
782 IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 41, NO. 4, APRIL 2003

Microwave Emission and Scattering of Foam Based
on Monte Carlo Simulations of Dense Media
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Abstract—The foam-covered ocean surface is treated as densely
packed air bubbles coated with thin layers of seawater. We apply
Monte Carlo simulations of solutions of Maxwell’s equations to
calculate the absorption, scattering, and extinction coefficients at
10.8 and 36.5 GHz. These quantities are then used in dense-media
radiative transfer theory to calculate the microwave emissivity.
Numerical results of the model are illustrated as a function of
foam parameters. Results of emissivities for both horizontal
polarization and vertical polarizations at 10.8 and 36.5 GHz are
compared with recent experimental measurements.

Index Terms—Dense-media radiative transfer, electromagnetic
wave scattering, microwave emissivity, Monte Carlo simulations,
ocean foam.

I. INTRODUCTION

T O ESTIMATE the effect of the foam on the ocean sur-
face due to wave breaking on passive microwave remote

sensing measurements, various empirical microwave emissivity
models have been used [1]–[5]. Williams [1] measured emissivi-
ties of foam in a waveguide and found that at X-band, the emis-
sivity of foam depends strongly on the thickness of the foam
layer. Wilheit’s model [2] treats foam as having neither polar-
ization nor viewing angle dependence. In Pandey’s empirical
emissivity model [3], the effect of foam was taken into account
by coupling of the theoretical expressions of specular ocean sur-
face emissivity with empirical expressions from ocean tower
observations and from the analysis of published measurements.
Smith [4] measured the brightness temperature of the foam-cov-
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ered ocean from an aircraft at a 50incidence angle. He related
the emissivities of foam at the three channels (vertical polariza-
tion at 19 GHz and both polarizations at 37 GHz) to one an-
other by linear regression. Stogryn [5] used a least squares fit
of a polynomial to measurements of artificially generated and
naturally occurring foam available as of 1971 and derived an
expression for the foam emissivity as a function of incidence
angle and frequency. All of these models are empirical fitting
procedures using experimental data. The empirical models do
not take into account the physical microstructure of foam and
the foam layer thickness.

The subject of foam dynamics has attracted great attention.
Huang and Jin [6] discussed a composite model of foam scat-
terers and two-scale wind-driven rough sea surface. Controlled
field experiments were performed to measure foam dynamics
and the microwave emissivityof calm seawater [7], [8].Recently,
a physically based approach was proposed to model foam as air
bubbles coated with seawater [9]. In this approach, wave scat-
tering and emission in a medium consisting of densely packed
coated particles are solved using the quasi-crystalline approx-
imation in combination with dense-medium radiative transfer
(DMRT) theory [10], [11]. The quasi-crystalline approximation
takes into account the effects of dense media, a method that has
been verified by controlled laboratory experiments [12], [13].

In this paper, we apply Monte Carlo simulations of solu-
tions of Maxwell’s equations of densely packed coated parti-
cles to analyze the microwave emission and scattering of foam.
The absorption, scattering, and extinction coefficients are cal-
culated. These quantities are then used in DMRT theory to cal-
culate the microwave emissivity. In order to model high-density
packing, we use a face-centered-cubic (fcc) structure to place
the air bubbles.

In Section II, we describe the physical and geometric proper-
ties of foam, both measured and modeled. In Section III, inde-
pendent scattering results for absorption and scattering are pre-
sented. In Section IV, the Monte Carlo simulation and DMRT
theory are described. By applying Monte Carlo simulations, we
calculate numerical results for absorption rate, scattering rate,
and effective permittivity of densely packed air bubbles coated
with seawater in a fcc structure. In the Monte Carlo simulations,
the volume integral equation is used. The simulation results for
emissivity with typical foam parameters at 10.8 and 36.5 GHz
are illustrated in Section V. Salient features of the numerical
results are 1) the absorption coefficients at 10.8 GHz are appre-
ciable, and 2) the emissivities at 10.8 and 36.5 GHz are com-
parable. These features are consistent with experimental mea-
surements [8]. Comparisons are also made with experimental
measurements [8] for vertical and horizontal polarizations.
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Fig. 1. Video micrograph of artificially generated bubbles in foam on the
surface of Chesapeake Bay. The scale in the upper left corner shows a distance
of 1 mm.

Fig. 2. Spherical dielectric coated particle.a andb are the outer and inner
radii of the spherical shells, respectively." and" are permittivities within
the shell and in the core of the coated particle, respectively.

II. DESCRIPTION OFFOAM

A video micrograph of the bubble structure of artificially gen-
erated foam on the surface of Chesapeake Bay is shown in Fig. 1.
Analysis of this and similar images shows that the void fraction
of this foam is 80% to 90% in most cases. To simplify the foam
model, it is assumed in this paper that the foam is composed
of spherical bubbles. Fig. 2 shows the physical and geometric
structure of a spherical dielectric coated particle, wherede-
notes that the coated particle is of theth species. We assume
that there are species of coated particles in the foam. The core
of the coated particle is air, and the shell is seawater. All the
particles have the same outer radius, but need not be identical in
coating thicknesses. To achieve high density packing, the coated
particles are arranged in a fcc structure, as shown in Fig. 3. The
particles of the first layer are arranged at point-A; the ones of the
second layer are arranged at point-B; the third and fourth layers
have the same positions as layer 1 and layer 2, respectively, and
so on. The fcc lattice has a fractional volume of
occupied by the particles. The air regions include the core re-
gions of the coated particles and the interstitial space between
the coated particles. For example, letbe the number of coated
particles, and theth coated particles be of inner radii and
outer radii . The total volume of the foam is. The fractional
volume of coated particles is

74 (1)

Fig. 3. Three-dimensional graph (upper) and layout (below) of the fcc
structure.

The fractional volume of seawater is

74 (2)

By choosing values for the inner and outer radii, the foam
void fraction ( ) can be on the order of 0.90 (i.e., 90%
of the total volume of the foam is air), in agreement with exper-
imental measurements of artificially generated foam [8].

III. A BSORPTION AND EXTINCTION BASED

ON INDEPENDENTSCATTERING

Let be the incident field upon one coated
particle. The electric field within the shell atcan be written as

(3)

Similarly, for the case of and
impinging upon the coated particle, by coordinate trans-

formation, the internal field of the coated particle in the shell
region can be obtained readily,

(4)

(5)

where, as shown in the Appendix,

outer radius of the coated particle;
inner radius of the coated particle;
relative permittivity within the shell of the coated
particle;
spherical coordinates of, .



784 IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 41, NO. 4, APRIL 2003

Fig. 4. Geometrical configuration for thermal emission from foam-covered ocean. The foam layer is region 1 and is absorptive and scattering. Region 2is the
ocean.

For the case, , the in-
ternal field at within the shell is the summation of the
right sides of (3)–(5).

Assuming the coated particles to be small, the power ab-
sorbed by the coated particle is [14, p. 6]

(6)

where
angular frequency of exciting field;
imaginary part of permittivity ;
volume of the coated particle.

The dipole moment of one coated particle can be written as

(7)

The far field radiated by the dipolein the direction is

(8)

Consider coated particles in a volume. According to
the independent scattering assumption, the absorption and scat-
tering of coated particles is the sum of the individual parti-
cles’ absorption and scattering

(9)

where
outer radius of coated particle;
inner radius of coated particle.

The absorption coefficient is the absorption cross section per
unit volume of a collection of particles. It is

(10)

where is the free-space wave impedance.
The scattering coefficient requires integration of the scattered

intensity over all solid angles. It is the scattering cross section
per unit volume.

(11)

where

(12)

and is the relative permittivity of coated particle.

IV. M ONTE CARLO SIMULATIONS AND DMRT THEORY

Consider thermal emission from a layered medium with
coated particles embedded in a background medium of air,
as indicated in Fig. 4. The layer consists of coated particles
(region 1), and covers a half space of ocean (region 2). Fig. 5
shows the collection of coated particles. In the Monte Carlo
simulations, we consider the absorption and scattering of
particles collectively by solving Maxwell’s equations. The
scattering coefficient and absorption coefficient are defined
respectively as scattering cross section per unit volume and
absorption cross section per unit volume. Thus, we place
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Fig. 5. The collection ofN coated particles.

particles in volume . We calculate the scattering cross section
and absorption cross section for theseparticles and then divide
them by the volume . These are done for largeand the results
of the scattering coefficient and absorption coefficient computed
in this manner converge for large. A volume integral equation
is used to solve Maxwell’s equations for the particles. The
volume integral equation has the internal electric field in the
coated regions as the unknown. Let the incident electric field be
impinging upon coated particles. Coated particleis centered
at and has permittivity . The particles are put in a volume.
Each particle occupies region , . Let the
internal field in the seawater coating region of particlebe

for (13)

The volume integral equation, derived from Maxwell’s equa-
tions for a collection of particles, is [15]

(14)

where is the free-space scalar Green’s function.
We expand the internal field in the coating region of par-

ticle , , into three basis functions. The basis functions are
from the electrostatic solutions of the coating region of a coated
sphere. The subscriptis suppressed in the following:

(15)

(16a)

(16b)

(16c)

Let

(17)

Then the integral equation becomes

(18)
We apply the Galerkin method to rewrite (18) into a linear

system of equations for the coefficients.

(19)

with and .
Taking the small particle assumption into account, we can

make approximations of (19).

(20)

After simplifications, (20) can be written as

(21)

where

(22)

(23a)

(23b)

(23c)

After solving the matrix equations for the coefficients, the
power absorbed by coated particles can be calculated by

(24)
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The absorption coefficient is

(25)

The scattered field can be calculated by the following:

(26)

Taking the result in the far-field, we have

(27)

This can be written in terms of the horizontally and vertically
polarized components

(28)

Then we can obtain the scattered power

(29)

The scattered power can be decomposed into coherent and
incoherent scattered waves [15]. The coherent wave is obtained
by averaging the scattered field over the Monte Carlo realiza-
tions. To obtain the incoherent power, we have to subtract the
coherent intensity. Thus

(30)

where angular bracket represents averaging over realizations.
The scattering coefficient is

(31)

The extinction coefficient is and the albedo
is . The calculated scattering and absorption coeffi-
cients are then substituted into DMRT equations. We also used
a Rayleigh phase matrix in the DMRT equations.

The effective permittivity can be calculated as follows. In the
forward direction , the scattered field in the incident
polarization can be written as

(32)

TABLE I
PARAMETERS FORMONTE CARLO SIMULATIONS SHOWN IN FIGS. 6–10

Then the effective propagation constant is

(33)

The effective permittivity is

(34)

The effective permittivity of foam is used in the Fresnel
reflection coefficients for the air-foam interface and the foam-
ocean interface in the DMRT theory.

V. NUMERICAL SIMULATIONS OF EMISSIVITY AND

COMPARISONWITH EXPERIMENTAL MEASUREMENTS

In the following, we illustrate the numerical results of the
emissivity based on a model of coated particles in a fcc struc-
ture. The absorption rate, scattering rate, and effective permit-
tivity are first calculated using Monte Carlo simulation. Subse-
quently, these parameters are used to compute the emissivity.
We summarize the foam parameters as follows:

outer radius of coated air bubble;
inner radius of coated air bubble;
number of air bubbles;
total sample volume in the Monte Carlo simulations;
fractional volume of seawater in foam;
permittivity of seawater;
observation angle.

Note that the permittivity of seawater is a function of the
frequency and other physical parameters such as the temperature
and salinity. In our simulations, the permittivities of the seawater
at 10.8 and 36.5 GHz are and ,
respectively. In the Monte Carlo simulations, different realiza-
tions of the sample of spheres are obtained by rotations of the
sample volume. From the results of the different realizations, the
coherent fields and the incoherent fields are calculated. The pa-
rameters used for Monte Carlo simulations are shown in Table I.
The total number of coated air bubbles, which are arranged in a
fcc structure, is . Two species of coated
air bubbles are used, as shown in Table I. They have the same
outer radii but have different inner radii, and . We choose

bubbles randomly of inner radii , and the rest have inner
radii of . Seven realizations are generated by rotations of the
sample.

The absorption rate, scattering rate, extinction rate, albedo,
and effective permittivity calculated from Monte Carlo simu-
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TABLE II
NUMERICAL RESULTSFROM MONTE CARLO SIMULATIONS FOR FIGS. 6–8

TABLE III
NUMERICAL RESULTSFROM MONTE CARLO SIMULATIONS FOR FIG. 9

TABLE IV
NUMERICAL RESULTSFROM MONTE CARLO SIMULATIONS FOR FIG. 10

lations for these cases are shown in Tables II–IV, respectively.
Next we plot the microwave emissivity dependence on the ob-
servation angle at 10.8 and 36.5 GHz for vertical polarization in
Fig. 6 and horizontal polarization in Fig. 7. The foam parameters
are shown in Table I. As the size of the bubbles increases, the
scattering coefficient increases, and the albedo also increases.
The increase in albedo causes the corresponding brightness tem-
peratures to decrease.

Next we present the microwave emissivity for vertical polar-
ization and horizontal polarization, at 10.8 and 36.5 GHz, as a
function of thickness of the foam layer with different sizes of
coated air bubbles, as shown in Figs. 8–10. In actual foam, the
air bubbles have a size distribution with mean diameter about
1 mm. However, scattering increases with particle sizes and the
effective scattering mean size can be substantially larger than the
mean size. In our simulations, we use single size particles. The
radii of air bubbles chosen are 1.0, 0.5, and 0.25 mm and rep-
resent the effective scattering mean. In actual foam, the coating

Fig. 6. Emissivity as a function of observation angle for vertical polarization.
The radius of the coated air bubble is 1.0 mm.

Fig. 7. Emissivity as a function of observation angle for horizontal polari-
zation. The radius of the coated air bubble is 1.0 mm.

Fig. 8. Emissivity as a function of the thickness of the foam layer at
observation angle 53. The radius of the coated air bubble is 1.0 mm.

thicknesses vary and also vary as a function of depth. For conve-
nience, we have used two coating thicknesses. The observation
angle is 53 . From these three figures, we can conclude that
as the thickness of the foam layer increases, the emissivity in-
creases correspondingly and then saturates at a particular thick-
ness of the foam layer, for both horizontal polarization and ver-
tical polarization. The saturation point of horizontal polariza-
tion is slightly larger than that of vertical polarization. For layer
thickness larger than the saturation thickness, thedifferenceof
emissivity between the two frequencies increases as the size of
coated air bubbles increases.
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Fig. 9. Emissivity as a function of the thickness of the foam layer at
observation angle 53. The radius of the coated air bubble is 0.5 mm.

Fig. 10. Emissivity as a function of the thickness of the foam layer at
observation angle 53. The radius of the coated air bubble is 0.25 mm.

Fig. 11. Comparison between the simulation results and the measurements of
the microwave emissivity at 10.8 GHz for horizontal polarization and vertical
polarization, respectively.

Next, we compare the microwave emissivity of simulation re-
sults with the experimental measurements as a function of ob-
servation angle in Figs. 11–12. The parameters used for Monte
Carlo simulation are the same as that used in Figs. 6–8, with
a coated air bubble radius of 1.0 mm. In the experiment, emis-
sivities of horizontal polarization and vertical polarization were
measured at 10.8 and 36.5 GHz, for a foam layer with a mean
thickness of 2.8 cm. To facilitate the comparisons, we list in
Tables V and VI, the experimental data, the DMRT model re-
sults and the air-ocean half space results for the emissivities at

Fig. 12. Comparison between the simulation results and the measurements of
the microwave emissivity at 36.5 GHz for horizontal polarization and vertical
polarization, respectively.

TABLE V
EMISSIVITIES OF THEEXPERIMENTAL DATA, DMRT MODEL AND AIR–OCEAN

HALF SPACE RESULTS AT 10.8 GHZ

TABLE VI
EMISSIVITIES OF THEEXPERIMENTAL DATA, DMRT MODEL AND AIR–OCEAN

HALF SPACE RESULTS AT 36.5 GHZ

10.8 and 36.5 GHz, respectively. From Figs. 11–12, we see that
Monte Carlo simulations produce results in reasonably good
agreement with experimental measurements. Both simulations
and experiments indicate that absorption at 10.8 GHz is appre-
ciable. In addition, the simulations show that emissivities at 10.8
and 36.5 GHz are comparable. The absorption coefficient at 36.5
GHz is larger than that at 10.8 GHz. However, scattering has a
significant effect at 36.5 GHz. The results are in good agreement
at small angles of incidence. At large angles, the difference in-
creases. We are presently studying the refinement of the model
by investigating realistic foam generation algorithms that can
improve the model.
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VI. CONCLUSION

We apply Monte Carlo simulations and dense-media radia-
tive transfer theory to analyze the microwave emissivity and
scattering of foam on a seawater surface. We model the foam
as densely packed air bubbles with a thin coating of seawater.
Numerical simulations show the polarization and frequency de-
pendencies of emissivity on microstructure properties such as
foam layer thickness and the size of foam air bubbles. The re-
sults of numerical simulations are in good agreement with ex-
perimental measurements. In the future, we will study Monte
Carlo simulations when there are size and coating thickness dis-
tributions. More features, such as two-scale rough sea surface
and appropriate structures, can be incorporated into the model
in the future. Recently, we have used the second order small per-
turbation method for rough surface boundary condition for the
foam-ocean interface in the DMRT formulation [16].

APPENDIX

DERIVATION OF COEFFICIENTS

Let be the incident field upon one coated par-
ticle, as shown in Fig. 2. Assuming the permittivity outside the
particle and in the core both to be, define , and
are the potentials outside the particle, within the shell and in the
core of the coated particle, respectively.

(A1)

(A2)

(A3)

where and are spherical coordinates.
The boundary conditions are as follows:

with (A4)

with (A5)

with (A6)

with (A7)

with (A8)

where is the permittivity within the shell.
After solving (A4)–(A8), the coefficients and can be

written as

(A9)

and

(A10)

The electric field within the shell is

(A11)

After some rearrangements, the coefficients in [(3)–(5)]
can be obtained from .
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