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A Numerical Model for Electromagnetic Scattering
from Sea Ice

Elias M. Nassar, Joel T. JohnsdWlember, IEEEand Robert Lee

Abstract—A numerical model for scattering from sea ice oping inverse models that can be used to extract sea ice phys-
based on the finite difference time domain (FDTD) technique jcal parameters from the data obtained with the remote sensors.
is presented. The sea ice medium is modeled as consisting oppygically-based scattering models necessarily contain both an

randomly located spherical brine scatterers with a specified . . - .
fractional volume, and the medium is modeled both with and electromagnetic component and an idealized representation of

without a randomly rough boundary to study the relative effects the complicated geometric arrangement of ice, brine, and air
of volume and surface scattering. A Monte Carlo simulation is pockets in sea ice.

used to obtain numerical results for incoherentvv backscattered Both analytical and numerical models have been developed in
normalized radar cross sections (RCS's) in the frequency range he nast for predicting backscattering from sea ice-like media
from 3 to 9 GHz and for incidence angles from 16 to 50° from . - . . . o
normal incidence. The computational intensity of the study Analytical models can be d'V'C_Ied In two major categor!es [1]:
necessitates an effective permittivity approach to modeling brine those that treat volume scattering and those that deal with rough
pocket effects and a nonuniform grid for small scale surface surface scattering. Volume scattering models are primarily de-
roughness. However, comparisons with analytical models show yeloped using either the radiative transfer theory (RTT) or ana-
that these approximations should introduce errors no larger than lytic wave theory [2], [3], while surface scattering models make

approximately 3 dB. Incoherent vv cross sections backscattered . . .
frcp>En sea iceymodels with a smooth surface show only a small use of physical optics theory (PO) [4], the small perturbation

dependence on incidence angle, while results for sea ice modelgn€thod (SPM) [5], the integral equation method (IEM) [6] and
with slightly rough surfaces are found to be dominated by surface other analytical techniques. In these analytical models, both for
scattering at incidence angles less than 80and by scattering volume and surface scattering, electromagnetic approximations
from brine pockets at angles greater than 38. As the surface are needed in order to obtain a solution for the complicated an-
roughness increases, surface scattering tends to dominate at all Ivtical . that oft It ith a simplified d
incidence angles. Initial comparisons with measurements taken ayt_lc:_;l expressmns_ ato _en resu ,e_ven With a simpiimed de-
with artificially grown sea ice are made, and even the simplified SCription of the seaice medium. In particular, when both volume
sea ice model used in the FDTD simulation is found to provide and surface scattering are considered simultaneously, the re-
reasonable agreement with measured data trends. The numerical sulting complexity of the formulation has caused only limited
model developed can be useful in interpreting measurements when o qits to be obtained, and several questions remain regarding
parameters such as surface roughness and scatterer distributions th lative i t ' fvol d f tteri
lie outside ranges where analytical models are valid. erela |v_e impor an(_:e orvolume and sur ac_e sca erlr_1g.
These issues motivate the use of numerical techniques for

S€3the electromagnetic solution. With numerical models, once the

geometry of the problem is defined, the solution obtained con-

tains all scattering terms predicted by Maxwell’s equations and
|. INTRODUCTION avoids the limitations of electromagnetic approximations made

NOWLEDGE of the depth, structure, and extent of seq tr;te gnalyncatljmethoqu. In dad_d|t|<|)tn, o YOluThe an dsdu.tr.f acel
ice cover in polar regions is important for the purpose of-attering can be considered simuftaneously without additiona

predicting global climate change and providing navigation fPproximation. Howevgr, the greatly |ncrea§ed computatlongl
formation for marine vessels. Due to the difficulty in accessin quirements of numerical models have previously limited their

polar regions, microwave remote sensing devices on orbiti plication to studies of sea ice scattering. Recent increases in

satellites can be used to obtain information about sea ice coW puter speed and memory and in scattering algorithm effi-

Measurements and scattering models are necessary for deﬁ)]glr—‘cy are now producing an increased interest in numerical

odeling of geophysical media such as the ocean, land, or veg-
etation [7]—[10]. This paper continues these developments to in-
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Fig.1. FDTD model of seaice showing the source location, brine pockets, and
FDTD cells. An impressed current density arranged in a square array as
shown in Figs. 1 and 2 is used as the source of the incident
field. For the case of normal incidence, current elements are in
phase and for oblique incidence, the current elements have a
Several numerical techniques could potentially be applied ticme delay relative to each other that determines the incidence
investigate electromagnetic scattering from sea ice. Howevengle of the wave. Use of a finite source results in an incident
in cases where results are desired over a wide range of frequ&®am” on the sea ice medium, whose angular width is a fre-
cies, time domain methods offer distinct advantages. The FDTDency dependent quantity determined by the size of the an-
technique [11] is currently the most widely used time domaignna relative to the electromagnetic wavelength. Thus, scat-
method, and has been applied previously in studies of scatteriaged cross sections that are eventually obtained are averaged
from rough surfaces [8], [10], [12] and from objects in a matesver this antenna pattern, resulting in a “smoothing” of the final
rial half space [13], [14]. The basic formulation of FDTD hagesults. Use of the beam has the desirable effect of reducing
been discussed extensively in the literature [15], and so is not eglge effects when computing scattered fields from the finite size
peated here. However, several issues arise when applying FDRIDTD domain, similar to the “tapered” incident field used in
to scattering from an area extensive medium such as sea ice. hegh surface scattering studies [8]. However, care must be ex-
computational intensity of a three dimensional FDTD modeircised in interpreting results if the source does not have a rea-
will require some approximations in its implementation to resonable extent in terms of the electromagnetic wavelength at a
main numerically feasible; although these approximations wgiven frequency.
result in some loss of accuracy in absolute cross sections, confhe time domain source pulse is a differentiated Gaussian
clusions regarding the relative influence of surface and volurg&/en by
ecetterm_g are expected to t_)e relatively L_Jnaffected_, so that valid . (nAt — AT) nAt—ATTY?
insights into sea ice scattering should still be obtained. The fol- Iy = ¢ (1)
lowing sections describe specific issues: generation of the in- . ) )
cident field, the absorbing boundary condition, calculation §fhereA = 3.0, 7 = .1/2¢A, c is the speed of light in free

cross sections, Monte Carlo simulations, and modeling of s8Rgce, andit is the time step. These constants are chosen to
ice structure. ensure that the incident pulse has most of its energy in the fre-

guency range from 1 to 9 GHz. In order to reduce the sidelobe
level of the incident beam, a spatially tapered current distribu-
tion is used for the source

Since plane waves represent a fundamental decomposition of I _ 1 (—(@P+u®)/C?)

o . X . ) . z,y) = Joe 2
any incident field, and since most previous sea ice scattering
models have considered plane wave incidence, simulatingwahere the constardi determines the taper of the incident beam.
incident plane wave in the FDTD model would be desirable. Computational resources limit the meshed domain size to 130
However, developing source current densities in the FDTD that130 x 80 cells. The space cell sizer is chosen as 0.002 m,
produce plane wave incident fields both above and below a dighich is 1/16th of a free space wavelength at 9 GHz. The time
persive half space is difficult and requires careful considerstep At is 3.0 ps. These dimensions (neglecting the PML re-
tion [13]. The computational domain absorbing boundary cogions) give a sea ice sample of 140002= 0.22 m on a side
ditions, described below, further exacerbate this problem, soamd 50+ .002= 0.1 m high. The source is located at cell 65 in
alternative approach was pursued using a finite source locatkdz-direction and extends from cell 26 to cell 106 in thand
inside the FDTD domain. y-directions. The source array width is 0.16 m on a side, ranging

Il. FDTD MODEL FORSEA ICE SCATTERING

A. Incident Field
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from 0.533\ at 1 GHz to 4.8 at 9 GHz, and the taper widthwhere 4; is the area illuminated by the incident beam that co-
C is chosen to be 6 cm (producing a 12 cm diameter circulencides with the cross section of the computational domain ex-
current at the ! points). Clearly, lower frequency results fromcluding the PML regionS? is the amplitude of the scattered
the model will have a large degree of angular averaging. For ti#synting vector in polarization, P is the incident power in
reason, only results from 3 GHz and above will be presented.pnlarizations, and«, 3 indicates the polarization of the scat-
addition, use of a finite source inside the FDTD domain makésred and incident waves respectively (iw:, vh, hv, andhh).
obtaining scattering predictions at icidence difficult since For the FDTD model, the power incident on the surface of the
specularly reflected results are very sensitive to the antenna [za ice sample is given by
tern. Results atQwill therefore not be presented. Use of the fi- ‘ *2  ey2
nite source will be validated in Section IIl through comparison P'=1Re /1 /1 Z2- B x H™ dx dy
xz Y

4
with plane wave incidence SPM predictions for scattering from . ,
a slightly rough surface. wherez1, 2, y1, andy?2 are the limits of the ared; mentioned

above and located in a horizontal plane four cells away from the
B. Absorbing Boundary Condition source in the vertical direction. To obtain the incident power on

) ) _..the surface of the material being modeled, the FDTD code is run
The FDTD method requires an absorbing boundary conditigf. yhe case of the source in free space and the above integral is

to terminate the computational domain. The perfectly matchg m : .
. ) puted at each frequency. Only-polarized cross sections
layer (PML) ABC [16], [17], which has been shown to prowdeare considered in this study due to computational limitations and

excellent absorption characteristics for a wide range of ing|- . : )
: . -the very small values ofv cross sections obtained, which are
dence angles, is used for this purpose. Use of the PML ABC in a . :
re susceptible to numerical errors.

problem involving a half space requires the PML layer adjacemO
to the lower region to hg\_/e the permlttlwty pf the lower regiony  Monte Carlo Simulations

Therefore, the conductivity profile in PML is scaled according _ i ] ]

to whether the PML is adjacent to free space or the material [18].Since the location of brine pockets in sea ice and the surface
The PML layer has a dielectric constant e,,, (that of the ma- roughness profile are random, statistical properties of scattered
terial adjacent to the PML) and a conductivity with a parabolieross sections will be described by averaging FDTD frequency
profile that increases from,,;,, at the PML interface te,,,x at domain fields obtained from several realizations of the sea ice
the PEC wall that terminates the PML. In this casg,,. = 2.5 medium. Both coherent and incoherent averages can be com-
Mho/m for the PML layer adjacent to the free space region apdited. Coherent averages are expressed as

W =10 x Az = 0.02 m (width of the PML layer). The PML S E 2 5

. . . . . coh X |< n>| ( )

is placed five cells away from the source in thelirection and o ]

ten cells away in the: andy-directions. These choices for thevhere the symbof ) indicates an average over all the realiza-
PML parameters and location were found in several tests to pH&"S, andE,, is the scattered electric field for realizationThe

vide adequate absorption [19]. Note that the finite source insitf¢oherent power is given by

the domain radiates half of its energy upward toward the PML Sine % {|Ee — En|?) (6)
layer. However, no significant reflections of this energy were _ e :
observed. whereF. is the coherent electric field. Expressions for the co-

Scattered fields in the far-field region are found by firsperent and incoherent RCS use eitises;, or Sy, for 5° in
obtaining the total time domain field over a surface halfwar%){’ respectively. OnIymcoherent.results.wnl pe |IIu§trqted. Co-
between the source and the material interface, then Foufrent backscattered cross sections primarily exist' ab@-
transforming and using the surface equivalence principle ggnce and are not plot_ted for the reasons dlsqussed earlier.
compute the equivalent surface electric and magnetic curMonte Carlo simulations were performed using the IBM SP/2
rents which, when integrated, give the far field values in tHearallel supercomputer at the Maui High Performance Com-
frequency domain. An initial validation of the FDTD modelputing Center (MHPCC), Maui, HI. The IBM SP/2 is a collec-
was done by comparison with two cases where an analyti¢ig@in of 400 RS-6000 workstation nodes, roughly of typical PEN-
solution was available: radiation from a finite source in fre&€lUM Il performance individually, networked through a high
space and scattering from an infinite PEC plane illuminatguérformance communication system to allow groups of nodes
by a finite source. In both cases, very good agreement wasoperate in combination as a parallel processor. Since each
obtained between the FDTD and analytical results in the feralization is independent of all others in a Monte Carlo simu-

field [19]-[20]. lation, FDTD calculations for each realization were performed
on individual nodes of the IBM SP/2 with only minimal com-
C. Bistatic RCS munications required. Backscattered cross sections were com-

Simulation results will be presented in terms of backscatterBHted at incidence angles from°1t0 50 in 10” increments, re-

normalized radar cross sections. For an area-extensive targetdi#gng five separate Monte Carlo runs. Convergence tests in the
normalized RCS is defined as Monte Carlo simulation showed that eight realizations were suf-

S2 (6, ) ficient to provide convergence of averaged incoherent backscat-
00 3(0s, s, 05, ) = lim 4rR? 02T tered cross sections to within 3 dB. Although a larger number of
K oo Aisﬂ(ei’ ¢i) realizations to obtain more accuracy would be desirable, compu-
_ i ag 2 2alls, @) cos(9:) (3 !tational limitations prohibited additional studies. Thus, for each
R—0c0 Pé(ei, ¢i) physical configuration of the sea ice medium (fractional volume
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or surface parameters), 40 FDTD runs were performed in p&r-dB, and comparisons with a first-order radiative transfer
allel on 40 SP/2 nodes. Execution time for each run is 3 h on aalution in the next section will also provide some validation

SP2 node of the MHPCC, and the required memory storagdas this approach. Results in the next section comparing the
114 Mb. Computation of the coherent and incoherent fields liglative influence of surface and volume scattering also should
done in a postprocessing step after all the results are obtaibedrelatively unaffected by errors introduced in the effective

from the MHPCC. permittivity method.
Since the FDTD method is a time domain method, variations
E. Generation of Random Distribution of Scatterers in medium permittivity with frequency are difficult to model and

A final issue involves the model used for the sea ice mediuffauire special methods that further increase computational re-

The extremely small size of typical brine pockets (0.75 mrgll)irements and were therefore not possible. An additional ap-
or smaller) in sea ice makes discretizing individual brinBroximation assumed scatterer permittivities to have a constant

pocket structures impossible given computational limitation .al part versus_frequency ?".‘d an imaginary part determined
To avoid this problem, an effective permittivity approach | rough an effective conductivity defined at the center frequency

used. A uniform(0, 1) random number generator is first usec?f |ntere§t: Note that this definition is ”.‘"".d.e after_th'e application
fJetthe mixing law, so FDTD cell permittivity variations versus

to determine the presence or absence of a single brine poc o .
in each 2 mm cubic cell of the FDTD mesh. Although thi requency are significantly smaller than those of brine alone.

procedure implies a nonuniform pair distribution function, the

obtained distribution of brine pockets should be approximately)|. NuMERICAL AND ANALYTICAL SOLUTIONS FORSEA ICE
uniform for low to moderate brine fractional volumes. The SCATTERING

threshold for the random number generator is determined by ) ) .

the fractional volume of brine in the sea ice sample as follows. Results from the Monte Carlo simulations are illustrated
Given the fractional volume of bring, and the size of the brine for several medium configurations in the following section
pocketus,, we can determine the numbey of brine pockets in and compared with predictions of analytical methods for

the sea ice sample either volume and surface _sca‘Ftering_ when appropriate. The
parameters used for the brine inclusions and ice surface are

Vi 7 derived from physical observations of temperature, salinity,

M= v ™ size distribution, and surface roughness during the CRREL

experiments (CRRELEX) [23] and using the brine dielectric
whereV is the volume of the FDTD domain excluding the PMLconstant model of [24].
region. If the number of FDTD cells i&, the random number  The boundary of the sea ice medium is modeled either as a
generator thresholdis (given the presence of one brine pockeflat surface or with a surface roughness typical of first-year sea
per FDTD cell) ice (i.e. sea ice that is less than one year old and has not under-
gone a melting and refreezing cycle). Scattering is considered
(8) both with and without volume scatterers in the sea ice medium
to investigate their effects. For the rough surface case, two sets
Since the volume of the brine inclusion is smaller than that 6f surface statistics are considered, one more rough than the
the FDTD cell, the fractional volume of the FDTD cells thapther. Comparisons are made with the analytical small pertur-
contain brine inclusionsfprp) is related to that of the brine bation method (SPM) for rough surface scattering for the non-
inclusions( f,) by volume scattering case as a validation of the FDTD procedure
when appropriate. SPM results when presented are obtained for
a three-dimensional (3-D) dielectric rough surface having a di-
electric constant equal to that of the background material and
wherev, andvg 1, are the volumes of the brine inclusion anaxcited by an incident plane wave.
the FDTD cell, respectively. Surface profiles were generated following [9] as realizations
The effective permittivity approach is applied in determiningf a Gaussian random process with a Gaussian correlation func-
the effective dielectric constant of an FDTD cell, which igion, and are therefore completely characterized by the surface
partially filled with a brine pocket. For this purpose, standandns heights and correlation lengtlh parameters. A Gaussian
mixing laws are applied [21] for a sphere embedded in @rrelation function is commonly used in modeling rough sur-
background medium, resulting in a permittivity of the FDTOaces [8]. However, for sea ice surface roughness, both Gaussian
cell that is less than that of brine. Thus, the resulting mediuamd exponential correlation functions have been proposed [25].
contains a large fractional volume of low permittivity scattererfhe exact nature of a sea ice surface roughness correlation func-
intended to model a medium with a smaller fractional volumi#ons remains unknown.
of higher permittivity scatterers. This procedure is justified Due to the small rms heights of the surfaces considered, an
due to the small size of the brine scatterers compared to tiditional nonuniform grid was required in the FDTD mesh
electromagnetic wavelength, for which the use of mixing lawsear the surface in order to capture the surface profile and mini-
should be valid. Tests comparing predictions of first-ordenize discretization errors. Tests showed that surface profile dis-
radiative transfer theory [22] for the true brine scatterers and tbietization errors could become significant at incidence angles
FDTD approximated scatterers showed cross sections withanger than 4% similar to the conclusions of Hastingsal.[10]

Ty
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Fig. 3. FDTD incoherent averagev backscattered cross sections versu&ig- 4. Comparison of FDTD and first-order iterative RT predictions at 3 GHz
incidence angle (volume scattering medium with a flat boundary). for a volume scattering medium with a flat boundary. Note FDTD predictions
are increased by 2.5 dB.

for one-dimensional (1-D) PEC surfaces. To avoid these prob- ¢ d h ith | ltothat of the EDTD
lems, the cell size in the verticaldirection was reduced from mmo produce a sphere with a volume equalto that ofthe

2 mm to 0.5 mm in the region containing the rough surfacge”' RT predictions at 3 GHz are found to overestimate FDTD

allowing a finer resolution of the surface profile in the FDTIIféSUItS by approximately 2.5 dB, as shown in Fig. 4, where

mesh. In all cases, the surface profile was terminated two ceﬁIQTD cross sect.|0n5 are plotteq with a 2.5 dB Shlﬁ.' This dis-

away from the PML region (i.e., the roughness inside the pMirepancyis pc_JSS'bly _due to the mde_pendent scattering assump-

is set to zero). tion mhe_rent in the first-order §0Iut|on, as has been observed
by other investigators when using RT to compute volume scat-
tering from snow [7]. The discrepancy is found to increase with

A. Case 1: Flat Surface frequency as well. Similar trends are observed for smaller frac-

Initially, volume scattering from an inhomogeneous mediufienal volumes [19]. _ _
below a flat surface is considered. The ice background relative/\lthough questions with regard to the accuracy of a first-
dielectric constant is = 3.2 — j0.0, and the spherical brine order iterative RT solution do not allow a thorough validation

inclusions have a fractional volume of 10%, a radius of 0.75 miff the FDTD approach for this case, the matching of general
and a relative dielectric constant 8 — j50. The equivalent '€vels and data trends between theories shows that the numer-
fractional volume and dielectric constant for the FDTD cells af€2l model, even with its inherent approximations, is providing
45% ande = 5.1 — 50.9/ fc ., where fgy. is the frequency reasonable predictions for a volume scattering medium.
in GHz. The sea ice layer thickness is 9.5 cm. .

Fig. 3 plots incoherent backscattered cross sections from B- Case 2: Rough Surface with=0.001 m/ = 0.02m
10° to 50 at frequencies of 3, 5, 7, and 9 GHz. The small vari- Next, a slightly rough dielectric surface with= 3.2 — j0.0
ation in cross sections with incidence angle (within 5 dB) iand surface roughness parameters 0.001 m and = 0.02 m
a typical characteristic of incoherent volume scattering. Crossconsidered. Fig. 5 plots the average incohetenhormal-
sections increase by approximately 15 dB from 3 to 9 GHz. Theed RCS at 3, 5, 7, and 9 GHz for angles betweeh drfil
angular variation at other frequencies between 3 and 9 GHA® backscattered from a surface with no volume scatterers in
similar to that shown in Fig. 3. Some “ripple” can be observeithe lower medium. Also included in Fig. 5 are predictions of
in the numerical results due to the finite number of realizationge SPM, which are expected to be approximately valid when
Using a larger number of realizations would provide a smoothes < 0.3 andkl < 3.0, wherek is the electromagnetic
curve but again was beyond computational limitations. wavenumber. Table | lists values &f and ko corresponding

Atest of first-order radiative transfer theory can be performdd f = 3, 5, 7, and 9 GHz, = 0.02 m andr = 0.001 m, and
through comparison with FDTD results. Skital.[22] give the shows that the SPM predictions should be valid for the 3, 5, and
first-order iterative solution to the radiative transfer (RT) equa@ GHz frequencies. SPM and FDTD results at these frequen-
tion for the scattered field from a slab of homogeneous matges are within 3 dB except for the 1point at 3 GHz, which is
rial containing a random distribution of spherical scatterers. Théthin 5 dB and possibly influenced more by the finite FDTD
derivation assumes Rayleigh scattering and is valid for the casrirce than the larger angles and higher frequencies. The over-
where scattering from the particles is small. To obtain a clearestimation on average of SPM plane wave predictions by the fi-
comparison, RT predictions are generated for the FDTD appraxte source FDTD results at frequencies above 3 GHz is also as
imated, higher fractional volume scatterers, with the spheriatpected, since an angular averaging over the SPM curve would
scatterer radius for the RT computations definedras 1.24 resultin a slight increase in cross sections, particularly with the
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Fig.5. Comparison of FDTD and SPM incoherentaverage backscattered cross sections versus incidence angle (homogeneous medium with a rough boundary
o = 0.001 m,/ = 0.02 m). (a) 3 GHz, (b) 5 GHz, (c) 7 GHz, and (d) 9 GHz.

TABLE | however, clearly show that volume scattering can be a signifi-
VALUES OF kI AND ko FORI = 0.02 mAND o = 0.001 m cant effect for slightly rough surfaces at large incidence angles.
Fig. 7 compares FDTD results run with both a rough surface
profile and volume scatterers to the sum of FDTD results run
k| 126 | 209 | 292 | 381 with a rough surface and no volume scatterers (Fig. 5) and run
ko | 0.063 | 0.105 | 0.146 | 0.190 with a flat surface with volume scatterers (Fig. 3). Cross sections
were converted and added in terms of field magnitudes and then
converted back to dB. The reasonable agreement (within 2.5 dB)
between the numerically calculated surface and volume case and

more sloped curves of the higher frequencies. However, the gen-

eral agreement between the two validates the FDTD nonur%]\-e added surface-only and volume-only results gives some val-

form grid for modeling the effects of surface roughness. Overd af[ion o s_eparate considgration of surface and volume effects,
trends show rough surface backscattering to be a stronger fufie s done in many analytical models.
tion of incidence angle than volume scattering as expected, and .
also to show a strong dependence on frequency. . Case 3: Rough Surface with= 0.003 m,7 = 0.02m

Fig. 6 compares FDTD average cross sections for the saméig. 8 compares FDTD average cross sections with and
set of surfaces with and without volume scatterers. Parameteithout volume scatterers for rougher surfaces with =
for the inclusions are the same as those for the smooth surf@d@03 m. SPM results are also included in the plots, but a
case above, and for each realization, both the surface profile andltiplication of theks values in Table | by three (since Table |
the brine distribution are varied. The increase in cross sectidiis values were computed using = 0.001) shows that SPM
when including volume scattering is about 2 dB at all incidenge&edictions should only be approximately valid for the 3 and 5
angles for 3 and 5 GHz. However, more dramatic increases &klz frequencies. A level of agreement similar to that of Fig. 5
observed at 7 and 9 GHz at the larger incidence angles, wighobserved when comparing FDTD and SPM results at these
the surface-plus-volume case exceeding the surface-only casguencies. A general increase in surface-only backscattered
by more than 10 dB at some angles. Note the point atrbthe cross sections is observed for this rougher surface case when
9 GHz results shows an unrealistic increasing angular trend fac@mpared to Fig. 5, particularly at higher frequencies and
volume scattering medium. Again, the precise values of sindger incidence angles. The addition of volume scatterers is
points should not be overly examined due to the inherent ebserved to have a less significant effect than in Fig. 6 due to
rors in a Monte Carlo simulation. Overall trends of these curvebie increased surface contribution at larger incidence angles,

f |3GHz | 5 GHz | 7 GHz | 9 GHz




NASSARet al. NUMERICAL MODEL FOR ELECTROMAGNETIC SCATTERING FROM SEA ICE 1315

(a) 3 GHz (b) 5 GHz
0 . . : . : 0 . . . : :
x  Homogeneous
-10 o Inhomogeneous =101
2 2 e
& 20 © & 20t X % o
i in b3
o hel
s O £ °
g M S
§ 30 E 30
Q [=]
=z p=4
-40 —40f
-50 . . : : : -50 . : : i .
0 10 20 30 40 50 0 10 20 30 40 50
Angle (deg) Angle (deg)
(¢) 7 GHz (d) 9 GHz
0 ; ; 0 : .
%
-10 : -10f
o]
& [ Q & X
T T 6
o]
&8 20 % o & 20 X o
o o
kel X o] bl ©
153 [
= N
g -30 i E -30
o [+} X
=z =z
-40 -40 %
-50 ‘ ‘ -50 :
10 20 30 40 50 0 10 20 30 40 50
Angle (deg) Angle (deg)

Fig. 6. Comparison of FDTD incoherent average backscattered cross sections versus incidence angle for homogeneous and inhomogeneous media with a
rough boundary = 0.001 m,/ = 0.02 m. (a) 3 GHz, (b) 5 GHz, (c) 7 GHz, and (d) 9 GHz.
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{ = 0.02 m. Comparison of FDTD surface and volume results with the sum of FDTD results with volume scattering only and with surface scattering only. (a) 3
GHz, (b) 5 GHz, (c) 7 GHz, and (d) 9 GHz.
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Fig. 8. Comparison of FDTD incoherent average backscattered cross sections versus incidence angle for homogeneous and inhomogeneous media with a
rough boundary = 0.003 m/ = 0.02 m. SPM predictions for surface-only scattering are also included. (a) 3 GHz, (b) 5 GHz, (c) 7 GHz, and (d) 9 GHz.

and differences are within the expected level of error of the sirto the dynamic range of the radar system and was interpolated
ulation. Thus, it appears that surface scattering is the dominémtthe 7 and 9 GHz frequencies shown from data samples at
effect for this set of medium parameters. Fig. 9 shows that the5, 7.5, 8.5, and 9.5 GHz. This interpolation is not expected to
addition of surface-only and volume-only predictions is agaitontribute significant error because the frequency swept data
approximately valid for this case, matching FDTD surface amdas relatively smooth in this range of frequencies. Although
volume predictions within 3 dB. significant differences in cross section levels are observed,
particularly at 7 GHz, measurement and modeled data show
similar trends in their variation with incidence angle. The slow
IV. ComMPARISON WITHCRREL MEASUREMENTS falloff in 9 GHz measured cross sections for incidence angles

Although the approximations of the numerical model and beyond 10 matches FDTD predictions for a volume scattering

) .—onhly medium well, again demonstrating the importance of
lack of complete ground truth data make a direct comparison y 9 9 P

. - o . : olume scattering for a very smooth surface case, even at
with measured data difficult, a preliminary comparison is made

. . . . igher frequencies.
in this section to compare trends in the modeled and measure%h g
data. Two cases are considered: bare ice with a smooth surface

and pancake ice with a rough surface. B. Pancake Sea Ice

Measurements taken from a pancake ice sample during
CRREL '95 [27] are plotted in Fig. 11 and compared with

Fig. 10 compares FDTD predictions for the backscatteredsults from the FDTD model withr = 0.003 m,/ = 0.02
normalized RCS in the flat surface, volume scattering caseand inclusions. Reference [23] specifies the measured rms
(Fig. 3) with measurements taken from a very smooth bareughness for this case as 0.0019 m, somewhat less than the
ice surface using a plane wave antenna [26] during CRRELFDTD surfaces, and other physical characteristics of pancake
January of 1994. Reference [23] specifies the measured rues including a smaller thickness and higher salinity content
roughness for the bare ice section to be less than 0.001 mase not included in the FDTD model. Again, significant dis-
that volume scattering is likely to be the dominant effect arepancies between FDTD and measured results are observed.
larger incidence angles, and the flat surface FDTD model iowever, the agreement in general trends shows that the
reasonable for comparison. Measured data is plotted only d@minant surface scattering effect can probably explain results
to 30° because data at larger angles could not be recovered fluethe pancake ice at angles frohtb 5C°.

A. Smooth Bare Ice
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! = 0.02 m. Comparison of FDTD surface and volume results with the sum of FDTD results with volume scattering only and with surface scattering only. (a) 3
GHz, (b) 5 GHz, (c) 7 GHz, and (d) 9 GHz.
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Fig. 10. Comparison of FDTD with CRREL '94 measurements for bare ice. (a) 7 GHz and (b) 9 GHz.

V. CONCLUSION dict the backscattered RCS from sea ice models with smooth
and slightly rough surfaces. Although the computational inten-

A numerical model for electromagnetic scattering from sesaty of a Monte Carlo simulation limited the number of realiza-
ice was developed and validated. The model was used to piens obtained and necessitated approximations in modeling of
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Fig. 11. Comparison of FDTD with CRREL '95 measurements for pancake ice. (a) 7 GHz and (b) 9 GHz.

the sea ice medium, comparison of FDTD results with analyt-[4]
ical approximate theories in appropriate cases showed that pre-
dicted cross sections should be accurate to within approximatelygs]
3 dB. Studies of the relative effects of volume and surface scat{e]
tering showed that both can contribute to observed cross sec-
tions, with volume scattering primarily observable with smooth

Waves from Rough SurfacesNew York: Pergamon, 1963.
faces,”Commun. Pure Appl. Mathvol. 4, pp. 351-378, 1951.

plications Boston, MA: Artech House, 1994.

P. Beckmann and A. Spizzichindhe Scattering of Electromagnetic
S. Rice, “Reflection of electromagnetic waves from slightly rough sur-
A. K. Fung, Microwave Scattering and Emission Models and Their Ap-

[7] L. M. Zurk, L. Tsang, and D. P. Winebrenner, “Scattering properties of

surfaces at larger incidence angles. Comparisons of numerical
results including both surface and volume scattering with a sum
of surface-only and volume-only contributions showed separate[8]
consideration of these effects to be reasonably accurate for the

medium parameters considered.

The 3-D numerical model presented provides an additiong) g,

[9]

tool for further understanding of the sources of scattering in sea
ice and could be applied in the development of inverse scatterin

models or to study volume and surface scattering from oth

geophysical media. Although the model remains computation-
ally intensive, the ability to avoid electromagnetic approxima-[12
tions in the solution makes it a useful tool when medium param-

eters lie outside the range of analytical models.
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