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Abstract—A scattering model based on a Monte Carlo method
and the finite-volume time-domain (FVTD) method has been cre-
ated for sea ice scattering simulations. Statistical methods were
used to generate a Gaussian-distributed randomly rough surface.
The Polder-Van Santen—de Loor (PVD) model was used to esti-
mate the sea ice dielectric values with inputs based upon actual
measured physical variables obtained during field-based experi-
ments and well-known parameterizations. Scattering simulations
were performed through an application of the scattered-field (SF)
formulation invoked in an FVTD computational engine. Simulated
SFs were compared with C-band scatterometer measurements and
showed good agreement for copolarized signals in a series of case
studies. The developed simulation method has the potential to
be used for a variety of sea ice types under different physical
conditions.

Index Terms—C-band, finite-difference time-domain (FDTD),
finite-volume time domain (FVTD), scatterometer, sea ice.

I. INTRODUCTION

HE ARCTIC cryosphere is a fragile environment that has

received significant attention in the past decades due to the
rising concern in climate change. General circulation models
used to describe our planet’s climate system have indicated that
Arctic sea ice is highly sensitive to global climate change. Sea
ice type and extent are inherently linked to the atmospheric
and oceanic forcing mechanisms through the surface energy
balance; moreover, there has been an observed dramatic de-
pletion of sea ice in the Arctic over the past few decades [1].
Global climate change has major impacts not only in terms of
direct changes to the environment but also on societal stability,
transportation, and natural resource availability.

Microwave remote sensing has been used for many years
to observe and assess the changes in the sea ice system in
the Arctic [2]. The microwave scattering signatures of sea ice,
at a given point in time and space, are dependent upon the
time history of the evolution of the physical properties of the

Manuscript received June 4, 2011; revised October 13, 2011; accepted
October 23, 2011. Date of publication December 7, 2011; date of current
version June 20, 2012. The work of D. Isleifson was supported by a Natural
Sciences and Engineering Research Council (NSERC) graduate scholarship,
and that of L. Shafai and D. G. Barber was supported by NSERC operating
grants and a Canada Research Chairs grant.

D. Isleifson, I. Jeffrey, L. Shafai, and J. LoVetri are with the Department of
Electrical and Computer Engineering, University of Manitoba, Winnipeg, MB
R3T 5V6, Canada (e-mail: disl@ee.umanitoba.ca; ijeffrey @ee.umanitoba.ca;
shafai @ee.umanitoba.ca; joe_lovetri@umanitoba.ca).

D. G. Barber is with the Centre for Earth Observation Science and the Faculty
of Environment, University of Manitoba, Winnipeg, MB R3T 2N2, Canada
(e-mail: dbarber @cc.umanitoba.ca).

Digital Object Identifier 10.1109/TGRS.2011.2173940

sea ice. Studies on the time series (i.e., seasonal evolution)
of remote sensing data show that characteristic patterns exist,
and therefore, microwave scattering signatures can be used to
develop applications for deriving the state of the Arctic. Barber
[2] has also suggested that remote sensing data can be fused
into numerical climate models and can also be coupled to
physical-biological models.

Microwave scattering signatures of sea ice can be studied
directly through dedicated field campaigns and projects, while
simultaneously, modeling studies can be undertaken to simu-
late the expected backscattering from a hypothetical sea ice
medium. The scattering signatures of sea ice are governed by
the surface roughness, the inhomogeneities within the ice, and
the thermodynamic state of the ice [3]; therefore, in order
to interpret the sea ice scattering signatures, a relationship
between the electromagnetic behavior of the sea ice and the
geophysical description must be determined [4]. The mecha-
nisms under which the ice formed, how it has changed over
time, and the age of the ice all are factors in determining the
microwave properties and, therefore, the measured backscatter
of the sea ice. Details on the characteristics of sea ice are
well documented in the literature (see, for example, [5] and
[6]). The thermodynamic and physical state of the sea ice
medium should be considered in both dielectric and scattering
models. Characterization of the geophysical parameters must be
improved so that the associated models have a larger range of
validity and so that we can better understand the limitations of
the model [7]. Furthermore, it is important to test new modeling
methods and techniques, as they may give new insight for
problems that have been previously attempted. For example,
polarimetric scattering signatures have the potential to give
more information on the sea ice state since different polar-
izations may interact differently with components of the sea
ice structure. Indeed, modern satellite-based synthetic aperture
radar systems are polarimetric (e.g., Radarsat-2), so modeling
efforts should be made to replicate the measurements.

Past research efforts have made great strides in our under-
standing of the mechanisms of electromagnetic wave inter-
action with the highly inhomogeneous sea ice medium. An
excellent review of models used for microwave remote sensing
has been provided in [8]. Examples of some past models that
have been used for modeling sea ice remote sensing include
models based on analytic wave theory (AWT) (Nghiem et al.
[9]), with a part of the model based on strong fluctuation theory
to calculate the effective permittivities (Stogryn [10]), radiative
transfer theory (RT) (Ishimaru [11]), and dense medium radia-
tive transfer theory. Surface scattering models have also been
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applied under the geometric optics approximation, perturbation
theory (for example, the small perturbation model (SPM) [12]),
and integral equation methods (IEMs). As an alternative to the
AWT and RT formulations, numerical computation methods
have been used for simulating the interaction of waves with sea
ice. While AWT formulations are generally quite complex, nu-
merical simulation techniques can accommodate variations in
complex media descriptions relatively easily. For example, Nas-
sar studied the utility of FDTD for scattering from sea ice [13]
and found that he was able to simulate scattering for midrange
incidence angles with some success. Furthermore, fully devel-
oped simulation tools based on AWT and advanced RT models
are not readily available, so considerable time in developing,
debugging, and validating one of the models would be required.

Numerical techniques, such as the finite-volume time-
domain (FVTD) method, have the potential to provide new
information on sea ice scattering mechanisms. For example,
the FVTD method uses an unstructured mesh, which provides a
better physical representation of a rough surface than the cubic
lattice of the FDTD method. While it is true that Monte Carlo
techniques can be time consuming and require large computing
resources, modern processors and parallelization of algorithms
can mitigate some of the computational demands. Furthermore,
FVTD is a time-domain method, which means that it is capable
of providing scattering simulation results for a broad band of
frequencies simultaneously.

In this paper, we describe a Monte Carlo method scattering
model that uses the FVTD method and compare our simulations
with actual measurements of sea ice obtained using a C-band
scatterometer system. We show that our simulation technique
matches the measurements for copolarized signals (i.e., 0% )
in a series of case studies that have well-characterized ground-
truth data (sea ice salinity, temperature, etc.). We focus on
the validation of the numerical technique in our case studies,
rather than specifically competing with other methods. In all
cases, we are explicitly simulating undeformed young sea ice,
meaning that ridges, rafting, and large-scale roughness are not
considered in the present study.

II. FIELD SAMPLING METHODS

We have conducted a large series of C-band scatterom-
eter experiments from the Canadian Coast Guard Ship
(CCGS) Amundsen as part of the Circumpolar Flaw Lead
(CFL) System Study. High-quality geophysical characteriza-
tions of sea ice were performed after the region was in-
terrogated using a ship-based scatterometer system. Portions
of these data have been analyzed, for example, to under-
stand the relationships between sea ice thickness and surface
characteristics and the measured polarimetric backscattering
response [14].

Upon arrival at a sea ice floe of interest, we guided the ship
to a position that allowed the footprint of the scatterometer
to illuminate as homogeneous ice surface as possible (i.e.,
with such thin ice, cracks and rafting of the ice were always
present to some extent). We performed an average of five sets of
scatterometer measurements to ensure that we had a statistically
significant representation of the scattering properties of the
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TABLE 1
C-BAND SCATTEROMETER OPERATING PARAMETERS [16]
Parameter Value
Center Frequency 5.5 GHz
Bandwidth 500 MHz
Antenna Type Parabolic Reflector
Antenna 3-dB Beamwidth 5.5°
Antenna Gain 28 dBi
Cross-polarization Isolation >28 dB
Estimated Sensitivity -40 dB

Transmit/Receive Polarizations HH, VV, HV, VH

area of interest. After the scatterometer measurements were
complete, we visited the ice surface to obtain physical samples
of the sea ice from within the scan region.

A. C-Band Scatterometer System

The C-band polarimetric scatterometer system was mounted
on the port side of the icebreaker CCGS Amundsen at a height
of about 8 m with respect to the sea surface. The system
operates with a center frequency of 5.5 GHz and a bandwidth
of 500 MHz. The antenna was a dual-polarized reflector with
a beamwidth of approximately 5.5° in both the E-plane and
H-plane. The system parameters are summarized in Table I.
Measurements were conducted in 60° azimuth swaths over a
20° to 60° incidence angle range with a 5° increment. The
returned power and phase information was measured, and the
covariance matrix was calculated allowing o, 0¥, and
09 5 normalized radar cross sections (NRCSs) and various
polarimetric parameters to be obtained. Further details on the
processing techniques are given in [14] and [15].

B. Physical Sampling Methods

The air temperature was measured by holding a hand-held
temperature probe (Traceable Digital Thermometer, Control
Company, accuracy £0.05 °C) approximately 1 m above the
ice surface. Temperatures at the ice surface were taken by
placing the probe in good contact with the surface and ensuring
that the temperature had stabilized. When the ice was very
thin (such as in our Case Study I), we directly measured the
temperature of the ice—water interface by reaching into the
water and pressing the probe against the bottom side of the
ice. Generally, a representative core was extracted using an ice
coring system (Mark II, Kovacs Enterprises), but for our Case
Study I, we directly cut a section out of the ice using a handsaw.
Ice temperatures were measured by inserting the temperature
probe into a hole drilled into the center of the ice core or
segment. A mean ice temperature was estimated by assuming
a linear temperature profile. Ice thickness was measured from
the extracted core or segment using a ruler, and we estimate our
error to be +0.5 cm.

For salinity and texture analysis, extracted ice samples were
placed in plastic bags and stored in a —20 °C freezer on the
ship. Samples of the ice surface (i.e., scrapings of the top
2.5 mm) were taken for the salinity measurements. The ice
cores were sliced into 5-cm segments (i.e., 5-cm tall cylinders)
in the —20 °C cold laboratory on board the ship. The outer
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(a)
Fig. 1.

Hypothetical geometry illustrating the decomposition of the fields in the SF formulation for the rough surface scattering problem. (a) Total-field geometry

with the plane-wave source, E, incident upon a rough surface. (b) Incident-field geometry with only the dielectric half space and the plane-wave source. (c) SF
geometry where the contrast sources [J.(r)], which represent the rough surface undulations, radiate in the presence of the half-space background medium.

edges where the ice core had contacted the sea water were
trimmed away in order to minimize the effects of the exposure.
These samples were allowed to melt in plastic containers at
room temperature, and the conductivity was measured with a
conductivity meter (Hach Sens Ion 5). The salinities of the
samples were calculated from the conductivity according to the
formulation of [17], and a bulk salinity of the core was de-
termined. More detailed descriptions of the physical sampling
procedures are available elsewhere (e.g., [18]).

III. MONTE CARLO METHOD FOR ROUGH SURFACE
SCATTERING SIMULATIONS

In this section, we describe a Monte Carlo method for simu-
lating electromagnetic scattering from an area-extensive target.
As the primary measurement retrieved from the scatterometer
system is the NRCS (symbolically denoted as o), the output
of our Monte Carlo simulation technique must therefore be
the NRCS in order to facilitate comparison between simulation
and measured results. The method uses the scattered-field (SF)
formulation of an FVTD computational engine to propagate the
fields through a geometry that represents a sea ice medium. The
stochastic aspect of our Monte Carlo Method comes from the
generation of many different realizations of a random rough
surface. These realizations are generated to provide statistical
variation for the simulated SFs. For each of these realizations,
an approximate near-field to far-field transformation is used
to calculate the far fields, and these are subsequently used to
calculate the NRCS.

A Monte Carlo method for simulating scattering from sea ice
using a combination of the FDTD and FVTD methods has the
potential to provide new insight and information. Some of the
advantages of the proposed technique include the following:

1) solves Maxwell’s equations exactly, within numerical
approximation;

2) can obtain broad-band results in one Monte Carlo run;

3) can add an unlimited number of layers to create a random
media model;

4) can add random inclusions with relative ease;

5) can add surface roughness with relative ease;

6) can investigate other interesting features, such as cracks
and rafting of sea ice.

At the same time, there are distinct disadvantages that the use
of the FDTD-FVTD Monte Carlo model may encounter.

1) Proper spatial discretization of the sea ice medium re-

stricts the size of the computational domain.

2) Monte Carlo techniques can be time consuming and

require large computing resources.

For context, other researchers have applied the FDTD
method to problems involving scattering objects in random
media [19] and scattering from objects in stratified media
[20]. Uchida [21] has reported on using the FVTD method
for scattering from a randomly rough surface at grazing angles
with application to communications and found that the results
compared favorably with IEM methods. Still, other research
has been performed that involves the analysis of heterogeneous
rough media using FDTD [22]. There was a numerical study
of electromagnetic scattering from sea ice using FDTD that
is similar to our research [13]. To the best of our knowledge,
no one has applied the FVTD method to modeling microwave
remote sensing of sea ice.

A. FVTD Computations

The FVTD method is a differential-equation-based numeri-
cal scheme that is capable of simulating electromagnetic prob-
lems in three dimensions [23], [24]. In contrast to the FDTD
method, the FVTD method can support an unstructured mesh,
which has the capability to conform to irregular shapes and
surfaces without requiring an extremely high level of discretiza-
tion. In this paper, a parallel implementation of the FVTD
algorithm is used. Pertinent details of the algorithm have been
discussed in [24] and [25].

B. SF Formulation

In order to perform scattering simulations, we utilize a SF
formulation, which is implemented using a combination of
FDTD and FVTD techniques. Our method follows [26] and is
described in [25].

The total-field geometry, which consists of a multilayered
medium illuminated by a plane-wave source, is illustrated in
Fig. 1(a). Using the standard SF decomposition, we separate
the total-field simulation into an incident-field simulation [see
Fig. 1(b)] and an SF simulation [see Fig. 1(c)]. We solve the
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Fig. 2. Example of the mesh used in the rough surface scattering computations with the size of mesh elements enlarged for the sake of illustration. Left-hand
figure shows a side view of the mesh and indicates the location of the integration surface S. Right-hand figure shows an isometric view of the rough surface mesh
and also shows the location of the integration surface S with respect to the rough surface and the computational boundaries.

incident-field simulation first, which is the propagation of a
plane wave through multilayered media. The solution is com-
puted using a 1-D-FDTD solver. The solution to the incident-
field simulation is subsequently used as the source for the SF
simulation using FVTD. The SF geometry is shown in Fig. 1(c),
where the contrast sources (i.e., J.(r,t) # 0) exist in regions
where there is a difference in the electrical properties between
the incident-field and the total-field geometries. The contrast
sources can represent rough surface undulations. The SFs from
these contrast sources propagate within the computational do-
main and are effectively absorbed by the absorbing boundary
condition (ABC) at the edge of the domain. Further details on
the methods are given in [25] and [27].

C. Rough Surface Generation

A computational geometry containing a layered medium and
a rough surface must be constructed for the FVTD computa-
tions. An example of a rough surface computational geometry is
given in Fig. 2. A randomly rough surface can be characterized
by its autocovariance function (ACF) and its height distribution
function (HDF). The ACF describes the lateral variation of
distribution (associated with the correlation length L.), while
the HDF describes the height deviation from a mean value
(denoted as o0,.). Commonly used ACFs include the Gaussian,
1.5-power, and the exponential [28]. We utilized a Gaussian
distribution for our sea ice model since we did not have actual
measurements of the surface roughness. To generate a rough
surface, the method presented in [29] and originally given in
[30] is employed. The surface is constructed from a 2D matrix
of uncorrelated random points, z, = f(z,y), using a random
number generator with a Gaussian distribution.

A Gaussian filter, given by

F(z,y) = exp (—2(z* +y°)/L2) (1)

2
LT
provides the means to obtain a correlation of the points through
a convolution operation of the random points with the filter

00 oo
z2(w,y) = / / Flo =2y —y)zu(a,y)da'dy’. ()
—00 —00
In practice, the convolution operation is performed using an
inverse discrete Fourier transform (DFT).

D. Computation of NRCS

In order to calculate the NRCS o for a random surface, the
statistical properties of the scattered power must be used. For
an area-extensive target, 0¥ is computed as [31]

(5°2(6°,6*))
AO Sinc(eina ¢znc)

0_0(93c7¢sc7 ainc,¢inc): lim 47TR2 (3)
R—00
where the superscript inc and sc denote incident and scat-
tered quantities, Ay is the area of illumination, pinc =
ApSine(fine ¢inc) is the incident power, and {.) denotes en-
semble averaging.

The SF from a random medium can be separated into coher-
ent and incoherent components. The incoherent component is

used to calculate the NRCS and is defined as
Pincoherent _ <|Ec o En|2> 4)

where the superscript ¢ and n represent the mean coherent field
and the field from the nth Monte Carlo simulation, respectively.

When using our FVTD-based scattering model, we calculate
the far fields in a postprocessing step, after the simulation has
terminated (FVTD only computes fields within the computa-
tional domain). Field values are stored at discrete observation
points on a fictitious surface, depicted as S in Fig. 2. We
perform a DFT at each of the observation points and evaluate
the convergence of the results at the completion of the sim-
ulation. After the FVTD simulation has terminated, a simple
numerical integration is performed to calculate the radiation
integrals. The near-field to far-field transformation is performed
through an approximation to the surface equivalence theorem in
electromagnetics [32].

Scattering from a limited region of a rough surface is anal-
ogous to radiation from an aperture in aperture theory. An
effective area of illumination (depicted as S in Fig. 2) is created
to represent an antenna footprint. Outside of the effective area
of illumination, the contribution of the fields is considered to
vanish (i.e., no contribution at all). Our hypothesis is that the
rough surface itself can be tapered (i.e., it becomes smooth at
the edges) in place of tapering the incident field.

As a test of concept, we have performed studies on the
effects of the dimensions of x,,,, and z,s on the simulated
NRCS for a given statistical description and compared them
to SPM results. For example, we generated n = 20 rough
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surfaces with parameters o, = 0.001 m and L. = 0.005 m for
Tmax = Ymax = 17 cm and x5 = y,s = 15 cm and, again, for
Tmax = Ymax = 20 cm and 2,5 = ¥, = 22 cm. We found that
the results of each of the Monte Carlo simulations agreed to
within 2 dB of the SPM for all frequencies tested, which is
acceptable considering the statistical nature of the problem.

Other researchers have chosen to use an illumination that has
a Gaussian taper in the spatial domain [33], [34]. This ensures
that the incident field does indeed vanish at the edges of the
computational domain. The concept of a locally rough interface
was proposed in [35] to model scattering sources above and
below a planar interface, which is a similar idea to our proposed
method. Additionally, in [36], it was warned that there could be
pitfalls in using a plane wave to illuminate a finite rough surface
since the ends of the surface could give large spikes in the sur-
face current, but with the proposed method, we do not observe
the spikes since our scatterers are effectively discrete objects.

We calculate the incident power upon the surface S by
generating a computational geometry that is only free space.
In this FVTD simulation, the incident field for layered media
is therefore propagating only in free space and is not perturbed
by any layered dielectric. The incident power can be calculated
using the following integral, which is evaluated numerically
on the same observation plane as the SF, and uses the time-
harmonic values of the field quantities. This quantity must be
calculated for each separate incidence angle

Y2 x2
/Einc X Hznc*dxdy (5)

Y1 T1

e 1
P = 2 Re

where z; and xy are the bounds of the observation plane
(i.e., S) in the z-dimension, y; and y, are the bounds of the
observation plane in the y-dimension, E;,. and H™c* are the
time-harmonic incident-field values, and the * denotes complex
conjugation. The calculation of the incident power is required
for normalization, as given in (3).

IV. MODEL APPLICATION AND COMPARISON
WITH SCATTEROMETER DATA

We have collected many scatterometer measurements, along
with coincident geophysical measurements, during the CFL
project. In this section, we present the results of a series of
modeling case studies that were conducted to evaluate the ap-
plicability of the proposed Monte Carlo method for simulating
electromagnetic scattering from sea ice using FVTD.

We presented a Monte Carlo method for simulating electro-
magnetic scattering from a rough surface in [27] and now apply
this technique to model scattering from sea ice. Inherent with
any statistical technique is the error associated with only a finite
number of realizations. In our work, we have decided to use
up to 24 different realizations to represent the sea ice medium.
We chose a maximum of 24 realizations as a compromise be-
tween running a prohibitively large number of simulations and
generating results with some statistical significance. A larger
number of realizations would provide a lower error; moreover,
the convergence of the results showed that the obtained values
are adequate for the purposes of our modeling.
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TABLE 1II
LITERATURE VALUES FOR SEA ICE SURFACE ROUGHNESS PARAMETERS
FOR NEWLY FORMED SEA ICE. THE ACRONYM CRREL (EX)
REFERS TO EXPERIMENTAL WORK PERFORMED AT THE
U.S. ARMY CORPS OF ENGINEERS COLD REGIONS
RESEARCH AND ENGINEERING LABORATORY

o,[m] L.[m] Reference
0.0002-0.0048  0.00669-0.0177 CRREL’88 [28]
0.00216 0.0047 CRRELEX’90 [37]
0.00136 0.0176 CRRELEX’90 [37]
0.0005 0.0175 CRREL'94 [13]
0.0019 0.008 CRREL'94 [13]

Ideally, we would have liked to simulate a region that was the
same size as the scatterometer footprint to represent the rough
surface; however, 3-D FVTD simulations of regions greater
than several wavelengths are computationally demanding (for
f =5.5 GHz and \y = 5.4545 cm). In order to overcome this
problem, we created a large number of smaller realizations that
represented the sea ice medium in a Monte Carlo modeling
study of the scattering properties. The scattering from one
simulation of the sea ice medium provided a single sample
of the scattering characteristics of this highly inhomogeneous
medium.

In this modeling study, we made the assumption that all of
the significant scattering interactions would take place at the
surface of the sea ice since newly formed sea ice is generally
a highly lossy dielectric material at microwave frequencies. We
relied on literature values of surface roughness parameters for
sea ice since we were not able to consistently and accurately
measure the surface roughness in our fieldwork. Example liter-
ature values are given in Table II to provide a relative range of
sea ice surface roughness parameters. Generally, we expect that
the height variation o, should be on the order of millimeters,
whereas the correlation length L. should be on the order of cen-
timeters. Note that, in Table II, the acronym CRREL(EX) refers
to the experimental work performed at the U.S. Army Corps of
Engineers Cold Regions Research and Engineering Laboratory.

The computational geometry was created using a freeware
mesh-generating program, GMSH [42], which was also used
to transform the physical description into a mesh for FVTD
computations. The time function of the input waveform was a
Gaussian derivative

2A(t — to)

eap (—(t —t0)*/b°) ©)
where A =1, tg = 0.2 ns, and b = 70 ps. The constants in (6)
were chosen such that sufficient energy would propagate at the
frequency of interest (specifically, 5.5 GHz).

Estimations of dielectric properties of the sea ice medium
were obtained through well-established dielectric modeling
techniques. The models that we used are summarized in
Table III, where we provide a list of input parameters, the
associated model parameter, and a literature reference. Details
of the usage of the models is given in each of our case studies.
In our case studies, simulations were conducted only for the
TE case, i.e., a horizontally polarized incident field. From our
simulations, we obtain both the copolarized return 0¥, ;; and the
cross-polarized return oy, ;.
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TABLE III
MODEL INPUT PARAMETERS AND CORRESPONDING REFERENCES
Input Model Literature Reference
Parameter Parameter
[y Tice €ice Mitzler et al. [38]
[ Tice Eprine Stogryn & Desargent [39]
Tices Sice Up Frankenstein & Garner [40]
Ub; €ices €brine  Eseaice PVD, cited in [41]
Thickness dice Isleifson et al. [14]
TABLE IV

PHYSICAL PARAMETERS AND EVALUATED DIELECTRIC
VALUES FOR CFL STATION 1800C

Thickness dice = 5.5 cm
Ice Surface Temperature 7Ty, = -8.74°C
Mean Ice Temperature Tsi =-5.21°C
Ice Bottom Temperature 73, = -1.68°C
Bulk Ice Salinity Sy = 11.8 PSU
Brine Volume Fraction vy = 11.5%

Brine Dielectric
Pure Ice Dielectric
Sea Ice Dielectric
Sea Ice Conductivity

€prine = 50.0011 + 743.6265
€ice = 3.1837 4+ 50.0010
€seaice = 4.5241 + 70.2118
Oseqaice = 0.06480

Since we did not have actual measurements of the surface
roughness parameters, we used SPM to give us an initial guess
for L. and o,.. We performed a series of simulations varying the
surface roughness parameters and found values that provided
good agreement between simulated and measured NRCSs in a
manual optimization problem. We constrained our optimization
problem by assuring that our surface roughness parameters
were within the range of literature data (see Table II). In
summary, we generated n = 24 realizations by prescribing
roughness parameters and created a computational geometry
for each realization. The same n = 24 realizations were used
for simulations at each incidence angle (i.e., 20°,25°, ..., 60°).

Furthermore, we optimized our simulations to obtain the
best agreement for copolarized signals. We were not able to
simultaneously optimize both the copolarized return 0% ;; and
the cross-polarized return o9, ;. This indicates that the model
does not fully account for all relevant scattering behavior (for
example, there is no attempt to simulate volumetric scattering).

A. Case Study I: CFL Station 1800C

We utilized the data collected at CFL Station 1800C as our
first example of sea ice remote sensing. The sea ice at CFL
Station 1800C was a newly formed sea ice type known as
nilas, which exhibited an average thickness of 5.5 cm. From
the microstructural analysis (not presented here but performed
in a parallel ice physics study), it appeared to have formed
under quiescent conditions. Physical measurements of the sea
ice were conducted as described in Section II-B, and these data
provide the baseline input for both our dielectric and scattering
models. The relevant details of the physical and electrical data
for this measurement location are summarized in Table IV.
The mean ice temperature was calculated by averaging the
ice surface and ice—water interface temperatures. The in situ
temperature and laboratory calculated salinity were used to cal-
culate brine volume according to Frankenstein and Garner [40].
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TABLE V
FVTD SIMULATION PARAMETERS FOR CFL STATION 1800C
Modeling Lmar = Ymax = 0.17 [m]
Domain Typs =Yg = 0.15 [m]
Parameters z-dimension = 0.025 [m]

# of elements = 1.75 million

Rough Surface o, = 0.00062
Parameters L.=0.015
Az E
A
k;
0.0125+4
0.01004
Observation Plane
04 |
o,=0.00062
€seqice = 4.5241+50.2118
-0.0125-L ||
Fig. 3. Two-dimensional slice of the FVTD computational geometry for CFL

station 1800C.

The brine volume fraction and in sifu temperature were then
used to calculate both the dielectric constant of the brine using
the equations derived by Stogryn and Desargent in [39] and
the dielectric constant of the ice using the expressions given
by Mitzler et al. [38]. Finally, an estimate of the dielectric
mixture was obtained using the Polder—Van Santen—de Loor
(PVD) model assuming spherical brine pockets.

With the dielectric properties of the medium defined, the
FVTD modeling domain was created next. The input parame-
ters and some of the details on the computational domain are
summarized in Table V. We set the dimensions as Zax =
Ymax = 17 cm and z,5 = y,s = 15 cm (see Fig. 2). An il-
lustration showing a 2-D slice of the geometry of the FVTD
computational domain is shown in Fig. 3. The observation plane
corresponds to the integration surface S'

The results of our simulations for o¥; ;; are presented in Fig. 4
and are compared with the scatterometer measurements. We
have plotted the mean measured scatterometer results with the
error bars showing the maximum and minimum measurement
values of each scan. Our FVTD simulation results follow the
trend of the scatterometer data reasonably well. At the inci-
dence angles of 55° and 60°, the scatterometer measurements
appear to saturate, i.e., they appear to reach a minimum value
and do not decrease with increasing incidence angle. One pos-
sible explanation could be that there is a volumetric scattering
aspect that is evident at these incidence angles, whereas it
is not as dominant at the lower incidence angles [13]. Our
FVTD simulations do not attempt to add a volumetric scattering
element, so they continue to decrease with increasing incidence
angle. Additionally, the effects of noise on the NRCS measured
by the scatterometer could also be a source of error, in spite of
our best efforts to ensure that the radar processing algorithm
minimized its effects.
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Fig. 4. Comparison of FVTD simulation results and scatterometer measure-
ments at CFL Station 1800C. Solid line shows SPM results. The dashed line at
—40 dB represents the estimated noise floor of the scatterometer.

The FVTD cross-polarized simulation results o, are less
than —50 dB (below the scatterometer noise floor) and are
much lower than the scatterometer measurements. We conclude
that our FVTD simulations have provided a good comparison
with the scatterometer measurements for the copolarized signal
o(}{ 11> however, the FVTD results have not replicated the results
of the cross-polarized signal o, ;.

In order to match the cross-polarized signal, we hypothesize
that we would have to include some form of anisotropy for
the sea ice dielectrics and/or the rough surfaces. The current
implementation of the FVTD engine supports only isotropic
media. As part of our future research, we could consider adding
the capability for simulating anisotropic dielectric media in
the FVTD engine in order to see its effects. Additionally, we
could also consider using different surface roughness param-
eterizations. In all of our examples, we make the assumption
that the rough surface follows a statistical distribution that is
independent of direction. Although the sea ice in our parametric
studies appeared to have grown under quiescent conditions,
environmental effects (wind direction and wave action) could
potentially impact the surface. By adding anisotropic capabil-
ities, we could improve upon our physical description of the
sea ice in the model and likely improve the match between our
simulated and measured cross-polarized signals.

For comparison, in his model with ellipsoidal inclusions,
Nghiem et al. [43] showed that, by simulating volume scat-
tering alone, he could obtain good agreement between mea-
sured and simulated cross-polarized results. He notes that
low surface roughness was a requirement such that cross-
polarized scattering generated from the rough interface was
negligible. In his example of scattering from thin lead ice
(similar to our Case Study IIl: D28A), he shows that the
cross-polarized signal is about 12 dB below the copolarized
signal, for both simulation and measurement. This difference is
comparable to our simulation and measurement results, which
indicates that a similar assumption in our simulation could also
be valid.
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TABLE VI
PHYSICAL PARAMETERS AND EVALUATED DIELECTRIC
VALUES FOR CFL STATION 1800B

Thickness dice =9 cm
Ice Surface Temperature 7T; = -10.7°C
Mean Ice Temperature Thnsi = -6.21°C
Bulk Ice Salinity Sy = 13.7 PSU
Brine Volume Fraction vy = 11.4%

Brine Dielectric
Pure Ice Dielectric
Sea Ice Dielectric
Sea Ice Conductivity

Corine = 47.0030 + 744.0821
€ice = 3.1827 4 70.0010
€seaice = 4.5056 + 70.2183
Osenice = 0.0668

TABLE VII
FVTD SIMULATION PARAMETERS FOR CFL STATION 1800B

Modeling x-dimension = 0.17 [m]
Domain y-dimension = 0.17 [m]
Parameters z-dimension = 0.035 [m]

# of elements = 1.7 million

o, = 0.003027
L, =0.018056

Rough Surface
Parameters

B. Case Study II: CFL Station 1800B

We utilized the data collected at CFL Station 1800B as
our second example of sea ice remote sensing. The sea ice
at CFL Station 1800B consisted of a sea ice type known as
light nilas, with an average thickness of 9 cm. There were a
few small frost flowers (< 1 cm) that populated the surface,
and we estimated the percentage coverage as a maximum of
25%. We considered the frost flowers as a roughening of the
surface, so the roughness parameters of this station are greater
than that of Case Study I: CFL Station 1800C. The details of
the physical and electrical data for this measurement location
are summarized in Table VL.

With the dielectric properties of the medium defined, the
FVTD modeling domain was created. The input parameters
and some of the details on the computational domain are
summarized in Table VII. In Table VII, the total z-dimension
is a summation of the modeled sea ice layer and an overlying
free-space layer. Again, we began the modeling process by
considering the scatterometer measurements of the ice to be
dominated by surface scattering. By varying the parameters of
the surface roughness characterization, we found that we could
match the scatterometer measurements almost perfectly by the
correct choice. The values selected for the surface roughness
characterization were within an acceptable range for newly
formed sea ice (see Table II). A 2-D slice illustrating the ge-
ometry of the FVTD computational domain is shown in Fig. 5.

Although the thickness of the sea ice is 9 cm, we only
modeled the top portion of the sea ice for three reasons. First,
the exploration depth of the interrogating electromagnetic wave
(uSing €seqice) 1s smaller than the complete ice thickness, so the
bottom interface would play a minor role in the backscattering
simulation. In other words, we hypothesize that this highly
saline ice would present a predominantly surface scattering
situation. Second, it would take considerably more time to
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Fig. 5. Two-dimensional slice of the FVTD computational geometry for CFL
station 1800B.
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Fig. 6. Comparison of FVTD simulation results and scatterometer measure-
ments at CFL Station 1800B. Solid line shows the SPM results. The dashed line
at —40 dB represents the estimated noise floor of the scatterometer.

simulate a larger domain using our present method. Since
the expected contribution from the ice—water interface is very
small, it is inefficient to simulate the complete ice thickness.
Third, we are approximating the sea ice as a homogeneous slab
of constant dielectric, so the ABCs should effectively terminate
the wave propagation with minimal reflection back into the
solution domain. From a computational perspective, the sea
ice appears to continue to negative infinity in the z-direction,
so there would be no difference in simulating thicker sea ice
(unless, of course, we went as far as to include the ice—water in-
terface). Therefore, we only modeled the top 2 cm of the sea ice.

The results of our simulations for 0%, and 0¥, are pre-
sented in Fig. 6 and are compared with the scatterometer mea-
surements. We have plotted the mean measured scatterometer
results with the error bars showing the maximum and minimum
measurement values of each scan. Our FVTD simulation results
follow the trend of the scatterometer data reasonably well for
oY% ;; however, the FVTD simulations have not replicated the
results of the cross-polarized signal o¥, ;. This is likely due
to limitations in the computational method; more specifically,
we have assumed that the dielectric medium is completely
isotropic and the rough surface is isotropic. It is not surprising
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TABLE VIII
PHYSICAL PARAMETERS AND EVALUATED DIELECTRIC
VALUES FOR CFL STATION D28A

Thickness dice =9 cm

Ice Surface Temperature Tg; = -12.6°C
Mean Ice Temperature Tinsi = -10.455°C
Bulk Ice Salinity Sy =17.1 PSU
Brine Volume Fraction vp = 9.2%

Ice Surface Salinity Sg; = 82.0 PSU
Slush Thickness 1 mm

Dielectric Values
Brine Dielectric
Pure Ice Dielectric
Slush Dielectric

Sea Ice Conductivity

(Slushy Layer)

Eprine = 37.5798 + j42.5864
€ice = 9.1769 4 70.0010
Estush = 1.2173 + 71.7059

T stush = 0.52196

Dielectric Values
Brine Dielectric
Pure Ice Dielectric
Sea Ice Dielectric
Sea Ice Conductivity

(Sea Ice Layer)

Eprine = 40.5769 + j43.7644
€ice = 3.1789 4 70.0010
€seaice = 41711 + §0.1726
O seqice = 0.052811

TABLE IX
FVTD SIMULATION PARAMETERS FOR CFL STATION D28A

Modeling x-dimension = 0.17 [m]
Domain y-dimension = 0.17 [m]
Parameters z-dimension = 0.0325 [m]

# of elements = 2.3 million

Rough Surface
Parameters

o, = 0.00152649
L. =0.0140625

that the simulated cross-polarized signal is lower than the
measured cross-polarized signal since we have not taken all of
the depolarizing factors into account in our model. Accounting
for these features should be addressed in future work.

C. Case Study IlI: CFL Station D28A

We utilized the data collected at CFL Station D28A as our
third example of sea ice remote sensing. The sea ice at CFL
Station D28A was newly formed lead ice with a thickness of
9 cm. The details of the physical and electrical data for this
measurement location are summarized in Table VIII. This sta-
tion was different from the previous two examples, particularly
because it had a slushy layer that was around 1 mm in depth
on the surface. In our modeling, we followed the approach of
Nghiem et al. [44] who estimated that the slushy layer was 25%
brine and 75% ice in a similar situation. We estimated the di-
electric of this slushy layer by using the PVD model, under the
assumption that the layer was a two-phase mixture of brine and
ice, where the brine could be represented by spherical pockets.

With the dielectric properties of the medium defined, the
FVTD modeling domain was created next. The input param-
eters and some of the details on the computational domain are
summarized in Table IX. Again, we began the modeling process
by considering the scatterometer measurements of the sea ice to
be dominated by surface scattering. By varying the parameters
of the surface roughness characterization, we found that we
could match the scatterometer measurements almost perfectly
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Fig. 7. Two-dimensional slice of the FVTD computational geometry for CFL
station D28A.
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Fig. 8. Comparison of FVTD simulation results and scatterometer measure-
ments at CFL Station D28A. Solid line shows SPM results. The dashed line at
—40 dB represents the estimated noise floor of the scatterometer.

by the correct choice. The values selected for the surface
roughness characterization were within an acceptable range of
literature values. A 2-D slice of the geometry of the FVTD
computational domain is shown in Fig. 7. The computational
domain of CFL Station D28A consists of three layers (air, slush,
and sea ice), as opposed to the previous two case studies, which
consisted of two layers (air and sea ice).

The results of our simulations for 6%, ; are presented in Fig. 8
and were compared with the scatterometer measurements. We
have plotted the mean measured scatterometer results with the
error bars showing the maximum and minimum measurement
values of each scan. Our FVTD simulation results follow the
trend of the scatterometer data reasonably well. We conclude
that our FVTD simulations have provided a good comparison
with the scatterometer measurements for the copolarized signal
o‘}{ 11> however, the FVTD simulations have not replicated the
results of the cross-polarized signal oy, ;;. Again, this is likely
due to limitations in the computational method, where we have
assumed that the dielectric medium is completely isotropic and
the rough surface is isotropic. By adding more of the depolar-
izing features into our model, we hypothesize that we could
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improve the agreement between the simulated and measured
cross-polarized signals.

V. CONCLUSION

This paper has combined the physical measurements of sea
ice with dielectric modeling techniques for use in the FVTD re-
mote sensing scattering model that we have developed. Several
examples were given to show the applicability of the model,
and we gave some discussion regarding the modeling issues
that we have discovered. We have shown how our modeling
technique can provide good agreement with field results for a
variety of physical situations, even with approximations and
estimations on the dielectric values and roughness scales. We
have shown that the surface roughness parameters are a critical
measurement, since we were able to achieve a reasonable match
between simulated and measured results through a manual
optimization of the roughness parameters. It is clear that the
modeling method does not take all necessary aspects into
account, since the measured and the simulated cross-polarized
signal were not in good agreement and we were not able to
simultaneously match both ¢, ;; and o, ;.

We presented case studies that demonstrate the capability of
the proposed FVTD-based Monte Carlo method for simulating
the scattering from newly formed sea ice. These case studies
were selected to provide a baseline comparison with other
simple methods (e.g., SPM) and are not an attempt to compete
with such methods. The range of roughness scale that we can
simulate using the FVTD method is likely to be governed
by the limitations of the computing facilities and user needs
(i.e., how much memory we are willing to use and how long
we are willing to wait for simulation results). The proposed
method does not have the same restrictions on roughness ranges
(such as SPM), so it may have a wider range of applicability.
Additionally, although we have not demonstrated the capability
in this work, the FVTD method has the ability to account for
volumetric scattering by appropriate introduction of inhomo-
geneities into the computational geometry.

In our simulated copolarized results, the backscatter de-
creases monotonically with increasing incident angle. This is
expected from the formulation of the problem. However, the
measurements do not follow that same trend exactly, for exam-
ple, in Case I: CFL Station 1800C, the backscatter at 30° is the
same as that at 25°. In modeling, we make the assumption that
the surface properties exhibit perfect horizontal homogeneity.
Our field-based observations indicate that natural sea ice always
has some horizontal variation.

We would like to point out (as Fung did in [28]) that many
different models could potentially provide decent agreement
with scatterometer measurements using different assumptions.
It is only when the electrical parameters are modeled correctly
and the scattering model takes into account all necessary inter-
actions that we can expect that the model will give the “correct”
result. This work is a step toward a fully polarimetric model.
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