings between them.

Our main goal is to build a geoscience user-oriented SPM solution expressed through physically
meaningful reflection and transmission coefficients associated with the continuously layered media
(e.g., snow, ice, soil). These reflection and transmission coefficients could be either modelled through
discretization of the layered media, in some cases found analytically, or measured directly (in the field
or laboratory).

An important application of the SPM theory is modeling of microwave scattering from the FY snow-
covered sea ice. This type of ice is anticipated to prevail in the Arctic Ocean in the near future [23]. In the
frequency range between 0.5 GHz (P-band) and 10 GHz (X-band) the dominant scattering mechanism
for the FY ice is the surface scattering from two rough interfaces: air-snow and snow-ice interfaces [24].
Both interfaces are slightly rough in these frequency bands, and thereby, the SPM theory is applicable
to model microwave interactions with snow-covered FY sea ice.

Thus, in this study we pursue three main objectives. (1) To derive a general analytical formulation
for electromagnetic wave scattering from an arbitrary number of rough interfaces separating continuously
layered media with the use of the first-order approximation of the SPM theory. The solution must be
expressed through complex reflection and transmission coefficients associated with the inhomogeneous
media. (2) To validate the obtained solution by treating special cases available in the literature
and comparing numerical results with those available in the literature. (3) To present an analytical
formulation for electromagnetic wave scattering from snow-covered sea ice as a special case of the
general solution.

2. STATEMENT OF SCATTERING PROBLEM

Geometry of the general scattering problem is displayed in Figure 1 in cylindrical coordinates {p, z}.
The area z > 0 is a free space with relative permittivity and permeability of one. Complex dielectric
constant (CDC) and complex magnetic constant (CMC) of the inhomogeneous half space z < 0 are
described by piecewise continuous functions through a set of continuous functions €,(2), pn(z) such
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that their derivatives are continuous within layers —d,, < z < —d,,—1. The continuously inhomogeneous
media are separated by N rough interfaces located at z = —d,, where n = 0, 1,2, ..., N — 1, and
dp = 0. Suppose, that roughness of interfaces is described by stationary random functions (,(p) with
zero average value ((,(p)) = 0, where the sharp brackets (...) denote ensemble averaging. A plane
electromagnetic monochromatic wave with circular frequency w, harmonic time dependence e=** and
an arbitrary polarization is incident upon this structure. The incidence angle is 0 < ©g < § relative to
the vertical axis z.

Our purpose is to determine electromagnetic fields in far zone in the upper half-space and to
calculate the normalized radar cross-sections (NRCS) oyyv, opm, oy and oy g as functions of azimuth
and elevation angles in the upper half-space z > 0. We assume that the formulated problem is considered
within the validity range of the first-order approximation of the SPM theory.

3. DERIVATION OF SOLUTION

First, we derive a formulation for a key scattering problem with a single rough interface ¢, (p) located
at z = —d,, where n = 0,1,2,...,N — 1, and dy = 0. Then we generalize the obtained solution for
an arbitrary number of rough boundaries. The SPM formalism applies to surfaces with a small surface
height variation and small surface slopes with respect to the incident wavelength [25]:

kL, <3, kon<03, 2% <03, (1)

Ly,
where k is the wave number in the medium, L,, the correlation length, and o, = 1/(¢?) the standard
deviation of the rough surface (,(p). Also, we assume that the gradient of the dielectric constant in the

e'(—dp=+0)
e(—dn10)

of the SPM formalism the electric and magnetic fields are expanded in a perturbation series [26-28] as
follows:

vicinity of the rough interface is small, i.e., ‘ on < 1. Following the first-order approximation

E(p,z) » E¥(p,2) + EV(p, 2)

H(p,2) ~ HO(p,z) + HD(p, 2)’ (2)

where E© HO are zero-order fields when the roughness is absent, and E®, H®) are first-order
fields dependent on the roughness function [28]. The first-order fields represent a random component
of the electromagnetic field due to the rough interface. Thus, the roughness influence is taken into
account by a random additive component (first-order fields). To solve the scattering problem with
only one rough interface at z = —d,, zero-order and first-order fields must be defined in three regions:
z2>0, —d, <z<0and z < —d,. Since we have the only rough interface at z = —d,, we introduce the
boundary conditions for zero-order and first-order fields at z = 0 and z = —d,, as follows.
Zero-order approximation:

At z =0:

At 2z = —d,,:
E{" (p,~dy +0) — B (p, ~d, — 0) = 0,
H" (p,—d, +0) — HY (p, —d,, — 0) = 0.

First-order approximation:
At z=0:

E{ (p, +0) — E{Y (p, —0) = 0,
HY (p, +0) — HY (p, —0) = 0.

—~
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At the rough interface z = —d,, [28]:

OE;” OE;”
B (p, ~dn +0) — B (p, ~dn — 0) = ~Ga(p) ( o ) —( o
2=—dp+0 z=—dn—0

= V16ulp) [ BV (p, ~du +0) = ED(p, ~d,, ~ 0)]

OH oH”
Hgl)(pv —d, + 0) — Hgl)(p7 —d, — 0) = _Cn(p) ( 9z ) B < 8; ) ]
2=—dn+0 #=—dn—0

= ViGulp) | (p, ~dn +0) = H (p,~d, ~ 0)] .

(6)

where V| is the gradient operator in the horizontal plane (z-y). Two sets of boundary conditions (3)
(at z =0) and (4) (at z = —d,,) are introduced in order to express zero-order fields through reflection
and transmission coefficients associated with the inhomogeneous slab —d,, < z < 0 and the reflection
coefficient from the half-space z < —d,,. Zero-order fields are required only to determine magnitudes of
the first-order fields through boundary conditions (6).

Below we present formulations for zero-order and first-order fields.

3.1. Zero-order Fields

The total zero-order fields do not contain scattering components, and they should satisfy regular
boundary conditions (3) and (4) at smooth interfaces.

Electromagnetic fields in an arbitrary layered medium are described by one-dimensional wave
equations (for horizontal and vertical polarizations) with nonconstant coefficients dependent on the
vertical coordinate z. These differential equations could potentially be solved numerically with respect
to the electromagnetic fields. At the same time, the general solution for fields in a finite inhomogeneous
layer can be expressed as a superposition of particular solutions of auxiliary Cauchy problems for a
given wave equation. These solutions define the field distribution in the medium as well as magnitudes
of reflected and transmitted waves at the interfaces.

3.1.1. Fields in the Air Half-space z > 0

In the upper half-space zero-order fields are presented as a superposition of the incident and specularly
reflected plane waves. In our problem it is convenient to represent magnitudes of electric E© and
magnetic H(® fields through an expansion over the basis vectors {p, qg, 2} of the cylindrical coordinate
system as our medium is homogeneous with respect to the azimuth angle and inhomogeneous with
respect to the vertical coordinate only. This means that all the reflection and transmission coefficients
do not depend on the azimuth angle. Also, the total field is symmetric with respect to the azimuth
incidence angle ®j. The basis vectors {p, gZA), 2} of the cylindrical coordinate system are linked with the
Cartesian unit vectors {z, 7y} as follows:

p = xcos Py + ¢sin Py
qg = —2sin®y + gcos Pg.
It is worthwhile to point out that we consider a general case ®g # 0 in order to take into account more
complex problems. For example, for anisotropic rough surfaces it could be more convenient to choose
the coordinate system associated with the principal direction of anisotropy (and not with the direction
of wave propagation).
The zero-order fields in the upper half space can be expressed as follows:

X

E© (p,2) = {EH [e_in(QO)Z + %H(QO)GWO(%)Z} qg_ Ev% [e—iwo(%)z _ %V((]O)Gin(QO)Z]
0

_p, @

o e gy (gt } (72)
0
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1 < ) )
HO (p,2) = 70 {EV {eﬂwo(%)z + Ry (qo)e iwo(qo) } ¢ + Ey Ok(jo) [efzwo((Io)z . %H(qo)ezwo(%)z] p)

+EHZ_Z [e—z‘wo(qo)z + %H(qo)em(%)z] 2} (0P (7b)

In (7a) and (7b) Ey and Ey denote magnitudes of the electric field of the incident wave for

horizontal and vertical polarizations respectively. ko = w,/Eop0, and Zy = 4/ 10 /€0 are the wave number
and impedance in free space respectively; p = x2 + yg = p(Z cos ¢ + ysing) is a position vector of an
observation point in the horizontal plane, where ¢ is an azimuth angle of the observation point. Also
do = kosin Oq (& cos Py + ysin Py) = kosin Opp is the longitudinal wave vector which is a projection
of the wave vector in the air onto the horizontal plane. The transverse wave number is a projection
of the incident wave vector onto the axis z which can be written as wo(qo) = /k2 — g2 = ko cos Oy.
Ru,v(qo) are reflection coefficients from the entire inhomogeneous structure z < 0 for horizontal and
vertical polarization with respect to electric and magnetic fields respectively. Solution (7a) and (7b)
satisfy Maxwell’s equations, boundary conditions at z = 0 and the conditions at infinity.

3.1.2. Fields in the Inhomogeneous Medium —d, < z <0

In the inhomogeneous medium a closed-form analytical solution does not exist; however, the solution

can be expressed through piecewise continuous functions ug)(qo, z) and ug])(qo, z) as follows:

0 - 1 /0 . q0 0 o
B0(p.2) = {u%)(qo, 2)e+ ikos(z) ( )((Jo, 2P = kos(z)ui/)(qoa Z)Z} e (82)
1 ~ 1 R qO
H(O) yR) = 5 {U(O) y 2 I UI(O) y 2 + ( ) ) } (& qop 8b
(p ) ZO \%4 (qo )¢ /LkOH(z) H (qo )p ]CO,M(Z) (q(] ) ( )
where
WD (@0,2) = A vy (g0, 2) + ey yuzy (o, 2)- (9)

In Equations (8a) and (8b) the stroke denotes a derivative with respect to z. In (9) wim,v(qo,2) and
uan,v (o, 2) are particular solutions of one-dimensional wave equations for continuously layered media
given as follows:

( )ddz |: (1 )dU1 2Z£q07 ):| + [k‘Q(z) — qg] ul,QH(qo,Z) — O’ (10)
E(z)diz L(lz) du1,2\c/i£CJ0, Z)} + [kQ(z) — qg] u1,2v(qo, 2) = 0, (11)

where k(z) = koy/e(z)u(z). We accept that the introduced particular solutions satisfy the following
initial conditions at the upper boundary z = 0:

u1r(go,0) =1,  wig(q0,0) =0, wu2m(q0,0) =0, uhp(go,0) = ip1(0)wo(qo), (12)
ulV(q07 0) = 17 ull\/(qov 0) = 07 U2V(Q0, 0) = 07 uIZV(q()a 0) =g (0)11)0((10) (13)
Wronskians of these particular solutions at z = —d,, are equal to:
w17 (g0, —dn) Uz (G0, —dn) — g (g0, —dn)u2m (g0, —dn) = wn(—dn)wo(%)} (14)
w1y (qo; —dn )uay (g0, —dn) — uy (g0, —dn)u2v (qo, —dn) = ien(—dn)wo(qo)
3.1.8. Fields in Half-space z < —d,
In the lower half-space zero-order fields are given by:
1 . q (0) R
E(O) — (0) ’(O) _ iqop 1
(p2) = {ol 0216 + ol 00 - 2o 212 e, (152)
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1 1 . q0 0) 2
H(O) - (0) _ 1(0) ( iqop 1
09 = - {0216 = o @4 Bz ash)
(0)

where vy, (qo, z) are solutions of wave Equations (10) and (11).
Plugging zero-order fields in boundary conditions (3) and (4) we obtain the following:

E . n n
A = sapn(qe] (R0 M iy (@0)uzry (o, =dn) + Ly (d0) s v (g0, ~o)]
(16)
E - n n
65% =2V [iko M v (qo)ur v (qo, —dn) + L v (o)t v (g0, —dn)]
’ iwo(qo)
where
n wo(qo) Thv(q0) .
L qo) = 1+7r Q)| , 17
H,V( 0) wn(QO)l_THV( O)RTILLV( ) [ H,V( 0)] ( )
wo(go) T, v(q0)
Mz (q0) = 1—7r%v(q0)] - 18
H,V( O) kO 1— TH7V(q0)RH7V(q0) [ H,V( O)] ( )
To obtain (16) we also needed to derive the following relationships:

(0) —d _ 1 —pn
(90, —dn) _ —iwn(qo)'unﬂ( dn) TH(QO)’ (19)

( ) —dy) 14717

vy (g0, —dp) pn(—dn) 1+ 7%(q0)

/(0) —d —d)1—rn

UV (q07 Tl) - n(q0)5n+1( TL) TV(qo) (19b)

= W .
Ug/o)(qO, —d,) en(—dn) 1+77(q0)
In (17) and (18), T} 1/(q0) and Rj; 1 (qo) are transmission and reflection coefficients for a set of upper

layers in the area z > —d,, when the wave propagates from a homogeneous half-space z < —d,, with
CDC e,(—d,) and CMC pn(—dy) for horizontal and vertical polarizations respectively.

n (17)-(19), wn(qo) = v/ k3en(—dn)pn(—dn) — g3, Imw,, > 0; r%’v(qo) are reflection coefficients in
the problem Where a plane wave is 1n01dent from a homogeneous area z > —d,, with CDC ¢,(—d,,) and
CMC pp(—dy,) upon the inhomogeneous half-space z < —d,,.

If the rough boundary is located on top of the inhomogeneous structure (i.e., n = 0) then
Tg,v(qo) =1, ROH,V(qO) =0, r%’v(qo) = Ry v(g). In this special case Equations (17) and (18)
can be reduced as follows:

LYy v (a0) = 1+ Ry (qo), (20)
wo(qo
MG (o) = 2 1 (). (21)

ko
Using expressions (16) for coefficients 0(1(,2 g,y and Wronskians (14) in conjunction with equations for
zero-order fields, the required expressions for boundary conditions (6) can be written as follows:
EO(=d, +0) — EO(~d, — 0) = — MEVL(}(%)J%”,
En+1(—dn)k‘0
OB
0z

g

. AN
= —iko |Ev | Auprien(—d, _ LY 22
L) |: 1% ( Hn+1€ ( )+ 5n+1( d )k2> (QO) ( )

Z:—dn+0 Z:—dn_o

—AMn+1EHM17}(Qo)$} e'P

1 Apnt19o
ZO NnJrl( d )ko

ko [ ( Apint1 >
=2 By | Aepiqpin(—dy) + —2HL 20 1 (23)
o Zo H +1H ( ) HnJrl( d )k‘Q (qo)p

HO(~d, +0) — HO (~d, — 0) = Er L% (qo)e’oP,

oHY)
0z

_on

z=—dnp+0
+A€n+1EvM\T/l(QO)ﬂ e'wP,
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In these expressions we introduced dielectric and magnetic contrasts at the boundary z = —d,, as
Aepy1 = ent1(—dp) — en(—dy) and Apipy1 = pint1(—dn) — pn(—dy,) respectively.
3.2. First-order Fields in Integral Form

First-order approximation defines scattered fields by a rough surface. The scattered field is random and
can be treated as a superposition of infinite number of plane waves outgoing in different directions from
the rough interface. Therefore, it is convenient to represent the first-order fields through the Fourier
integral. A Fourier transform of the rough surface is introduced as follows:

Eal€ — a0) //c ~i(e-a0e g (24)

The magnitudes of spectral functions can be found through boundary conditions for the first-order
approximation. Below we provide integral representations of the first-order fields in three media.

3.2.1. Fields in the Air Half-Space z > 0

In the upper half-space the first-order fields from the nth rough boundary can be written as follows:

B0 (p.z) = % /] {aé?’”‘(s)zz? + 0@ £ ©)2] G - an)en O itoag,  (250)

HY (p, 2) = Zo@n)? 27r / / { P w(]f) " (6)é +k%ag)”(ﬁ)é}5n(€—qo)eiw0(f)z+i5pd£, (25b)

where ag)g(f) are magnitudes of the scattered field. The functions under the integral sign are

represented as expansions over a basis in the cylindrical coordinate system {&, 1, z} in the wave numbers’

space. ﬁ and é are the azimuth and radial unit vectors associated with the floating coordinate system
in the wave numbers’ space. In (25) d€ = £d&dy and the vertical component of the wave number of

partial plane waves in free space is given by wo(§) = /k& — &2, Imwy(€) > 0.

3.2.2. Fields in the Medium —d,, < z <0

In the inhomogeneous medium the first-order fields can be given by:

EW(p,2 {uH (& )0 + ki() uy (€ 2)E ~ kof() uy)(€.2)2 }é (€—ao)e’*Pdg,  (26a)
1O (p,2) [ € i ol e S e 2l anerag, (2om)

where
iy (€. 2) = el (€mmy (6.2) + 'y (Euan v (€. ). (27)

In the last equation u; 25 (€, 2) and u; 2v (&, ) are particular solutions of wave Equations (10) and (11)
except that the longitudinal wave number gq is replaced by &.

We accept that the introduced particular solutions satisfy the following initial conditions at the
upper boundary z = 0:

ulH(§7 0) =1, ullH(gv 0) =0, UQH(£7 0) =0, u/2H(£7 0) - ZMI(O)w0(£)7 (28)
uy(€,0) = 1, ujy(§,0) =0, uav(§,0) =0, usy(§,0) = ier(0)wo(§). (29)
3.2.8. Fields in the Half-Space z < —d,

In the lower half—space the first-order fields can be represented as follows:

[ {sie € €02 Gl - e, (30w

EM(
(p:2 T koe(2)
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H(l) (pv Z) =

~ 1 / 2 2 . !
{v(vl)(s, D v (62 /f(z)v}}) 3 z)z} G (€ — qo)e'®PdE , (30b)
1)

where v, (&, ) are solutions of wave Equations (10) and (11) with the replacement of gy by &.

3.3. Spectral Magnitudes of the Scattered Field from the Rough Surface

Substituting the first-order fields into the boundary conditions (5) at the smooth interface z = 0 and
taking into account (28) and (29), we obtain the following:

A (€) = Sy (€) = aly i (©). (31)

Then plugging the first-order fields in boundary conditions (6) accounting for Equations (22) and (23),
and applying the Fourier transform to both sides of the obtained pair of equations we derive the following

relationships for magnitudes ag)‘?(s) in the air:

n n(—dy) k2
(&) = E R | e () i) L () con( — )
Ay, Ay,
e :1‘ (ifq)(}g 5 L) L (€) + ﬁnf_i)Mﬁ(qo)M}}(f) cos(tb — @0)]
_%@))o [AEnJrlMV(QO)LH({)—% LV(qO)MH(g)} sin(y— @), (32)
_ 2
() = et e () L ) ) st - 20
Aey n n Aep n n
SR IV IR (©) — 2 M o) MP(E) cos(y — 00)

EHgn(_dn)k(%
2iwg ()

Agn-i-lﬂn(_dn)

(=) L?{(QO)M{}(@} sin(i)—®q). (33)

[AMWM;;(%)L’&(@)—

3.4. Normalized Radar Cross-Sections

First-order fields in far zone are estimated using the method of stationary phase [29]. Then, radar
cross-sections are calculated through the Poynting vector of electromagnetic field in far zone. We omit
details of this part and present the derived radar cross-sections for co- and cross-polarized components
at the observation point (6, ¢):

0.0 = 8 a0 0.0)[" Kola - a0). (34)

where subscripts o = H,V and = H,V denote polarizations of the incident () and the scattered ()
waves respectively. In (34) we have:

(1)n ~ 2wo(q) (1) (1)n 2wo(q) (1)

a0 9) = Jgp i@, a9 = TEt @), (35)
,(n ~ 2wo(q) () (I)n ~ 2wo(q) ()n
HV (9790) - k_(Q)EH a q) EVZO’ aVH (‘9’30) - k_(Q)EV a’H (q)‘EHZO . (36)

Also q = ko sin® (i cos ¢ + §sinp); K, (q — qo) is the spatlal power spectral density of the roughness
linked with the autocorrelation function K,(p) = ((u(p + p')Cn(p')) at interface z = —d,, as follows:

n(d— qo) / / K, (p)e a4 ®)rgp, (37)
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Magnitudes of the scattered field in the direction of observation (6, ) are the following:

. n n n _dn qq n n
a0, 0) =i [Aen+1ui<—dn>LH<qo>LH<q> cos(ip — Bo) + Aunﬂ—: fl(_ d) i Va0 L)
n n )

At M (q0) M (q) cos(p — %)} , (38)
. n n 67’1 _dn n n
(0, 0) — i {Aun+lei<—dn>Lv<qo>Lv<q> cos(ip — o) + Ay I po o)
€n—l—l(_dn)ko
Ay 1 M (q0) M () cos(ip — <1>o>] , (39)

i (0,0) = —i[Aptni1en(—dn) M (20) LY (q) — Aenytpin(—dn) Ly (g0) M3} (q)] sin(ip — Bp),  (40)
ag/ll)'-l (0 4,0) = i[Agn—l—lﬂn(_dn)M\T}(QO)LTIl{(Q) - Aﬂn—l—lgn(_dn)LT\l/(qo)MZ(q)] Sin(tp — ‘I’o). (41)

Thus, the general formulations for NRCS of the initial problem displayed in Figure 1 can be written as
follows:

k4 iy n 2 m n* o
Gasl0) = 12 3 $ |al(0,0)| Kula—a0) + Y Re [al}™ (0 2)al" (6, 9)| Kn(a — o) ps (42)

n=0 m#n

where the asterisk denotes the complex conjugate and the cross power spectral density between interfaces
m and n is defined as follows:

Kon(a — q0) = / / Ky (p)e= @90, (43)

In the last equation the cross-correlation function between interfaces m and n

Konn(p) = (Cnl(p+ 0')Ca(p)) -

If all rough surfaces are statistically independent, then the second term in Equation (42) disappears,
and the total radar cross-section is a sum of radar cross-sections from each of the rough interfaces:

Jaﬁ Z Jaﬁ (44)

It is worthwhile to note that for grazing elevation angles the accuracy of the SPM theory becomes
lower. At grazing elevation angles the shadowing effects (which are negligible at other angles) start
dominating [25]. These phenomena are not taken into account by the SPM theory. In the literature
there are attempts to introduce additional factors accounting for the shadowing effects in the second-
order approximation of the SPM theory for the cross-polarized signal [25]. In general, it is assumed that
the SPM theory is valid within the range from 20 to 60 degrees of incidence and observation elevation
angles. At the elevation angles close to nadir the mirror reflection appears. We would like to note
that elevation angles of currently operational radar systems fall within the range of validity of the SPM
theory. For example, incidence angles of Canadian RADARSAT-2 vary from 20 to 60 degrees [30].

3.5. Monostatic Scattering

In the monostatic case the receiver elevation and azimuth angles are § = Oy and ¢ = 7+ ®( respectively.
Therefore, general equations from the previous section can be reduced to the following:

N Z K, (—2q) —l—ZRe[ Dm0 (Un0x) i (=2q0) §, o= H,V, (45)
=0 m#n
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Figure 1. [Illustration of a general problem for wave scattering from rough interfaces separating
continuously layered media.

where
n : n(—dn 0 n n n
a0 — [Aunﬂ =)o (7m0 + At M (@0)]? — Aensrsi2(—dy) [LH<qo>]2], (46)
Nn+1(_dn)k0
n . €n _dn 2 n n n
A = [ A 2N () 4 A @) - Apaiash () @] )
5n+1(_ n)kO

The cross-polarization components of the first-order solution for the monostatic case are zeros. However,
we expect that the second-order solution would provide a non-zero result for backscatter coefficients.
The derivation of such a second-order solution for wave scattering from a homogeneous rough half-space
is presented in [31]. Derivation of the second-order solution for wave scattering from rough boundaries
interfacing inhomogeneous media is an important topic of future research.

4. VALIDATION OF SOLUTION

In this section we consider three special cases of the derived general solution. In all cases the permeability
of all media is one. The obtained scattering characteristics for these cases are evaluated and compared
with formulations available in the literature. Furthermore, we calculate bistatic scattering coefficients
for a three-layered structure and compare the results with those available in the literature.

4.1. Scattering from a Rough Surface on Top of Homogeneous Half-Space

In the simplest case the wave is scattered by a rough surface ((p) on top of a homogeneous medium
with CDC 1. Then L (a0) = 1+ Ry (a0), M,y (a0) = o5 [1— Ry (0)], where R,y (q0)

are ordinary Fresnel reflection coefficients from a homogeneous half-space with CDC ¢; [32]. It is not
difficult to demonstrate that our general formulations for backscatter coefficients (45)—(47) are reduced
to the following:

4kd -1 .
oy = —2 c1 K(—2qqp) cos? Oy, (48)

|:COS Oy + V&1 — sin? @0] ?
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2
4k3 (61 — 1)sin? Og + 1
0
oy = 70 (e1—1) 5
|:€1 COS @0 +VeéEL— Sin2 @0}
where K is the spatial power spectral density of the rough surface. The obtained results are identical
to those presented among other sources in [12, 25, 26].

K (—2qq) cos" Oy, (49)

4.2. Scattering from a Rough Surface Embedded in a Three-Layered Structure

Consider wave scattering from a rough interface embedded in a three layered medium displayed in
Figure 2. The original solution of this problem was derived by Yarovoy et al. in [18], and an alternative
formulation in terms of reflection and transmission coefficients was proposed in [20]. In this case

each medium is homogeneous, i.e., €1(z) = €1, —d1 < 2z < 0, e3(2) = €9, —ds < z < —dy,
e3(z) = €3, 2 < —dy and in Equations (17), (18) n = 1. Also it is possible to show that T} (q0) =
o1 (qo)e ™ 0 T (qo) = 2U8lsrory (go)e™ (), and Ry, (q0) = —roumv(go)e (@),

Here wi(qo) = kov/e1 — sin? Oy, 1011,v(q0) and 7o1#,v(qo) are Fresnel transmission and reflection
coefficients for the interface between air and medium 1 when wave is incident from the air.

rav(q) = r}{y(qo) are reflection coefficients from the two-layered structure (medium 2 and medium
3). Substituting Equations (17) and (18) taken for n = 1 into our general formulations for backscatter
coefficients (45)—(47) we obtain:

2

. 2
k4 To1H( )e’l’wl(qo)dl -
0 0 01H 40 2
= — — A 1 K(-2 50
7 g 270 <1+"”H(QO)7”01H(Qo)eQZw1(<10)d1 L+ 72(0) (—240), (50)
2
ki |ea—e To1v (go) et (@0)d sin? © £1—sin? ©
0 0 |€2—¢€1 01v (40 0 2 1 0 2
=0 . 1 S -
AT <1‘|‘TV(qO)T01v((Jo)€2m1(q°)dl { s il i) }
K(—2qo), (51)

where K is the spatial power spectral density of the rough surface. These formulations are identical to
those presented in [20] for Yarovoy model [18].

e A
e =1 O, o 0,
a a”
_________________________________________________________________ -d,
0 & 0
—d,
& &,
— dl —-d 1 * J
&, [
8': —d” WMW\MMMMW’_‘,\J?N
) '9.'1—1
_________________________________________________________________ :
c —C?Iz —d_\. L]
3 Ey

Figure 2. Geometry of scattering from arough  Figure 3. Geometry of scattering from a rough
surface embedded in a three-layered medium. surface embedded in a layered medium.
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4.3. Scattering from a Rough Surface Embedded in a Discretely Layered Medium

Consider a more general case when an electromagnetic wave is scattered by a rough surface embedded
in a discretely layered medium shown in Figure 3.
Taking into account the phase change of the wave in layer n we obtain:

n—1 iwn (q)An
wo(q) THV((J)G
v(q) = — < L+7rgyv()], (52)
@) 1=y () Ry (@@ | |
Ty (gm0
n w q B n
My (q) = 20D Tiv 11—y (@)], (53)

ko 1=y () Ry (q)e?inn(04n

where A,, = d,, —d,,_1 is the layer thickness over the rough surface; Tgfvl (q) are transmission coefficients

through the upper (n — 1) layers when the wave is incident from the half-space with CDC &,; R”H_‘}(q)

are reflection coefficients from the upper (n — 1) layers when the wave is incident from the half-space
with CDC g,; rﬁl,v(q) are reflection coefficients from the lower half-space when the wave is incident
from the half-space with CDC ¢,.

Given (52) and (53), our general solution (38)—(42) can be reduced to the formulations presented by
Imperatore et al. in [22]. At the same time, our solution is more general and elegant than the solution
obtained by [22]. Unlike [22] we do not discretize the medium to derive the solution. Instead, we use
properties of particular solutions of wave equations in the continuously layered media. Our solution
is expressed through physically meaningful reflection and transmission coefficients for inhomogeneous
media.

4.4. Numerical Results for a Three-Layered Structure

To further validate our model we calculate bistatic scattering coefficients for a special case illustrated in
Figure 4. To compare the numerical results with the literature data we chose exactly the same scattering
geometry and parameters of the media as considered in [22]. All the three rough interfaces have the
same root mean square (RMS) height and correlation length. Each rough surface is described by the
Gaussian autocorrelation function. The spectrum of this function is given as follows:

- - L2 |a— qol*
Ko~ a0) = Ko (| — o) = 7L2,0% exp (—% , (54)

where o,,, Ly, are RMS height and correlation length of the rough interface m =0, 1, 2.

0, =45, O, =0°

ko, =015 klL,=1.5 ‘.:n{p)

P Y i, P
— = e

ko, =015 kL =15 &71(13]

ko, =015 kL, =15 s, (p)

& =20.5+2.55i

Figure 4. Three layered scattering geometry of the validation problem.
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The incidence elevation and azimuth angles were chosen to be ©g = 45° and ®y3 = 0° respectively.
The observation azimuth angle is ¢ = 45° while the observation elevation angle has been varied. Figure 5
demonstrates numerically calculated bistatic scattering coefficients for all polarizations (HH, VH, HV ,
and V'V from each rough boundary and from the whole structure (as a sum). In order to compare our

HH NRCS [dB]

.35k

40k

a5k

WV NRCS [dB]

VH NRCS [dB]

L ' 1
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Observation elevation angle [degree]
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Figure 5. Comparison of numerical results computed according to our model (solid lines) against the
(digitized) data presented in [22] (dots) for the geometry shown in Figure 4. Red: scattering from
the upper boundary; green: scattering from the middle boundary; blue: scattering from the bottom
boundary; black: total scattering.

sea ice

Figure 6. Illustration of wave scattering from snow-covered sea ice.
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outputs with the results presented in literature we digitized 120 data points from Figure 4 of [22] and
transferred them to our graphs. From Figure 5 one may observe a very good agreement between our
numerical results and data from [22] for all polarizations. A small disparity can be attributed to the
error coming from digitizing the low resolution graphs taken directly from the digital version of [22].

5. ELECTROMAGNETIC WAVE SCATTERING BY SNOW-COVERED SEA ICE

Electromagnetic wave scattering by snow-covered sea ice is an important special case of the general
problem being considered. A plane electromagnetic wave is scattered by snow-covered sea ice. Snow
and sea ice are characterized as continuous or discrete layered media. CDC of snow and sea ice are
known functions e5(z) and €;(z) of vertical coordinate z as displayed in Figure 6. The roughness of the
air-snow and snow-ice interfaces are described by stationary random functions (s(p) and (;(p) which
define deviations from planes z = 0 and z = —d respectively; d is the snow thickness. The dominant
scattering mechanism in this problem is the surface scattering at the air-snow and snow-ice interfaces.

The obtained general solution (38)—(42) can be reduced to the snow-covered sea ice case by setting
the number of rough interfaces to two and permeability of all media to one. Thus, the scattering
component from rough sea ice can be written as follows:

4 12 ~
ia(0.0) = B 1L (40) L) cos?(e — @) Kl o), (55)
|2 _ 2
ot 0.0) = B2 D i @i 0L ) L (0) M) ) st 0)| (=), 50
ice _ k§|A€Z|2 2 5020, (g —
orv(0,¢) = = —— [Lu(a0) My (q)]"sin”(¢ — ®o) Ki(q — qo), (57)
1) Ag 2 _
i 0.0) = 0T L @)y (a0) P s o — o) i — o), (58)
where
~ wolq) Tsn,v(q) .
LH,V(q) - ws(q) 1 — TiH,V(Q)RsH,V(Q) [1 + ZH,V(Q)]v (59)
_wo(q) Tsu,v(q) o
MH,V(Q) kO 1_ riH,V(Q)RsH,V(Q) [1 ZH,V(q)]' (60)

In (55)—(58) Ag; = g;(—d)—es(—d) is the dielectric contrast between ice and snow at the rough interface.
K; is the spatial power spectral density of the ice-snow surface. In (59)-(60), ws(q) = \/kies(—d) — ¢,
wo(q) = kg —¢%; Tsp,v and Rsp v are transmission and reflection coefficients for the inhomogeneous

snow layer when the wave is incident from the half-space with CDC e4(—d); rim,yv are reflection
coefficients from the inhomogeneous sea ice when the wave is incident from the half-space with CDC

es(—d).
The scattering components from the rough snow can be written as follows:
snow ké ’AgS‘Q 2 2 %
oip (0,0) = = —— |1+ Ru ()L + Ru(q)]|" cos™(p — o) Ks(q — qo), (61)
snow k| Ae,|? | sin ©g sin 6
oifpn(0.) = R ISRy ()1 + Ry o)
—[1 = Ry (q0)][1 — Ry ()] cos(ip — Do) cos Og cos b]* Ko(q — qo), (62)
kA | Ay . -
i 0.0) = BESL 1wy (gl — Ry (@) sin(o - o) cosd Knla—an). (63
snow ké ’AgSF . 2 7
ovi (0,¢0) = ————I[[1 = Rv(q)][1 + Ru(q)] sin(p — Do) cos Oo|” Ks(q — qo)- (64)

47
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In (61)-(64) Aes = e5(0) — 1 is the dielectric contrast at the air-snow interface; K is the spatial power
spectral density of the snow surface; Ry - are reflection coefficients from the entire snow-covered sea
ice structure at horizontal and vertical polarizations.

If the air-snow and snow-ice interfaces are statistically independent then the total NRCS is a sum
of NRCS from the snow and sea ice:

gas(l, ) = a05(0,0) + o5 (0, ). (65)

The last equation is a special case of the more general Equation (42) for two rough interfaces, i.e.,
N = 2. If the rough interfaces are correlated then according to (42) an additional correlation term
should be introduced.

In the monostatic scattering case § = Oy, ¢ = m + ®¢ and the cross-polarization component is
zero. Therefore, the radar backscatter coefficients from sea ice can be presented as follows:

kjé |AEZ‘|2 ~

ahi = - | Lir(q0)[* Ki(—2a0), (66)
ice k4|A5i|2 58(_d) . 2 ~

opiee = 20 p (=) sin? @9 L3 (qo) + M (q0)| Ki(—2qo), (67)

ony = ovi =0. (68)

The radar backscatter coefficients from the rough snow surface can be written as follows:

k| Aey|?

i = MBSE 0y o)) R(~200), (69)
k‘4 A s 2 . 2@ 2 ~
posmow _ RolAS TSI O0 1 e (o) eos? 00| Ka(—20), (70)
4 5(0)
o = ovE™ =0, (71)

The total radar backscatter from snow-covered sea ice is a sum of the backscatter coefficients from
snow and sea ice similar to (65) (if the rough interfaces are statistically independent).

Modeling of dielectric properties of snow-covered sea ice (as a function of depth) is a separate
problem which will be discussed in more details in our future publication on numerical modeling and
measurements of scattering characteristics from real snow-covered sea ice. Here we briefly describe how
the CDC of snow and sea ice can be found as functions of the vertical coordinate.

Snow on sea ice is a mixture of pure ice, air and brine (wicked from the sea ice surface). CDC of
brine in snow is estimated as a function of temperature using Stogryn and Desargant model [33]. CDC
of pure ice is nearly a constant (~ 3.15) in a wide range of frequencies [10]. The brine volume content
in snow can be found through sea ice surface temperature and salinity (according to [34]) as well as
snow density (which is a function of depth). We use physical properties of snow and sea ice from our
field campaigns in the Arctic Ocean. There are a few dielectric models for estimating the CDC of moist
snow (such as [35,36]). However, a reliable dielectric mixture model for estimating the CDC of brine
wetted snow on top of sea ice has not been developed. At the same time it has been shown that the
refractive mixture model (which is linear with respect to refractive indices) is effective for sea ice [37].
In addition, the refractive mixture model has been proven to be the most accurate for wet soils [38].
Using this mixture model with input physical parameters measured in the field we obtain the CDC of
snow as a function of depth.

The CDC of sea ice is calculated using the refractive mixture model for an isotropic two-phase
medium consisting of pure ice and brine inclusions. In the study by [37] it was found that the refractive
dielectric mixture model agrees very well with the dielectric measurements of sea ice reported in [39].
The brine volume of sea ice can be estimated as a function of ice temperature and bulk salinity
according to [40]. The CDC of brine in sea ice can be found through the Debye relaxation model
with temperature dependent parameters empirically derived by [33]. In the field campaigns we usually
conduct measurements of temperature and bulk salinity as functions of sea ice depth (see e.g., [8]).
Therefore, the CDC of sea ice is also derived as a function of depth.
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We note that, if necessary, the sea water below the ice and the rough ice-water interface can be
naturally included in the obtained formulation, but this is not the usual case as the penetration depth in
natural FY sea ice is on the order of the wavelength (e.g., 5.5 cm in C-band and 21 cm in L-band) while
FY ice grows to about 2 m thick by winters end. At the same time, if we model scattering characteristics
from newly formed sea ice (with no snow cover) with the thickness around 10-20 cm, then the sea water
half-space below the ice must be introduced. In this case the CDC of sea water can be found using the
Debye-based model by Stogryn [41].

6. CONCLUSION

In this study we present a new analytical formulation for electromagnetic wave scattering from an
arbitrary number of rough surfaces interfacing continuously layered media and derived a solution for
wave scattering from snow-covered sea ice as a special case of the general problem. We solved Maxwell’s
equations within the first-order approximation of the SPM theory. First, we derived a solution for wave
scattering from a single rough boundary while the other rough interfaces are absent. A key step in this
solution is the introduction of two auxiliary problems on wave propagation in inhomogeneous media. In
the first problem a plane wave is incident upon a piecewise continuously layered medium located above
the rough interface from a medium with an arbitrary CDC and CMC. This problem allowed to link the
reflection and transmission coefficients for the layered slab with the wave equations’ particular solutions
and their normal derivatives at the bottom of this slab. In the second problem a plane wave is incident
upon a piecewise continuously layered medium located below the rough surface from the same medium
as in the first problem. In this problem reflection coefficients from this medium are linked with the wave
equations’ particular solutions and their normal derivatives at the mean level of the rough interface.
The results obtained in these two problems in conjunction with the boundary conditions allowed us to
derive necessary equations for zero-order fields and their normal derivatives at the mean level of the
rough interface. According to the SPM theory, these equations for zero-order fields are substituted into
the boundary conditions for first-order fields. The first-order fields are represented through the Fourier
integral over the partial plane waves outgoing from the rough surface. The under integral functions are
written analogously to the first-order fields using particular solutions of the wave equations. Similarly
to the zero-order case we found a link between the particular solutions of wave equations at the rough
interface with reflection and transmission coefficients. Boundary conditions for the first-order fields
enabled to resolve magnitudes of the scattered fields in the air. Finally, the radar characteristics are
derived through the analytical evaluation of the Fourier integrals in far zone.

In our formulation we avoided any discretization of the continuously layered media; instead, we
introduced particular solutions of wave equations and associated with them reflection and transmission
coefficients at the rough interface. Such an approach makes our solution compact and physically
meaningful. For example, the symmetry of the bi-static solution with respect to transmitting and
receiving points is straightforward. The solution obtained for a single rough interface is naturally
expanded to an arbitrary number of rough boundaries interfacing continuously layered media.

To validate the derived general solution we considered three special cases of the scattering problem.
We demonstrated that our solution can be reduced to the formulations available in the literature
including the most recent solution [22]. Furthermore we showed that our numerical results for wave
scattering from a three-layered structure agree very well with those presented in [22].

We would like to point out that our formulation has been expressed through physically meaningful
reflection and transmission coeflficients associated with continuously layered media. To numerically
implement the model, these coefficients must be estimated separately. For example, they can be
computed using the following approaches: (1) invariant embedding method (where the inhomogeneous
media are discretized) [42], (2) Runge Kutta method directly applied to one-dimensional wave equations
(with non-constant coefficients), (3) analytical exact or analytical approximate approaches (applied in
some cases) to solving the differential wave equations with non-constant coefficients. In practice, we use
the invariant embedding approach [42].

The novelty of our model can be outlined as follows:

1. The obtained formulation is user-oriented and convenient for practical geophysical remote sensing
applications.  Our solution operates with physically meaningful reflection and transmission
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coefficients associated with certain geophysical media (e.g., snow, ice, soil, etc.).

2. Our solution is fairly flexible because the numerical implementation can be split into two separate
algorithmic units: (a) estimation of the reflection and transmission coefficients for inhomogeneous
media using the approach that is best suited to a given structure of the inhomogeneous media; (b)
calculation of scattering characteristics by plugging in these coefficients in the general solution.

3. If the complex reflection and transmission coefficients (for layered media) can be directly measured
in the field (using, for example, a portable vector network analyzer), then the obtained values (at
a given frequency) can be plugged in our model. In this case step (a) from the previous point is
not required.

4. It appears that our analytical formulation is the only solution for wave scattering from layered
media where both the complex dielectric and complex magnetic constants are continuous functions
of depth.

5. Mathematical derivation and final formulation of our model is quite compact and at the same time
general and physically meaningful compared to the previous solutions.

As the final step of this study, we presented an important special case of our formulation for wave
scattering from snow-covered sea ice where both air-snow and snow-ice interfaces are rough and snow
and ice are continuously layered media. The developed theory could be beneficial for the interpretation
of sequential SAR signatures over snow-covered sea ice and inverse modeling. Beyond polar applications,
the obtained theoretical formulation could be useful in remote sensing of various environmental media
(e.g., snow-covered soil).

In our ongoing work we are currently validating this theory against in-situ C-band scatterometer
measurements collected over natural snow-covered sea ice in the Canadian Arctic and experimentally
grown sea ice at the Sea Ice Environmental Research Facility (SERF) at the University of Manitoba.
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