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We present a radiative transfer model for the emissivity of vertically structured layers of sea foam at microwave
frequencies from1 GHz to 37 GHz. Themain features of themodel are: (1) Continuous variation in the amount of
air in the foam layer depth which affects foam emission through vertically inhomogeneous foam properties.
(2) Various radiative terms contributing to foamemissivity, such as upwelling and downwelling emissionswith-
in the foam layer, emission of seawater beneath the foam, and multiple reflections of these components at the
foam layer interfaces. (3) Distribution of foam layer thicknesses. The dependencies of foam emissivity on foam
layer thickness and incidence angle are presented. Analysis of the model sensitivity to input parameters shows
that its results are most affected by the choice of the void fraction value at the air–foam interface. Comparisons
of themodel results to published experimental andmodeling data show thatwith fewermodel variables and in-
puts, and with a single tuning parameter, the model performs as well as, or better than, other physical models.

Published by Elsevier Inc.
1. Introduction

Interest in studies of sea foam (whitecaps) in the ocean has increased
recently for two reasons. First, sea foam has a strong signature in various
portions of the electromagnetic (EM) spectrum (Koepke, 1986) andwith
this the potential to influence the accuracy of geophysical retrievals and
climate predictions employing these retrievals. Including foam effects in
forward models of retrieval algorithms is one possible way to meet the
demand for high accuracy in retrieving wind vector (Bettenhausen
et al., 2006) and salinity (Zine et al., 2008) frompassivemicrowavemea-
surements. A necessary element of implementing this is a model of the
emissivity of a sea surface 100% covered with sea foam ef. This need
has motivated the collection of new experimental data (Camps et al.,
2005; Padmanabhan, Reising, Asher, Rose, & Gaiser, 2006; Rose et al.,
2002) and the development of emissivity models (Chen et al., 2003;
Guo, Tsang, Asher, Ding, & Chen, 2001; Raizer, 2007; Reul & Chapron,
2003) useful to understand and characterize the remote sensing signa-
ture of sea foam at microwave frequencies.

Second, sea foam is involved in a long list of climate relevant
processes, including sea spray aerosol production (Blanchard, 1963; de
de 7223, Naval Research Labora-
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Leeuw et al., 2011; Lewis & Schwartz, 2004; Monahan, Fairall, Davidson,
& Boyle, 1983), heat exchange and intensification of tropical cyclones
(Andreas, 2010; Andreas, Persson, & Hare, 2008), gas exchange
(Wanninkhof, Asher, Ho, Sweeney, & McGillis, 2009), and ocean surface
albedo (Kokhanovsky, 2004). These processes are, or can be, incorporated
in climate models via whitecap fraction W. To adequately model air–sea
interaction processes important for the climate system, improvement of
both measurements of W and quantification of the spatial and temporal
variability of W are pursued (de Leeuw et al., 2011). Part of these efforts
is to estimateW on a global scale from routine satellite-basedmicrowave
measurements (Anguelova, Bettenhausen, & Gaiser, 2006). Anguelova
and Webster (2006) demonstrated the feasibility of global radiometric
measurements of W and suggested several improvements in its initial
implementation, including a more comprehensive model of foam emis-
sivity ef.

The development of a foam emissivity model requires knowledge of
foam characteristics and properties in order to make valid assumptions
and, if needed, simplifications. Faced with incomplete knowledge of sea
foam interaction with EM radiation at microwave frequencies, we ex-
plored foam dielectric and radiative properties in a series of papers.
We started with an investigation of the complex permittivity of sea
foam εf (Anguelova, 2008). Specifically, we analyzed available informa-
tion on a plethora of existing formulae (mixing rules) to determine the
most suitable one for computing εf; considered the dependences of εf on
both seawater temperature and salinity; and assessed variations in
sea foam emissivity ef based on the choice of a mixing rule for εf.
We continued with an examination of the skin depth of foam layers
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with a vertical void fractionprofile (Anguelova&Gaiser, 2011, hereinafter
AG11). In this study, we also studied various functional forms to model
foam void fraction. From analysis of foam skin depth and the possible
reasons for its variation, we gained insights on the frequency sensitivity
to foam thickness, deduced emissivity regimes of foam layers, each as-
sociated with specific ef variations depending on the foam layer thick-
ness, and used these results to infer useful implications for remote
sensing of whitecaps. We finished this series of investigations with an
analysis of intrinsic foam parameters such as foam impedance, size
parameter, and refractive index (Anguelova & Gaiser, 2012, hereinafter
AG12). This last study helpedus to identify uniqueproperties of the fun-
damental radiative processes of reflection, scattering, and transmission
through vertically structured foam layers. The main result was the
formulation of a general concept of how the vertical inhomogeneity of
dielectric properties leads to the high, blackbody-like emissivity of sea
foam.

The findings, insights, and generalizations in this series of papers
form the physical basis of the work presented in the current paper.
Herewe report results of a radiative transfer (RT)model of the emissivity
ef of vertically structured layers of sea foam at microwave frequencies
from 1 GHz to 37 GHz. A summary of the physical and dielectric proper-
ties of sea foam (Section 2.1) helps to formulate requirements formodel-
ing ef (Section 2.2). A review of previousmodels of foam emissivity, both
empirical (Sections 2.3) and physical (Section 2.4), helps to determine
which approach and model parameters could meet these requirements.
After justifying some assumptions and simplifications (Section 3.1), we
describe the elements of our model (Sections 3.2–3.4) and present its
results (Section 4). We then proceed to analyze the model's sensitivity
to choices of input values (Section 5.1), compare themodel results to ex-
perimental data and those of other models (Section 5.2), and evaluate
the model performance (Section 5.3). We finish with a summary of the
major features and results of the foam emissivity model (Section 6).

2. Modeling microwave foam emissivity

While sea foam can be defined broadly to include bubble plumes in
seawater, foam layers at the surface, and, in some cases, sea spray drop-
lets suspended closely above the surface (e.g., Newell & Zakharov, 1992),
the foam skin depth at microwave frequencies narrows the scope to the
surface expression of sea foam (AG11). We model, therefore, the emis-
sivity of a foam layer floating on the surface and the dense bubbly mix-
ture immediately below. Deeper bubble plumes and sea spray flying
over foam-free or foam-covered areas also affect microwave signals
(Barber & Wu, 1997; Plant, 2003; Tang, 1974). However, we do not
consider their effects for now. Adopting the most widely used oceano-
graphic terminology to distinguish active (newly-formed) and residual
(decaying) sea foam, we state our interest in both of these stages of
whitecaps [refer to Anguelova (2008, Section 2.1) for an extended
foam definition]. Although modeling the emissivity of these two stages
separately can be useful for air–sea interaction and remote sensing
studies (AG11, Section 4.3; Anguelova & Hwang, 2012), we do not
attempt such a separation in this study.

2.1. Overview of sea foam properties

A layer of sea foam floating on the surface is an air–water mixture,
with the seawater being an environment in which air bubbles are inclu-
sions. To characterize sea foam and the processes within, the bubble
dimensions (radius r and wall thickness w) and concentration or size
distributionN(r) are necessary. In addition to thesemicroscopic charac-
teristics, a set ofmacroscopic characteristics, including foam layer thick-
ness t and foam void fraction fa (defined as the fraction of a unit volume
of ocean occupied by air), describes the foam layer as a whole. These
micro or macro characteristics establish a group of “medium” variables
that represent the specific mechanical structure of sea foam.
A second group of “sensor” variables is needed to describe the detec-
tion of foam by sensors operating at various frequencies F and polariza-
tions P (P = H or V for horizontal or vertical polarization, respectively)
at various incidence angles θ (Padmanabhan et al., 2006; Rose et al.,
2002; Smith, 1988).

Themechanical structure of a layer of sea foam on the ocean surface
comprises densely packed bubbles whose dimensions gradually change
within the layer thickness (Anguelova, 2008). Large, thin-walled bub-
bles in the upper part of the foam layer provide low seawater content
Q = 1 − fa and thus form dry foam. As the bubbles become smaller
and thicker-walled with depth, the air content fa decreases, making
the foamwet. As a result of this vertical stratification of foammechani-
cal structure and foamconstituent contents, bothmicro andmacroscop-
ic foam characteristics acquire awide range of values. For example, void
fraction could cover a full range of possible values, from approximately
100% at the air–foam interface to less than 1% at the foam–water inter-
face (Anguelova, 2008, Section 2.2). The vertical stratification of theme-
chanical structure [e.g., w(z)] and constituents [e.g., fa(z)] of the sea
foam leads to a vertical profile of the foam complex dielectric constant
(relative permittivity, hereafter “relative” is omitted) εf(z) (Anguelova,
2008). This, in turn, dictates changes in all other dielectric properties
of the sea foam (AG11; AG12).

Because of the dependence of seawater permittivity on seawater
temperature Ts (Klein & Swift, 1977; Meissner & Wentz, 2002;
Stogryn, 1997), variations of Ts within the foam mixture may result in
variations of foam temperature in the foam layer depth Tf(z). Whether
foam structure and constituents are constant (i.e., w = const, fa =
const) or varying [i.e., w(z), fa(z)] with depth, the foam temperature
profile Tf(z) would create the possibility for vertical inhomogeneity of
foam dielectric properties εf(z).

Laboratory and field measurements have shown that sea foam has
high, blackbody-like emissivity at microwave frequencies (Nordberg,
Conaway, Ross, & Wilheit, 1971; Rose et al., 2002; Smith, 1988;
Williams, 1971). According to Kirchoff's law of thermal radiation
(Peake, 1959), this suggests that foam is a highly absorptive medium.
The close packing of bubbles within a layer of floating foam suggests
possible further attenuation due to volume scattering that occurs
when ∂εf(z)/∂z ≠ 0. Since absorption, scattering, and transmission of
EM radiation through amediumare determined by its dielectric proper-
ties, εf(z) varyingwith depth leads to variations in depth of the radiative
losses due to absorption and scattering.

If volume scattering is present in a medium with a dielectric
profile εf(z), multiple reflections within the medium should be treated
as incoherent processes (Ulaby, Moore, & Fung, 1981, Section 4–14).
That is, for each reflection among many scatterers only changes in
the amplitude of the radiation field need to be accounted for because
changes in the phase of the propagating radiation are randomly
distributed.

Available photographs show that air–foam and foam–water
boundaries are easily discernible, clearly distinguishing the foam
layer as a separate entity from the bubble plume below (Peltzer &
Griffin, 1987, Fig. 6b; Camps et al., 2005, Fig. 5). If the media on both
sides of these boundaries are sufficiently dissimilar dielectrically, the
boundaries will cause multiple reflections and transmissions of the
radiation propagating through or emitted by the foam. Moreover, if
these boundaries are rough on scales smaller than the wavelength of
the propagating microwave radiation, these multiple reflections will
deviate from specular reflection, giving rise to scattering from the
rough surface.

Foam layer thicknesses encountered in the open ocean can range,
depending on the wind speed, from 1 cm to more than 20 cm in active
whitecaps and from at least 0.1 cm to 1 cm in residual foam (AG11,
Section 2.5). Since various meteorological and oceanographic condi-
tions affect the formation of new foam patches and their evolution
from young to mature foam, there is a distribution of foam thicknesses
throughout the process (Reul & Chapron, 2003).
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2.2. Requirements for foam emissivity model

The overview of sea foam properties in Section 2.1 provides a guide
to formulating general requirements that a model for the microwave
foam emissivity must meet. These are:

1) Model in terms of medium variables represented either with micro-
scopic [r, w, and N(r)] or macroscopic (fa and t) quantities;

2) Model suitable for a range of sensor variables (F, P, and θ);
3) Vertical stratification of the foam structure expressed as vertical

profiles of either microscopic [e.g., w(z)] or macroscopic [e.g., fa(z)]
characteristics;

4) Vertically inhomogeneous foam thermodynamic temperature Tf(z);
5) Non-uniform profile of foam dielectric properties in depth εf(z) due

to either vertical variations of fa(z) [or w(z)] or Tf(z) or both.
6) Loss in foam due to absorption and incoherent volume scattering;
7) Surface scattering at irregular air–foamand foam–water boundaries;
8) Multiple reflections and transmissions at the boundaries of the foam

layer;
9) A distribution of foam structural characteristics such as bubble

dimensions (in microscopic terms) or foam layer thicknesses
(in macroscopic terms) in open ocean due to geographic, meteoro-
logical and oceanographic variability.

Knowing what needs to be modeled, we review previous modeling
efforts. Both empirical and physical models for microwave foam emis-
sivity have been published.

2.3. Empirical models of foam emissivity

Stogryn (1972) used reported radiometric measurements of foam to
propose a model for the microwave emissivity of a 100% foam-covered
sea surface. The model involves the product of two functions— one in-
troducing a dependence only on incidence angle θ (from 0 to 70°), and
another presenting a dependence only on radiation frequency F (from
13.4 to 37 GHz).

Wilheit (1979) does not model foam emissivity specifically, but ac-
counts for the effect that foamhas on the surface reflectivity by evaluating
howmuch foam reduces it. The expression contains dependence on F and
wind speed U.

Wentz and Meissner (2000) and Bettenhausen et al. (2006) follow
an approach similar to Wilheit and model the modification of the sur-
face reflectivity caused by foam. This is done either by multiplying the
surface reflectivity by or adding to it an empirical factor (determined
from collocated satellite and buoy observations), which is a function
of U and sea surface temperature (SST).

A common aspect of empirical models of the foam emissivity, or its
effect on sea surface reflectivity, is that they do not involve the physical
characteristics of foam as a medium, but instead only take into account
dependence on sensor parameters, θ and F, or environmental variables,
such as U and SST.

2.4. Physical models of foam emissivity

Physics-based models of microwave foam emissivity extend clas-
sical electromagnetic and microwave remote sensing theories of emis-
sivity and volume scattering of a medium with both uniform and non-
uniform profiles of physical properties (Brekhovskikh, 1980; Landau &
Lifshitz, 1960; Sharkov, 2003, Chapter 7; Tsang, Kong, & Shin, 1985;
Ulaby et al., 1981). Applied specifically to foam (in their entirety or just
elements of them), these theories have a variety of ways to take into
account the physical properties of foam.

The first physical model of foam emissivity ef was that proposed by
Droppleman (1970). The model uses the effective dielectric constant
of porous material [Anguelova (2008) established that this is in fact
the well-known Maxwell–Garnett mixing rule] and a constant void
fraction of foam. Droppleman investigated the dependence of ef on the
foam layer thickness and void fraction at four frequencies ranging
from 1.4 GHz to 34 GHz. He used the so-called coherent approach
(Ulaby, Moore, & Fung, 1986, Chapter 18), which results in emissivity
being an oscillating function of foam layer thickness at a fixed void frac-
tion and frequency.

Like Droppleman (1970), most reported models of foam emissivity
do not address the vertical non-uniformity of foam (Camps et al.,
2005; Chen et al., 2003; Dombrovskiy, 1979; Dombrovskiy & Raizer,
1992; Guo et al., 2001; Zhang, Yang, & Kong, 2002; Zhou, Tsang, &
Chen, 2003). Thesemodels use constant foam temperature and an effec-
tive dielectric constant representative of one specific void fraction of the
foam (usually a value from 90% to 95%), which is chosen either directly
or through the choice of bubble dimensions.

2.4.1. Modeling the vertical structure of sea foam
For any dielectric medium in general, the problem of non-uniform

vertical profile has been systematically investigated since the late 1960s
(Sharkov, 2003, Section 7.7). Stogryn (1970) presented some of the first
analytical work on the brightness temperature of a vertically structured
medium with vertical profiles of dielectric constant and thermodynamic
temperature. Tsang, Njoku, and Kong (1975) and Wilheit (1978) pro-
posed solutions for the same problem by representing the stratified
medium with a number of dielectric layers. Despite the development of
analytical tools, however, just a few models have applied them specifi-
cally to represent the vertical structure of foam.

Treating foam as a layered medium, Rosenkranz and Staelin (1972)
were the first to model the vertical profile of foam dielectric properties.
Foamwas initiallymodeled as a series of thinwater films of equal thick-
ness uniformly spaced by air strips, which resulted in oscillations in the
computed foam emissivity for a specified foam layer thickness. These
unnatural oscillations did not appear when the model was modified to
simulate a gradual transition from air to seawater by varying the film
thicknesses so that the seawater content Q increased linearly from 0 at
the boundary adjacent to the air to 1 at thewater interface. Though gen-
erally successful, the layered-medium approach to modeling foam void
fraction profile in depth remains highly idealized. This is especially true
when one needs to choose spurious “foam parameters” like the number
and thicknesses of thin layers constituting the foam.

Bordonskiy et al. (1978) used various approaches to represent
vertically-structured foam layers, including continuous non-uniform pro-
file, layered medium, and a combination of these two. They used mea-
sured and modeled depth profiles of water content to obtain continuous
smooth transitions of dielectric properties in foam layers with thickness
of 10 mm and 1 mm, respectively. To represent dry foam, they used a
large number (50–130) of plane parallel layers, eachwith a constant per-
mittivity obtained using the Maxwell–Garnett mixing rule. Similar to the
Rosenkranz and Staelin (1972) case, the layers caused unrealistic oscilla-
tions in emissivity.

Raizer and Sharkov (1982), similarly to Bordonskiy et al. (1978),
used plane-layered homogenous structure to represent the vertical
change of dielectric properties. However, they avoided the pitfalls of
emissivity oscillations observed by Bordonskiy et al. (1978) by using
smoothly varying, instead of constant, parameters for each of the
structure's plane layers. For thinmonolayers of bubbles, they used a con-
tinuous dielectric constant profile εf(z) represented by a hyperbolic tan-
gent. For the case of thick foam layers, they obtained a continuous
dielectric constant profile by choosing linear dependence of the bubble
radius with depth εf[a(z)]. Raizer (2007) provided further details on
this technique.

2.4.2. Modeling the scattering in sea foam
Volume scattering in a medium is computed using either rigorous

solutions of Maxwell equations (the wave approach) or RT theory
(the intensity approach) (Ulaby et al., 1986, Chapter 13). Ulaby et al.
(1986) summarize the advantages and disadvantages of each of these ap-
proaches.Methodsbased on thewave approach aremoremathematically
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rigorous and account explicitly for scattering losses. However, to obtain
practical results, they employ various approximations, one of which is
ignoring multiple incoherent scattering. The intensity approach allows
implicit modeling of multiple scattering effects. Ulaby et al. (1986) con-
cluded that, in spite of its limitations (e.g., it ignores diffraction effects),
the “intensity approach seems to be the most practical for computing
incoherent multiple scattering.” Indeed, zero-th and first order solu-
tions of a RT model are customary for foam emissivity investigations
(Dombrovskiy, 1979; Dombrovskiy & Raizer, 1992; Droppleman, 1970;
Raizer and Sharkov, 1982; Wilheit, 1978; Zhang et al., 2002).

As mentioned in Section 2.1, sea foam is a medium densely packed
with scatterers. Experiments have shown that the classical assumption
of independent scattering is not valid for dense media (Ishimaru &
Kuga, 1982). Tsang and co-workers have systematically investigated
scattering in dense media (Tsang, Mandt, & Ding, 1992; Zurk, Tsang,
Ding, & Winebrenner, 1995), extending RT theory with equations for
Dense Media Radiative Transfer (DMRT) (Tsang, 1992) and applying it
to passive remote sensing of snow (Tsang, Chen, Chang, Guo, & Ding,
2000). The applicability of dense media theory to modeling foam emis-
sivity has also been tested. Guo et al. (2001) used DMRT based on the
quasi-crystalline approximation to obtain brightness temperatures due
to foam at 19 GHz and 37 GHz. Chen et al. (2003) computed the attenu-
ation due to absorption and scattering in densely packed bubbles with
Monte Carlo simulations of solutions of Maxwell's equations and then
calculated the foam emissivity with DMRT at 10.8 GHz and 36.5 GHz.
Combining DMRT equations based on Monte Carlo simulations and a
rough foam–water boundary, Zhou et al. (2003) investigated foam emis-
sivity and brightness temperature for all four Stokes parameters at
10.8 GHz, 19 GHz, and 36.5 GHz.

2.4.3. Modeling the thickness distribution of sea foam
In the open ocean, sea foam characteristics vary greatly both spatially

and temporally. A variety of meteorological and oceanographic condi-
tions over the globe create sea foamwith a range of values for its charac-
teristics. The evolution of foam patches, initially created under specific
meteorological and environmental conditions, also leads to a range of
values for foam properties. We observe these spatial and temporal vari-
ations in two planes: horizontal, expressed as variability of the whitecap
fraction; and vertical, expressed as a distribution of foam layer thick-
nesses. Therefore, whitecap fraction W and foam thickness distribution
p(t) are the two variables which can introduce effects that various envi-
ronmental conditions and lifetime stages of the sea foam have on the
brightness temperature due to foam TBf.

BecauseW has been extensively studied [see Anguelova andWebster
(2006) for references], it is straightforward to account for the influence of
environmental factors (e.g., wind speed) in most of the published foam
emissivity models by using TBf(U) = W(U)·Ts·ef. In such a representa-
tion, however, ef remains static in the sense that it does not change either
with any environmental variable or with the lifetime stage of the foam
layer. This is especially true for empirical models (Section 2.3), in which
a specific ef value is obtained for a set of sensor variables (frequency, po-
larization and incidence angle). In physical models, ef involves medium
parameters (bubbles or foam layer characteristics), which, though
varying with at least wind speed in the most general case, are usually
taken as fixed, chosen values. Until now, only two works, those of
Dombrovskiy and Raizer (1992) and Reul and Chapron (2003), have
addressed the possible variations of TBf caused by variations of ef.

Dombrovskiy andRaizer (1992) represented ef as a varying, dynamic
variable by recognizing that various emissivity values are associated
with various foam layer thicknesses. Their approach is to average the
brightness temperatures due to a range of thicknesses over a Gaussian
distribution of thicknesses using TBf tð Þ ¼ Ts∫

t′
ef t′
� �

p t′
� �

dt′.

Reul and Chapron (2003) proposed another approach for the hori-
zontal and vertical variability of sea foam. The authors developed ex-
pressions for characteristic thicknesses of dynamic and static foam
(their Eqs. 27 and 30) and used those to obtain foam fraction W U; δ
� �

with average thickness δ at a given wind speed and correction factors
for atmospheric stability. The Reul and Chapron (2003) model predicts
globally-averaged foam-layer thickness of less than 3.5 cm for decaying
whitecaps and less than 1 cm for active ones. These values, though con-
trary to the expectations due to weighting with the respective areas of
active and residual foam cover, compare well with experimental data
for foam thickness (Reising, Asher, & Rose, 2002). The foam thickness his-
togram reported by Reising et al. (2002) does not consider active and
decaying whitecaps separately, but also peaks near 3.3 cm and 1.3 cm.

3. Description of the proposed foam emissivity model

The review in Sections 2.3 and 2.4 shows that none of the previous
foam emissivity models addresses all the requirements listed in
Section 2.2. We believe that it is not necessary to deal with every single
requirement if a simplified model can account reasonably well for the
main physical features of foam and the unique properties of the major
radiative processes in it. Here we justify the emphasis on some require-
ments and the assumptions we made to simplify others. To make valid
assumptions and simplifications, we investigated the dielectric proper-
ties of, and the radiative process in, vertically structured foam layers in a
series of papers (Anguelova, 2008; AG11; AG12). We use the results of
these studies in the following sections.

3.1. Model assumptions and choices

The salient characteristics of surface foam layers (Section 2.1)—
vertical stratification of properties and dense packing of bubbles—
determine themodeling of the foamvertical profile and the foam losses
via both absorption and scattering as the two main requirements to be
addressed. These requirements cannot be fulfilled with an empirical
model formulated in terms of only sensor variables (e.g., Stogryn,
1972). Instead, they demand a physical model involvingmedium prop-
erties of sea foam (e.g., Droppleman, 1970). The claim that the vertical
variations of foam dielectric properties and associated radiative pro-
cesses make sea foam an exceptional emitter (AG12, Section 5.1)
further emphasizes the importance of the medium variables to the
modeling of ef. We, therefore, work with a physical model, which in-
volves both sensor and medium variables.

The decision to use a physical model poses the immediate question
of which set of medium variables to use, the micro- or macroscopic set.
Themodeling of the vertical profile and thevolume scattering in foam re-
quires the use ofmanymicroscopic foam characteristics (Dombrovskiy &
Raizer, 1992; Raizer, 2007; Raizer and Sharkov, 1982). However, the
values of these microscopic variables are not well established because
few experiments measuring r(z), w(z), N(z), etc. in foam layers have
been reported, only those of Militskii, Raizer, Sharkov, and Etkin (1978)
and Camps et al. (2005), both in controlled conditions and with artificial
foam. The reason for the scarcity in the literature of observed and
reported microscopic data in natural foam layers is that it is difficult
to measure them on an undulating sea surface, as opposed to the anal-
ogous characteristics of the bubble plumes below (Lewis & Schwartz,
2004, Section 4.4; Leifer & de Leeuw, 2006). The uncertainty of the mi-
croscopic variables affects the accuracy of the foam emissivity model
(Anguelova, 2008).

A viable alternative is to model ef in macroscopic terms, namely void
fraction profile fa(z) and foam layer thickness t. Admittedly, there are not
many measurements of either fa(z) or t (AG11, Sections 2.4 and 2.5).
However, by using macroscopic instead of microscopic characteristics,
we limit the number of variables that may introduce uncertainty in the
model. Meanwhile, this choice does not restrict the modeling of foam
dielectric properties essential for foam emissivity, such as foam skin
depth. The rationale for this claim is thefinding of Anguelova and Gaiser
(AG11, Section 4.4.2) that some features imposed on foam mechanical
structure by foam microscopic characteristics can be expressed, and
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eventually accounted for, in terms of macroscopic characteristics. In
other words, because of a connection between the micro- and macro-
scopic sets, the relationship between the mechanical and dielectric
properties of foam is captured, no matter which set of mechanical char-
acteristics is used.

Renouncing the use of microscopic quantities precludes explicit
modeling of the scattering losses in foam. Therefore, working with fa
and t alone, we simplify the model by forgoing one of the two major
requirements for modeling ef. Such a simplification is well justified
because a review of published observational and modeling results
(Anguelova, 2008, Section 2.3) and analysis of volume scattering in verti-
cally structured foam layers (AG11; AG12) show that at the considered
frequencies the scattering in sea foam is weak and the absorption losses
dominate in foam.We thus give priority in our emissivitymodel to the re-
quirement for the foam vertical profile and simplify the requirement for
attenuation in foam via both absorption and scattering by accounting
for the scattering implicitly.

Accounting for scattering implicitly is achieved with the incoherent
approach (Ulaby et al., 1986, Section 18),which is applicable for aweakly
scattering medium with low single-scattering albedo, a = ks/ke ≪ 1,
but not zero (ks and ke are the scattering and extinction coefficients,
respectively). In addition, this approach better reflects the loss of phase
coherence in a slightly scattering medium, thus avoiding the emissivity
oscillations as a function of foam thickness observed by Droppleman
(1970).

In addition to volume scattering in foam, we also simplify the con-
sideration of foam surface scattering. Namely, we model the air–foam
and foam–water boundaries as plane, rather than irregular, rough sur-
faces. The rationale for this choice is the investigation of Anguelova
and Gaiser (AG12). Comparing estimates of the Fraunhofer criterion
for surface smoothness (Ulaby, Moore, & Fung, 1982) to the standard
deviation of the surface height due to whitecaps, Anguelova and Gaiser
(AG12) have shown that the foam layer boundaries could indeed be
rough at some of the considered frequencies. This roughness, however,
is not enough tomake the surface scattering in foam significant because
analysis of the refractive index of foam with various void fractions
shows small dielectric contrasts between dry or wet foam and the
adjacent medium, air or seawater (AG12). Although it is weak, surface
scattering could become important because of the cumulative effect of
multiple reflections at the foam layer interfaces. It could also be important
when wet foam forms an interface with air (e.g., decaying whitecaps) or
dry foamwith seawater. To accommodate these expectations,wedecided
tonot fully dismiss the surface scattering of foamand account formultiple
reflections at the foam boundaries, but to ignore the roughness of these
boundaries.

Because of the mixing during the breaking process, we assume that
foam thermodynamic temperature Tf does not change significantly or
abruptly over the foam layer depths in which we are interested, from
millimeters up to a few centimeters (AG11). Measurements of breaking
waves with an infrared technique (Jessup, Zappa, Loewen, & Hesany,
1997) have shown that foam thermodynamic temperature is the same
as that of the bulk seawater and thus support our assumption.

Overall, our foam emissivity model, formulated in terms of macro-
scopic foam characteristics, applies the incoherent approach to a
weakly scattering medium with a vertically structured permittivity
profile. Checking our choices against the model requirements listed in
Section 2.2, the elements of our model are as follows:

• Macroscopic foam characteristics: void fraction fa and foam layer
thickness t;

• Foam with vertically inhomogeneous constitutive parameters,
i.e., depth profile of foamdielectric constant εf(z) through a continuous
void fraction profile fa(z).

• Foam with vertically homogenous physical temperature, i.e., constant
temperature profile in foam layer depth equal to that of seawater,
Tf (z) = const = Ts.
• Zero-th order solution of RT equation, i.e., no scattering, denoting
ks = 0 and ke ≡ ka, the incoherent approach.

• Multiple reflections and transmissions at the air–foam and foam–

water boundaries.
• Plane air–foam and foam–water boundaries described with Fresnel
specular reflectivity.

• A distribution of foam layer thicknesses.

In essence, our foam emissivity model could be considered as a next
step in the following sequence of models: (i) the coherent approach
with a constant permittivity profile (Droppleman, 1970); (ii) the inco-
herent approach with a constant permittivity profile (Ulaby et al.,
1986, Eq. 18.41); and (iii) the incoherent approachwith a stratified per-
mittivity profile (this model). When using a void fraction that is con-
stant in foam depth, our model replicates the incoherent approach
demonstrated by Ulaby et al. (1986, their Figs. 18.27 and 18.28).

3.2. Vertical profiles of sea foam properties

3.2.1. Void fraction profile
Considering that the vertical structure of the foam layer is the most

important feature in our model, we need to first decide how to model
the foam void fraction profile fa(z) in the layer thickness t. The main
choices to be made are the profile shape and the profile range, i.e., the
upper and lower limits of fa(z).

Anguelova and Gaiser (AG11, Section 3.1) surveyed the available in-
formation and identified plausible functional forms for fa(z) (from linear
to hyperbolic tangent), which represent a host of profile shapes, some
more suitable for dry foamand others forwet foam. Assumingmonotonic
change in void fraction with depth as presented by Camps et al. (2005,
Fig. 9) to be more realistic than those for soap foam (Bordonskiy et al.,
1978, Fig. 1), and considering that most oceanographic data for bubble
plumes support an exponential change in depth (AG11, Section 2.4), we
choose to use an exponential void fraction profile:

f a zð Þ ¼ aV−m·ebV z ð1aÞ

aV ¼ vaf þm ð1bÞ

bV ¼ 1
t
·ln

aV−vfw
m

� �
: ð1cÞ

Here,m is a parameter that controls the shape of the profile. Coefficients
aV and bV are determined from the following boundary conditions:

f a zð Þ ¼ vaf @z ¼ 0
vfw @z ¼ t

�
ð2Þ

where vaf and vfw are the void fractions at the air–foam and foam–water
boundaries (the upper and lower limits of fa(z), respectively). Following
Anguelova (2008), we cover the full range of possible void fraction values
by choosing vaf = 99% and vfw = 1%. In this way, we aim to encompass
whitecaps in various lifetime stages (active and residual) and under
various conditions (low and high wind speeds). We rescale the same
range of fa values (from vaf to vfw) for various foam layer thicknesses t
by recalculating the coefficient bV (Eq. 1c).

Fig. 1 shows the variation of the air content in the depth of a 1-cm
thick foam layer fa(z) following an exponential profile (m = 1, solid
curve). Rescaling of fa(z) for t of say 0.2 cm or 10 cm preserves the fa
shape. Changes of the fa shape can be achieved by varying the parameter
m. With values m N 1 (dashed curve), we can closely represent linear
fa(z) (gray dashed curve). With m b 1 (dash-dotted curve), we can ap-
proach a combined profile (gray dash-dotted curve) involving constant
and linear portions which represents well foam layers with more air
(dry foam) (see details in AG11, Section 3.1). Unless otherwise noted,
all results here are illustrated with the shape corresponding tom = 1.



Fig. 1. Exponential void fraction profile fa(z) in foam layer with thickness t = 1 cm; z = 0
is the air–foam interface, z = 1 cm is the foam–water interface. If t changes, the shape of
fa(z) is preserved. Parameter m changes the shape of fa(z): m = 1 (solid curve), m = 3
(dashed curve), m = 0.01 (dash-dotted curve). Shown for reference are linear fa(z) (gray
dashed curve) and combined (constant + linear parts) profile (gray dash-dotted curve).

a) 6.8 GHz

b) 18.7 GHz

c) 37.0 GHz

Fig. 2. Complex dielectric constant of sea foam obtainedwith the refractive mixing rule as
a function of foam void fraction εf (fa) for three frequencies at fixed seawater temper-
ature Ts = 20 °C and salinity S = 34 psu at frequency of: a) 6.8 GHz; b) 18.7 GHz; c)
37.0 GHz. Black curves show the real part of εf; gray curves show imaginary εf. Foam per-
mittivity εf obtained with the classical Maxwell–Garnett formula (dotted curves) is given
for comparison.
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Previous discussions demonstrate that any of our choices here could
be challenged simply because there is not enough observational evi-
dence to pinpoint the best choices. Analysis of expected variations of
the foam skin depth, and thus foam emissivity, shows that the choice
of an exponential profile fa(z), based on the currently available informa-
tion, is reasonable (AG11, Section 4.4). Still, for full characterization of
the model, Section 5.1.1 investigates the magnitude of ef variations
when the upper or lower limits of the fa profile, as well as its shape, are
varied.

3.2.2. Permittivity profile
The vertical void fraction profile fa(z) of a foam layer is the principal

cause for the variations of the complex dielectric constant (permittivity)
ε f zð Þ ¼ ε′f zð Þ−iε″f zð Þ within the foam layer thickness. The scattering
simplification (Section 3.1) allows us to use a classical mixing rule to
compute εf. In such amixing rule, the imaginary part of the permittivity
ε″f represents pure absorption in foamand does not involve an addition-
al term accounting explicitly for scattering losses. The main require-
ment for the mixing rule, therefore, is to predict well the foam
dielectric constant over the full range of void fraction values, from0 to 1.

Many mixing rules for heterogeneous systems have been proposed
(Sihvola, 1999). The question iswhich one ismost pertinent for describ-
ing foamcharacteristics and behavior. To this end, Anguelova (2008) in-
vestigated the applicability of a group of classical mixing rules for
predicting εf, namely the Maxwell–Garnett (MG), Polder–van Santen
(PS), coherent potential, Looyenga (or cubic) (Lo), and Refractive
(or quadratic) (Re) models. The performance of each permittivity
model was analyzed according to three criteria: (i) how well a permit-
tivity model deals with a wide range of void fractions; (ii) how well a
permittivity model meets the boundary conditions at the air–foam
and foam–water interfaces; and (iii) how the choice of a permittivity
model affects estimates of emissivity and brightness temperature due to
foam. Taking into account the outcomes of the three criteria, Anguelova
(2008) ranked the suitability of the considered models, except for the
coherent potential, as: 1) Refractive model; 2) Looyenga model;
3) Polder–van Santen model; 4) Maxwell–Garnett model.

Following these results, we use the Refractive model (quadratic
mixing rule):

ε f ¼ f a þ 1− f að Þε1
2

h i2
: ð3Þ
In Eq. (3), ε is the dielectric constant of seawater calculated with a dou-
ble Debye model (Stogryn, 1997). Fig. 2 shows the real (black curves)
and imaginary (gray curves) parts of εf as a function of void fraction at
three frequencies (panels a–c) at fixed seawater temperature Ts =
20 °C and salinity S = 34 psu. See Anguelova (2008) for extended dis-
cussion of the effect of Ts and S on εf and Section 5.1.2 for the transla-
tion of these εf variations into variations of ef. We show in Fig. 2 the



Fig. 3. Log-normal distribution (weighting coefficients) p(t) of a realization of thicknesses
with values from tmin to tmax (see Section 3.4). Themean μ and the standard deviation σ of
the t realization determine that the peak probability occurs at a thickness of ~3.5 cm and
that there is a long tail up to tmax.
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difference between the predictions of the quadratic mixing rule and
those obtained with the classical Maxwell–Garnett formula (dotted
curves) employed previously (Droppleman, 1970; Odelevskiy,
1951; Troitsky, 1962; Wentz, 1974).

3.2.3. Propagation and losses in foam depth
The refraction angle in foam is determined from Snell's law, but to

accommodate changes in foamdepth from a lossless to a lossymedium,
thepropagation constant of the transmittedwave is determined by both
its attenuation and phase factors. Thus, for radiation incident at an inci-
dence angle θ onto vertically structured foam, the refraction angle is
(Ulaby et al., 1981, Section 2–8):

θ f zð Þ ¼ arctan

ffiffiffi
2

p
k0 sinθ

p2 þ q2
� �1=2 þ q
h i1=2

8><
>:

9>=
>; ð4aÞ

where k0 = 2π/λ0 is the radiationwave number in air. Parameters p and
q have the form (note that parameter p here is different from the thick-
ness distribution p(t) introduced in Section 2.4.3):

p zð Þ ¼ 2αβ
q zð Þ ¼ β2−α2−k20 sin2θ

ð4bÞ

and use attenuation and phase factors (Ulaby et al., 1981, p. 67), respec-
tively:

α zð Þ ¼ k0 Im
ffiffiffiffiffiffiffiffiffiffiffi
ε f zð Þ

qn o��� ���
β zð Þ ¼ k0Re

ffiffiffiffiffiffiffiffiffiffiffi
ε f zð Þ

qn o
:

ð4cÞ

The vertical inhomogeneity leads to a vertically non-uniform extinc-
tion coefficient of foam: kef(z) = kaf(z) + ksf(z). Here ksf(z) = 0because
we do not consider scattering losses in foam explicitly (Section 3.1). The
extinction coefficient therefore involves only the absorption losses
determined by the attenuation factor kef(z) ≡ kaf(z) = 2 ⋅ α(z). The
foam optical depth (or integrated attenuation) τfθ along a path
formed by the changing incidence angle θf(z) in a foam layer of thick-
ness t then is:

τfθ 0; tð Þ ¼
Zt

0

kef zð Þ � secθ zð Þ dz ¼ 2
Zt

0

α zð Þ � secθ zð Þ dz: ð5Þ

The total loss factor Lf of the foam layer becomes Lf θ; tð Þ ¼ eτfθ .

3.3. Radiometric signal from a foam-covered surface

For a radiometer observing a system involving a foam layer floating
on seawater surface at incidence angle θ, the measured brightness tem-
perature TB obs consists of atmospheric radiation reflected in the direc-
tion of the radiometer TBr and radiation emitted from the foam layer
and the water below it (TBl and TBw, respectively):

TB obs ¼ TBr þ TBl þ TBw ¼ TBr þ TBlU þ TBlD þ TBw: ð6Þ

As Eq. (6) shows, TBl comprises two terms: radiation emitted upward
TBlU and radiation emitted downward and partially reflected by the
foam–water boundary toward the air–foamboundary TBlD. The analytical
expressions represented by the terms in Eq. (6) follow the presentation
of the incoherent approach (Ulaby et al., 1981, Section 4–14.2) and are
given in the Appendix A.

3.4. Distribution of foam thicknesses

To account for the simultaneous presence of foam in various stages of
whitecap lifetime,we integrate TB obs in Eq. (6) over a distribution of foam
layer thicknesses following Dombrovskiy and Raizer (1992) and obtain
the brightness temperature due to foam as:

TBf ¼
Ztmax

tmin

TBobs tð Þp tð Þdt: ð7Þ

There are two questions to resolve here: (i) What range (tmin, tmax) of
foam layer thicknesses should be considered, and (ii) what probability
density function p(t) should be used for the thickness distribution.

To be able to reliably cover thin foam streaks of decaying foam as
well as active foam generated by very high winds at the frequencies
we use (up to 37 GHz), we establish minimum and maximum foam
layer thicknesses as follows:

tmin≥λ0@37 GHz=20≈0:04 cm
tmax≤5 λ0@6:8 GHz≈25 cm:

ð8Þ

This range is in agreement with the foam layer thicknesses expected to
be observed in open ocean (Section 2.1).

In resolving the second question, we realize thatwe do not expect or
seek a symmetric probability over the range of foam thicknesses. On
one hand, high winds forming very thick foam layers are rare. Yet, the
presence of occasional, thick foam layers should be allowed. On the
other hand, extremely thin foam streakswould not have the large effect
on brightness temperature that more typical active and residual white-
caps would. These expectations call for a positively skewed distribution
which features a peak of probable values clustered at relatively low, but
not at the lower limit of the t range and a long tail toward large t values.
Log-normal distributions have such features.

The shape and the scale of the probability density function p(t) are
readily adjustedwith the statistical parameters of a realization of t values,
the mean μ and the standard deviation σ. For a realization of thicknesses
with values from tmin to tmax, we choose μ and σ values so that the
resulting log-normal density distribution p(t) peaks at thickness of
approximately 3.5 cm and has a long tail of non-zero probability up to
tmax (Fig. 3). The shape of p(t) is physically expected and also consistent
with the results of Reul and Chapron (2003) and the measurements
reported by Reising et al. (2002) (Section 2.4.3). Section 5.1.3 quan-
tifies the variations of ef values when μ and σ vary so that p(t) peaks at
different t.



Fig. 5. Vertical profile of the absorption coefficient with depth in the foam kaf(z)
(see Section 3.2.3) for a layer with thickness t = 2 cm at three frequencies: 6.8 GHz
(dash-dotted curves), 18.7 GHz (solid curves), and 37 GHz (dashed curves).
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4. Results

The following sections present results of our foam emissivity model.
The computations use an exponential void fraction profile fa(z) in foam
layer depth with upper (air–foam) and lower (foam–water) limits of
99% and 1%; refractivemixing rule for the foampermittivity εf at seawater
temperature Ts = 20 °C and salinity S = 34 psu, and foam layer thick-
nesses covering the range from 0.04 cm to 25 cm and weighted with a
log-normal probability density p(t) peaking at t = 3.53 cm when using
statistics μ = 1.9 cm and σ = 0.81 cm. The foam emissivity ef is calcu-
lated for all five WindSat frequencies (Gaiser et al., 2004) and L band;
however, results are shown for 6.8 GHz (always with dash-dotted
curves), 18.7 GHz (solid curves) and 37 GHz (dashed curves).

4.1. Foam parameters

Fig. 4 shows the vertical profile of the foam dielectric constant εf (z)
for a layer with thickness t = 2 cm at three frequencies. Black and gray
curves represent the real ε′f ¼ Re ε f zð Þ	 


and imaginary ε″f ¼ Im ε f zð Þ	 

parts of foam permittivity. At the surface of the foam layer (z = 0), εf is
that of the air (ε′f = 1, ε″f = 0). Within the foam depth (z N 0), εf in-
creases gradually reaching the permittivity of seawater at z = t corre-
sponding to each F. For 6.8 GHz, the relationship ε″f b ε′f holds for the
entire foam thickness, which indicates that the losses remain small
throughout the foam layer. This is expected because at this frequency
the scattering is negligible and thewater content of the foam layer is in-
sufficient for strong absorption (AG11). For 18.7 GHz, the same obser-
vation holds true almost to the bottom of the foam layer, where
eventuallyε″f ≈ ε′f . This suggests that the losses in foamat this frequency
are significant only for very wet foam. Finally, for 37 GHz, we see that ε″f
becomes larger than ε′f approximately in the middle of the foam layer,
which means that the losses, mostly absorptive, are significant. In
Fig. 5, a plot of the vertical profile of the absorption coefficient kaf(z)
(Section 3.2.3) shows these differences in the attenuation, and therefore
emission, in foam depth at various frequencies: largest at 37 GHz and
smallest at 6.8 GHz.

Fig. 6 shows theprofile of the refraction angle in the foamdepth θf (z)
for the same three frequencies. For an initial incidence angle θ = 53° at
the air–sea interface, the transmitted wave propagates downward into
the foamat an angle that decreaseswith depth and eventually intersects
the foam–seawater interface at an angle of approximately 5° to 7°, al-
most normal incident angle. This angle decreases to ≤2–3° when the
Fig. 4.Vertical profile of the foamdielectric constantwith depth in the foam εf (z) obtained
with an exponential void fraction profile fa(z) (see Section 3.2.1) and refractive mixing
rule (see Section 3.2.2) for a layer with thickness t = 2 cm at three frequencies: 6.8 GHz
(dash-dotted curves), 18.7 GHz (solid curves), and 37 GHz (dashed curves). Black and
gray curves represent the real ε′f = Re{εf(z)} and imaginary ε″f = −Im{εf(z)} parts.
initial angle θ b 53°. The refraction angle decreases with frequency, as
expected from the classical electromagnetic theory. However, the close
clustering of the curves in Fig. 6 at the three frequencies attests to rela-
tively weak frequency dependence of the changes of θfwith depth in the
foam.

4.2. Foam emissivity

Herewe present themodel results for twomajor factors determining
foam emissivity: foam layer thickness ef (t) and incidence angle ef (θ).

4.2.1. Thickness dependence of foam emissivity
The results of our emissivity model quantify the qualitative findings

of Anguelova and Gaiser (AG11). Analyzing foam skin depth for various
thicknesses, Anguelova and Gaiser identified conditions under which
foam would be distinguished from the surrounding seawater (AG11,
Section 4.1.1) and noted that the thermal emission of foam-covered
surfaces can be formed by the foam layer itself or by the coupled
foam–seawater system (AG11, Section 4.2.1). The authors acknowledged
the role of the layer thickness in determining the emissivity signal by in-
troducing the concept of radiometrically nominal, radiometrically thick,
Fig. 6.Vertical profile of the refraction anglewith depth in the foam θf (z) at three frequen-
cies: 6.8 GHz (dash-dotted curves), 18.7 GHz (solid curves), and 37 GHz (dashed curves).
The initial incidence angle at the air–sea interface (z = 0) is θ = 53°.



89M.D. Anguelova, P.W. Gaiser / Remote Sensing of Environment 139 (2013) 81–96
and radiometrically thin foam layers. Using this concept, they deduced
regimeswith expected variations of foam emissivitywith layer thickness
ef (t) (AG11, Section 4.2.2 and Table 3). Fig. 7 illustrates these regimes
and variations of ef determined quantitatively and reveals new informa-
tion about them.

Fig. 7a shows the incoherent total emissivity ef (black curve) and re-
flectivity 1 − ef (gray curve) of the foam–seawater system represented
with Eq. (A.8a,b) at 18.7 GHz, H polarization, as a function of the foam
layer thickness ef (t). Fig. 7b shows the variations of these two curves
over an extended range of emissivity (note the log scale of the y axis).
It also shows the terms contributing to the total emissivity, namely up-
welling efu (dashed curve), downwelling efd (dotted curve), and trans-
mitted eft (dash-dotted curve) radiation.

The vertical lines in Fig. 7a mark two noteworthy foam thicknesses tn
and te. The former is the nominal thickness at 18.7 GHz, tn ≈ 0.21 cm in-
troduced by Anguelova and Gaiser (AG11, Table 1). The latter is the
crossing point between the emissivity and reflectivity at te ≈ 0.009 cm,
new information revealed by the emissivity model. Thickness tf in
Fig. 7b is another key point identified with the emissivity model. At tf,
terms efu and eft reverse their relative importance: the transmitted radia-
tion is larger than the upwelling radiation for foam thickness t b tf; the
opposite is true for layers thicker than tf. Thickness tf is also notable for
the relation between terms efu and efd: for t b tf, the downwelling
a)

b)

Fig. 7. Dependence of foam emissivity on foam layer thickness ef (t) for a frequency of
18.7 GHz, H polarization, and an incidence angle θ = 53° at seawater temperature
Ts = 20 °C and salinity S = 34 psu. a) Total emissivity ef (black curve) and reflectivity
1 − ef (gray curve); b) terms contributing to the total emissivity— upwelling efu (dashed
curve), downwelling efd (dotted curve), and transmitted eft (dash-dotted curve) radia-
tions. The vertical lines denote thicknesses that divide different emissivity regimes from
one another (see Section 4.2.1).
radiation has the same trend as that of the upwelling radiation, but at
roughly half its magnitude; in layers thicker than tf, the trend of efd
with t slows down, reaches a broad peak, and then decreases together
with eft. Points te and tn divide the ef (t) dependence into three regions,
each with characteristic behavior of ef (t). In the following we show
that the key thicknesses (te, tf, and tn) in Fig. 7 delineate the emissivity
regimes deduced by AG11.

We start with foam thickness t ≤ te in Fig. 7a and b. Considering that
measured bubble size distributions peak at about 50 μm (Deane &
Stokes, 2002), it is conceivable that such thin foam layers formed by
such small bubbles may exist. Two observations point out that in this
regime foam layers behave as the seawater itself. First, in this region
of the ef (t) curve, foam is more reflective than emissive (gray curve
above black curve). Second, the relatively low emissivity is in effect
that of the seawater (dash-dotted curve close to black curve) with neg-
ligible contributions from upwelling and downwelling radiation within
the foam. Foam is distinguished from the surrounding seawater at
18.7 GHz by its increasing emissivity when it is thicker than te.

Next, from the definition of the nominal thickness (AG11)—the foam
thickness overwhich a given void fraction profile redistributes the same
amount of seawater as that contained in the seawater skin depth for the
considered frequency—it is clear that thickness tn is that at which the
emission comes from the foam layer in its entirety. Indeed, Fig. 7b
shows that at thickness tn the main contribution to foam emissivity is
from the upwelling radiation in foam with an order of magnitude
lower contributions from efd and eft. There is little variation in foam
emissivity for layer thicknesses larger than tn, and ef reaches saturation
for t ≫ tn. The model thus confirms the deduced ef variations for radio-
metrically thick foam layers (AG11, Table 3) for which only a portion of
the foam layer suffices to provide the bulk (86%) of the foam emissivity.

Furthermore, the model results help to localize the deduced large
variations of ef associated with radiometrically thin layers (AG11,
Table 3) in the range from te to tn (Fig. 7). As defined, radiometrically
thin foam layers alone cannot provide the high foam emissivity; rather
their emission is reinforced by that of the underlying seawater. Fig. 7b
attests to this by showing the relative contributions from foam (efu and
weaker efd) and seawater (eft) in this range. The seawater contribution
dominates the ef signal for thickness te b t b tf. For tf b t b tn, the foam
layers are increasingly responsible for the foam emissivity. As terms efu
and eft increase with thickness by an order of magnitude in the te to tn
range, various portions of the seawater column and a large range of
foam thicknesses participate in the formation of the emissivity signal.
This results in large ef variations.

All trends observed in Fig. 7 for 18.7 GHz are the same for other fre-
quencies.What changes are the exact values of the key foamthicknesses
te, tf, and tn. Anguelova and Gaiser (AG11) explained the mechanism
behind this frequency sensitivity to foam thickness and on its basis sug-
gested useful implications for remote sensing of sea foam.

4.2.2. Angular dependence of foam emissivity
The results in Fig. 7 are for H polarization atfixed incidence angle θ of

53°. Fig. 8 demonstrates that the ef saturation from radiometrically thick
foam layers (fixed t = 1 cm in panel a and t = 5 cm in panel b) is pre-
served for all incidence angles and all frequencies. It also shows that
thick foam layers depolarize the radiation: V polarization (gray curves)
has only slightly higher values than H polarization (black curves) for all
frequencies, and both polarizations have almost identical trends with θ.
Even radiometrically thin foam layers depolarize the radiation (Fig. 8c),
but to a different degree for different frequencies. As Anguelova and
Gaiser (AG11, Section 4.2.1) anticipated, even mechanically thin layers
(t = 0.05 cm in Fig. 8c) will saturate the emissivity signal at 37 GHz
(dashed curves). Meanwhile, at low frequencies (e.g., 6.8 GHz in Fig. 8c,
dash-dotted curves) efwill approach seawater-like behavior for mechan-
ically thin foam layers.

Fig. 9 shows the effect of using a distribution of foam thicknesses in-
stead of a fixed t value. Once again, the angular dependence of H and V



a) t = 1 cm

b) t = 5 cm

c) t = 0.05 cm

Fig. 8. Dependence of foam emissivity on incidence angle ef (θ) at three frequencies:
6.8 GHz (dash-dotted curves), 18.7 GHz (solid curves), and 37 GHz (dashed curves) and
three fixed thicknesses t: a) t = 1 cm; b) t = 5 cm; c) t = 0.05 cm. Polarizations H
(black curves) and V (gray curves).

Fig. 9. As Fig. 8 but for a distribution of foam thicknesses instead of fixed t values.
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polarizations is the same, but the maximum emissivity signal is not as
close to unity as it is in Fig. 8a and b, but instead it decreases to 0.90–
0.95 for θ of at least 70° and up to 78° depending on the frequency.

5. Discussion

In this sectionwe focus our attention on three topics. First, we inves-
tigate the sensitivity of our foam emissivity model to the choices of the
model input values. Second, we compare the results of our emissivity
model to published experimental and modeling data. Finally, these dis-
cussions help us to evaluate the performance of our emissivity model
and devise possible improvements.
5.1. Model sensitivity to input choices

The main elements of our foam emissivity model, as justified in
Section 3.1, are (i) a profile fa(z) over the full range of void fraction values
with an exponential shape (Section 3.2.1); (ii) a refractivemixing rule for
the permittivity εf (z) chosen among other mixing rules as most suitable
to represent sea foam properties (Section 3.2.2); and (iii) a log-normal
probability density function with parameters μ and σ ensuring a proba-
bility peak at experimentally observed foam thickness t (Section 3.4).
These choices are based on systematic investigation of sea foam proper-
ties (Anguelova, 2008; AG11; AG12). Here we discuss the model sensi-
tivity to variations of some parameters and variables in each of these
three elements. We quantify the model sensitivity as percent difference
of foam emissivity, defined as Δef = 100⋅|efvar − efchc|/efchc, where efchc
is the emissivity obtained with the model choices, and efvar is the emis-
sivity obtained with some variations of the choices.

5.1.1. Variations of the void fraction profile
Once the choice of a vertical profile of foam fraction instead of a con-

stant void fraction in foamdepth is justified (Section 3.1), the functional
formof representing fa(z) comes into play. In addition, Anguelova (2008,
Section 5.3) noted the sensitivity of ef to the choice of the upper and
lower limits of the profile. Anguelova and Gaiser (AG11, Section 3.3.
and4.2.3) extended this investigation by considering howvarying limits
of the fa profile and varying fa shape affect the foam skin depth. They
found that the foam skin depth is affected more by variations in the
upper limit of the fa profile than by changes in its lower limit or its
shape obtained using various functional forms. These results for the
foam skin depth extend naturally to the foam emissivity.

Fig. 10a shows ef (θ) for three upper limits of void fraction vaf
(95%, 85%, and 75%) different from the chosen vaf = 99%; the lower
limit remains fixed at vfw = 1%, as do all other elements of the model.
Fig. 10a shows that decreasing the upper limit of the void fraction profile
changes the foam emissivity in two ways. First, the ef values decrease
withdecreasing vaf, yet they staymuchhigher than the seawater emissiv-
ity. That is, though not as clearly as for dry foam, the emissivity of wet
foam is readily distinguishable from the seawater emissivity. Second,
the depolarizing nature of foam quickly diminishes for vaf ≤ 95% (dotted
curves) as polarization differences in ef values are observed for such
upper limits. That is, only the highest void fractions fully depolarize the
emissivity signal. Fig. 10b shows the difference Δef between emissivity
with a profile with upper limit of 99% and each of the profiles with
lower vaf in Fig. 10a. These Δef curves demonstrate that variations of
the upper fa limit change ef values for H polarization more than for the
V polarization, e.g., ef H changes by up to about 40% for θ b 60º, while ef
V varies by no more than about 30% for almost the entire θ range.



a)

b)

Fig. 10. a) Variations of the emissivity ef due to changes of the upper limit of the void frac-
tion from 99% to 95% (dotted curve), 85% (dashed curve), and 75% (dash-dotted curve).
Polarizations H (black) and V (gray). b) Emissivity difference Δef between emissivity
with a profile with upper limit of 99% and each of the profiles with lower vaf in Fig. 10a.

91M.D. Anguelova, P.W. Gaiser / Remote Sensing of Environment 139 (2013) 81–96
These observations are for a frequency of 18.7 GHz and remain the same
for all other frequencies. Varying the lower limit of fa from1%up to 40% at
any fixed upper limit does not change the ef values, Δef is O (10−3%).

Variations of parameterm in the exponential profile above or below
unity simulate shapes of fa which contain more or less air (Fig. 1). In a
manner similar to the upper limit variations of fa, the foam emissivity
changes little (Δef ≪ 1%) if the profile contains more wet foam repre-
sented with m N 1. When the profiles have more dry foam (m b 1),
Δef may change by up to 14% at 37 GHz and by no more than 56% for
6.8 GHz for any θ. Comparison of these Δef values with those in
Fig. 10b suggests that variations of the upper fa limit cause the largest
variations of ef.
5.1.2. Variations of the permittivity profile
Anguelova (2008, Section 5.3) investigated in detail the impact of the

mixing rule choice on foam emissivity; here we give a brief summary of
the results. The choice of the mixing rule is strongly affected by the
choice of whether to use it with a constant void fraction value fa or
with a void fraction profile fa(z). Depending on this choice, ef (θ) values
differ appreciably for variousmixing rules. Specifically,when theMG, Lo,
and Re mixing rules are used, ef (θ) did not change significantly when
employed with a constant fa value or a fa profile; meanwhile, ef (θ)
was substantially affected when the PS rule was used. Overall, the use
of a fa profile instead of a constant fa value reduced the sensitivity of
the emissivity model to the choice of the mixing rule. Based on this
and additional criteria (Anguelova, 2008), we find the choice of the re-
fractive mixing rule to be the most suitable one among those studied.
Anguelova (2008, Section 4) showed that seawater temperature Ts
and salinity S affect the foam permittivity values. These variations affect
in turn the foam skin depth (AG11). Ultimately, variations of Ts and S re-
sult in variations of the foam emissivity. Calculations of ef (θ) for various
Ts (10 °C, 20 °C, and 30 °C) and S (0, 10, 34, 40 psu) values show Δef of
at most 0.2% and in most cases≪0.2%. In other words, most variations
of ef via εf come from the choice of mixing rule, not from environmental
variables such as SST and salinity.

5.1.3. Variations of the foam thickness distribution
The results in Figs. 8 and 9 indicate that the foamemissivity calculated

with the chosen thickness distribution (Fig. 3), which peaks at 3.53 cm,
would differ by about 5% from ef values obtained for a fixed thickness of
3.53 cm. Choosing a fixed value of t of less than 1 cm would lead to a
range of Δef differences (Figs. 8c and 10), small for low frequencies
(Δef ~ 4% for 6.8 GHz) and higher for high frequencies (Δef ~ 25% for
37 GHz). Varying the peak of the thickness distribution by changing pa-
rameters μ (0.3, 1.0, 1.9, 4.0 cm at fixed σ = 0.81) and σ (0.3, 0.81, 1.0,
2.3 cm at fixed μ = 1.9 cm) leads to Δef variations of the same order.
Overall, these thickness-induced variations of the foam emissivity are of
the same order as, yet smaller than (≤25%), the variations caused by
the upper fa limit.

Overall, our sensitivity study demonstrates that the results of our
foam emissivity model are most affected by the choice of the void frac-
tion value at the air–foam interface or, equivalently, by the choice of the
profile shape. The influence of the foam layer thickness on the ef values
is tangible, yet somewhat diminished [compared to its effect on foam
skin depth (AG11)] because of the use of a distribution of thicknesses.
All other parameters and variables in the model lead to much smaller
variations of ef. These results confirm quantitatively the anticipated
effectiveness of the upper limit of the fa profile as a tuning parameter
(Anguelova, 2008, Section 5.3.3) for the emissivity of vertically stratified
foam.

5.2. Comparison to measurements and other models

In the comparisons, we use the experimental data for the angular
dependence of foam emissivity ef (θ) reported by Raizer and Sharkov
(1982), Rose et al. (2002), and Camps et al. (2005). Each experimental
data set has been used to evaluate the performance of previously devel-
opedphysicalmodels for themicrowave foamemissivity (details below).
We include these models in the comparisons. For applicable frequencies
(F N 13.4 GHz), we include also the empirical model of Stogryn (1972).
Considering the experimental values as a reference, we quantify the de-
viations of ourmodel and any other emissivitymodel from this reference

with a root–mean–square (rms) error σP ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑n

i¼1 efPmod−efPexp
� �2

=n
q

,

where ef Pexp and ef Pmod are the experimental and model data, respec-
tively, for P (H or V) polarization, for n measurements over the range of
incidence angle θ. The rms errors (rmse) σH and σV for all model-
experiment comparisons are listed in Table 1; rmse for our model are
reported below (as a fraction or as percentage) and are also given in
the figures. For all figures in this section, the experimental data are
shown with squares, results of our emissivity model with solid curves,
other physical models with dashed curves, and Stogryn's model with
dotted curves. Black symbols and curves are for H polarization, and
gray is for V polarization.

5.2.1. Rose et al. (2002) experimental data
Rose et al. (2002) performed measurements of artificially generated

foam at 10.8 GHz and 36.5 GHz, foam thickness of approximately
2.8 cm,water temperature of 19 °C, and salinity of 10 psu. Fromanalysis
of video images, they estimated fa = 0.85 in the center of the foam layer
and reasoned that fa may increase up to 0.95 at the surface of the layer.
Rose et al. data are shown in Fig. 11, panel (a) for 10.8 GHz and panel
(b) for 36.5 GHz.



Table 1
RMS errors for various models compared to experimental data.

Experiment Model

Other model Stogryn (1972) This study

Source F (GHz) t (cm) Source σH σV σH σV σH σV

Rose et al. (2002) 10.8 2.8 Chen et al. (2003) 0.057 0.018 n/aa n/a 0.011 0.015
36.5 2.8 0.041 0.021 0.19 0.14 0.015 0.017

Raizer and Sharkov (1982) 35.0 0.1 Raizer and Sharkov (1982) 0.096 0.021 0.12 0.12 0.015 0.019
1.0 0.010 0.004 0.27 0.19 0.006 0.006

Camps et al. (2005) 1.4 1.7 Dombrovskiy and Raizer (1992)b 0.017 0.012 n/a n/a 0.016 0.016

a Stogryn (1972) model is applicable for a frequency range of 13.4 GHz to 37 GHz.
b This model is the basis on which Camps et al. (2005) develop their foam emissivity.
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Chen et al. (2003) compared the results of their DMRT model (brief
description in Section 2.4.2) to Rose et al. values assuming constant
fa = 90%. DMRT model results are also shown in dashed curves in
Fig. 11. Fig. 11b includes also ef values from Stogryn (1972) model
shown in dotted curves. As seen in the figure and Table 1, Stogryn's
empirical model underestimates the measured ef values by 14% to 19%.

Tofind an efficientway of comparing ourmodel results to experimen-
tal data, we ran our model at 10.8 GHz with several inputs. The first
model run was for the experimental conditions of Rose et al. (Ts and S)
with a fa profile from 95% to 1% with foam thickness fixed at 2.8 cm.
With these inputs, our model overestimates ef by σH = 8.5% and σV =
6.1%. Our previous investigations (Anguelova, 2008; AG11; AG12)
a) F = 10.8 GHz

b) F = 36.5 GHz

Fig. 11. Comparison of foam emissivity calculated with the model in this study to experi-
mental (Rose et al., 2002, symbols) and model (Chen et al., 2003, dashed curves) foam
emissivities at two frequencies: a) 10.8 GHz; b) 36.5 GHz. Emissivity obtained with the
empirical model of Stogryn (1972, dotted curves) is also shown in panel b. Black symbols
and curves are for H polarization, and correspondingly, gray ones are for V polarization.
Details are provided in Section 5.2.1.
suggest that these rmserrors canbemost effectivelyminimized by tuning
the upper limit vaf of the fa profile. However, before tuning, we performed
a second model run with the same fa profile as above and added a distri-
bution of thicknesses with our chosen parameters (see the preamble of
Section 4). The rationale for this model run was that we would like to
keep asmany of the chosenmodel elements close to the same as possible
before tuning themodel with the void fraction. Using themodel with the
chosen thickness distribution, σH decreased to about 4% and σV became
1.4%. In the last run, we tuned the model by changing only the upper
fa limit from 95% to 93%. The results (Fig. 11a and Table 1) are σH =
0.011 and σV = 0.015.

The results for 36.5 GHzwith the same approach—all model elements
in place and tune only vaf—are shown in Fig. 11b. Tuning vaf to 91%, we
a) t = 0.01 cm

b) t = 1.00 cm

Fig. 12. As Fig. 11 but for experimental and model data of Raizer and Sharkov (1982) at
frequency of ~35 GHz for two foam layer thicknesses: a) 0.1 cm; b) 1 cm. Details are
provided in Section 5.2.2.
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obtain σH = 0.015 and σV = 0.017. As shown in the figure and Table 1,
for both frequencies our model performs better than the DMRT model,
especially for H polarization.

5.2.2. Raizer and Sharkov (1982) experimental data
Raizer and Sharkov (1982) compare the results of their model (brief

description in Section 2.4.1) to experimental data from a series of labo-
ratorymeasurements (symbols in their Fig. 5). Themeasurements were
made for a wavelength of 0.86 cm (≈35 GHz) and thin (0.1 cm) and
thick (1 cm) layers of soap foam (S = 0 psu) at Ts = 27 °C. Fig. 12
shows the experimental and modeled (model 6 in their Table 2) data
for thin (panel a) and thick (panel b) layers. As in Fig. 11, Stogryn's em-
pirical model underestimates the experimental values by 12% to 27%
(Table 1).

Using the same approach for comparison as that established for
Fig. 11 (all chosen model elements and tunning only of the vaf value),
our model results for a thin layer (Fig. 12a) reproduce the measured ef
values well when vaf = 86%. Comparing σH and σV values (Table 1),
we note that our tuned model performs slightly better than the Raizer
and Sharkov model.

For a thick layer (Fig. 12b), the experimental ef values are quite high
yet their polarization difference is still visible. To produce such a result,
we started tuning ourmodelwith vaf = 95%because at this void fraction
the model preserves the polarization of ef (Fig. 10a and Section 5.1.1).
Our model underestimated the experimental data by 5.4% for H pol
and 3% for V pol. Interestingly, ourmodel could not obtain the highmea-
sured values even with vaf = 99%. It is not clear whether the use of soap
foam in the experiment played some role in causing the highmeasured ef
values. However, the fact that soap foam seems drier than natural foam
[see photographs in Bordonskiy et al. (1978) and Camps et al. (2005)]
suggests that we need to emphasize thicker foam layers in the thickness
distribution. We thus shifted the peak of the thickness distribution to
larger than 3.53 cm by changing σ from the chosen 0.81 cm to 0.7 cm.
With this additional tuning and vaf = 98%,we simulated the experimen-
tal data with quite good agreement of rmse b 1% for both H and V polar-
izations (Table 1).

5.2.3. Camps et al. (2005) experimental data
Camps et al. (2005) performed emissivity measurements at 1.4 GHz

(L-band) of foam created with diffuser in a pool (their Fig. 11). A mix of
river water and seawater in different contents provided salinity from 0
to 37 psu; SST ranged from 14 °C to 20 °C. Foam layer thicknesses
ranged from about 0.9 cm to 1.7 cm. We use the experimental data of
Camps et al. for t = 1.7 cm, SST = 18.7 °C and S = 33.21 psu (their
Fig. 11g) for the comparisons here (Fig. 13).
Fig. 13. As Fig. 11 but for experimental andmodel data of Camps et al. (2005) at a frequency
of 1.4 GHz. Stogryn (1972)model is not shownbecause it is not applicable for this frequency.
Details are provided in Section 5.2.3.
Camps et al. (2005) developed a physical foam emissivity model on
the basis of the model described by Dombrovskiy and Raizer (1992).
The Dombrovskiy and Raizer model is an extension of the Raizer and
Sharkov (1982) model aiming to include spray to the seawater–foam
system. In contrast to the Raizer and Sharkov model, the foam layer in
the Dombrovskiy and Raizer model is not vertically stratified. Camps
et al. used a suite of microscopic foam characteristics measured during
their experiment as inputs to the model. Their model is optimized by
finding the optimal value of one of the bubble parameters which mini-
mizes the rms errors between their measurements and model values
[see Table 1 in Camps et al. (2005)]. With this optimization, the Camps
et al. model performs quite well, with rms errors ranging from 0.8% to
1.7%. Fig. 13 demonstrates this for the case we use here.

Similar to the previous comparisons, we ran our emissivity model
with all elements the same and tuned it by changing only the upper
limit of the fa profile. When tuned to vaf = 44%, our model works as
well as the Camps et al. model and reproduces the experimental data
with an rms error of 1.6% for both H and V polarizations (Table 1). We
can make similar comparisons for all cases reported by Camps et al.
(2005) and each time we can minimize the rmse between the observa-
tions and the model by tuning the vaf value. This tuning is equivalent to
the Camps et al. (2005) optimization of a bubble parameter mentioned
above.

5.3. Evaluation of the foam emissivity model

The experimental data sets used for the comparisons in Section 5.2
cover a frequency range relevant tomost current and upcoming satellite
radiometers (1 GHz to 37 GHz), a wide range of salinity (0 to 33 psu)
and a range of water temperatures (19 °C to 27 °C). With all justified
model elements in place and the chosen model inputs, only simple
tuning with a single model parameter (the upper limit of the void frac-
tion profile) is needed for ourmodel to reproduce the experimental data
with good accuracy, an rms error less than 2% (Table 1).

All physical models to which we compare our model feature a rigor-
ous, explicit account of scattering by densely packed bubbles and involve
a suite of microscopic foam characteristics. One of these models is for
vertically stratified foam layers (Raizer and Sharkov, 1982); the others
are for uniform foam layers (Camps et al., 2005; Chen et al., 2003). The
comparisons show that with fewer model variables and inputs, and
with a single tuning parameter, our model performs as well as, or better
than, the other physical models.

The good agreement between the model and data in Section 5.2 is
the result of tuning the upper limit of the void fraction profile vaf, either
alone or together with a parameter in the thickness distribution. This is
in accord with the conclusions of our sensitivity analysis (Section 5.1).
The tuned values in Figs. 11 and 12 are within the range of values
used in the sensitivity analysis.We can thus put that analysis in the con-
text of the empirical comparisons to judge how robust the good fits
from Section 5.2 are. For this purpose, we computed percent difference
ΔefPexp = 100·|efPmod − efPexp|/efPexp where P is polarization (H or V),
efexp is the emissivity obtained with the experimental values, and efmod

is the emissivity obtained with the model using either the tuned values
or the initially chosen values (Section 4). We found that ΔefP exp ≅ σP.
On this basis, using the results in Fig. 10, we can infer that variability
of up to 20% in experimental observations can be predicted by our
model with its initial choices with rms error up to 20%. The model
tuning that has been used in Fig. 13 is to accommodate much wider
variability, and in such cases the model with its currently chosen initial
inputs will not perform as well.

This evaluation helps to determine further improvements of the
model and thus assist decisions on where to invest research efforts.
First and foremost, the range of the void fraction profile should not re-
main fixed. It will be necessary to account for a varying range of void
fractions in foam layers with various thicknesses by using a distribution
of the upper limit values; the lower value is not of much significance
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and could stay fixed at 1%. The caveat in pursuing this improvement is
the lack of any field observations and sufficient laboratory data on the
void fraction profile in foam layers. The availability of data, in turn, de-
pends on new experimental developments. A viable alternative mean-
while is analytical consideration of physically justified distributions of
the upper limit values; the use of Gaussian distribution is a reasonable
starting point.

Another improvement is obtaining and using more data to support
or refine the distribution of foam layer thicknesses. It is also necessary
to identify the best way to account for the variability of foam emissivity.
Though generally correct, the approach of Dombrovskiy and Raizer
(1992) still does not account for all possible variations of ef because
both the range of considered thicknesses and the parameters of p(t)
are fixed, chosen values, as shown in Section 3.4. The next step of gen-
eralization would be to represent the parameters of p(t) as functions
of environmental variables, i.e., ef[t(U)]. Then we can use TBf U; tð Þ ¼ W

Uð Þ:Ts:ef t Uð Þ½ � ¼ W Uð Þ:Ts:∫
t′
e f t′
� �

:p t′
� �

dt′ as a model in which W(U)

takes care of the horizontal variability of whitecaps (whitecap fraction)
while ef[t(U)] will take care of the vertical variability (foam layer
thickness).

Overall, we consider our foam emissivity model to be as good as pos-
siblewith the currently available data for sea foam layers. It canbe applied
successfully to regional cases which would have smaller variability, but
should be tuned accordinglywhen applied to regionswith larger variabil-
ity. With this caution, we surmise that the model can be used for remote
sensing of whitecap fraction.

6. Conclusions

Reviewingmechanical, dielectric, and radiative properties of sea foam,
we establish requirements for modeling foam emissivity ef at microwave
frequencies (Section 2). Following these requirements and adopting rea-
sonable assumptions and simplifications (Section 3.1), we develop a radi-
ative transfermodel of the emissivity of a vertically structured (stratified)
layer of sea foam at frequencies from 1 GHz to 37 GHz. The model is in
terms of macroscopic foam characteristics, void fraction fa and foam
layer thickness t. The main elements of the model (Sections 3.2–3.4) are
the void fraction profile fa(z) in foam layer depth which brings about a
non-uniform profile of foam dielectric and radiative properties;
implicit modeling of scattering in foam; and distribution of foam
layer thicknesses. The model gives the radiative terms contributing
to foam emissivity, such as upwelling and downwelling emission
within the foam layer, emission of seawater beneath foam, reflection of
downwelling atmospheric emission from the air–foam interface, and
multiple reflections at foam layer interfaces.

The results presented here were obtained with an exponential fa(z)
profile with upper (air–foam) and lower (foam-water) limits of 99%
and 1%, respectively (Fig. 1); foam permittivity obtained with the re-
fractive mixing rule at seawater temperature Ts = 20 °C and salinity
S = 34 psu (Fig. 2); and a log-normal probability density function
p(t) over a range of thicknesses from 0.04 cm to 25 cm peaking at
t = 3.53 cm (Fig. 3). Conclusions based on these results are:

1) Losses in vertically stratified foam layers are high for 37 GHz and
decrease for lower frequencies such as 6.8 GHz and 1.4 GHz
(Figs. 4 and 5).

2) Vertically structured foam layers continuously change the incidence
angle of the radiation propagating within the foam from its initial
value at the air–foam interface (e.g., 53°) to close to nadir incidence
at the foam–water interface (Fig. 6).

3) The dependence of foam emissivity on foam layer thickness ef (t) at
various frequencies reveals t values at which different regimes of
foam emissivity occur such as the minimal thickness for which foam
emissivity is distinguished from the emissivity of the surrounding
seawater, the thickness above which foam emissivity reaches satura-
tion and no emissivity variations are observed, and a range of thick-
nesses between these two limits for which maximum variations of
the foam emissivity are expected (Fig. 7a).

4) Different terms contribute to the total emissivity of foam layers and
the relative magnitudes of these contributions change for various
foam layer thicknesses (Fig. 7b). The strengths of these contributions
characterize the foam layers as radiometrically thin foam for which
the emission is from the coupled foam–seawater system, radio-
metrically nominal foam with emission from the foam layer in its
entirety, and radiometrically thick foam whose emission is from
only part of the foam layer.

5) The dependence of the foam emissivity on incidence angle ef (θ)
shows high emission (above 0.9) for θ up to about 78° both for spe-
cific foam layer thicknesses (Fig. 8) and for a distribution of thick-
nesses (Fig. 9). Foam depolarizes the radiation propagating within
it, i.e., foam emissivity at H or V polarizations has the same depen-
dence on θ.

Analysis of the model sensitivity to the input parameters listed
above (Section 5.1) demonstrates that the foam emissivity model is
most affected by the choice of the void fraction value at the air–foam in-
terface. The use of a distribution of foam layer thicknesses in the model
diminishes, but does not remove, the influence of the foam layer thick-
ness on ef values. The variations of ef caused by all other parameters and
variables in the model are significantly lower.

Comparisons of the model results to previous experimental and
modeling data (Section 5.2) show that our model performs as well
as, or better than, other physics-based, as opposed to empirical
(Sections 2.3–2.4), models. In addition, the comparisons confirm
quantitatively the expected effectiveness of the upper limit of the fa
profile as a tuning parameter. Overall, in addition to accounting for
the natural vertical stratification of sea foam, themerits of themodel in-
clude that it achieves good performance using (i) fewermodel variables
and inputs, and (ii) a single tuning parameter. The model can be used
for the remote sensing of whitecap fraction.
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Appendix A

The analytical expressions for the terms in Eq. (6) are obtained
following the presentation of the incoherent approach in Ulaby et al.
(1981, Section 4–14.2). Let consider the differential energy emitted by
a thin horizontal stratum within the foam layer at depth z with thick-
ness dz:

dTBlstr zð Þ ¼ kef zð Þ: secθ f zð Þ:T f zð Þdz: ðA:1Þ

Sections 2.1 and 3.2.3 of this paper include the definitions of all vari-
ables in Eq. (A.1).

The foam optical depths due to strata above and below the stratum
at depth z are:

τfU ≡ τfθ 0; zð Þ ¼
Zz

0

kef z′
� �

·secθ f z′
� �

·dz′

τfD ≡ τfθ z; dð Þ ¼
Zt

z

kef z0
� �

·secθ f z′
� �

·dz0:

ðA:2Þ
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Due to differing air–water contents above and below depth z, it is
expected (and observed) that τfU and τfD are quite different.

As justified in Section 3.1, we consider the physical temperature of
foam to be constant in depth and equal to that of seawater: Tf(z) =
const = Ts. Then the brightness temperature at the air–foam boundary
due to the entire foam layer is:

TBlstrU ¼ Ts·
Zt

0

kef zð Þ· secθ f zð Þ·e−τfU dz ¼ efUTs

TBlstrD ¼ Ts·
Zt

0

kef zð Þ· secθ f zð Þ·e−τfD dz ¼ efDTs:

ðA:3Þ

Analogous considerations over seawater half space with a constant
permittivity of seawater, and therefore constant seawater extinction
coefficient kw, seawater refraction angle θw, and temperature Ts, lead to:

TBwstrU ¼
Z∞

t

kw secθwTs:e
−kw z−tð Þ secθwdz ¼ Ts: ðA:4Þ

Accounting for multiple reflections, the various contributions to foam
emissivity are:

TBlU ¼ mUefUTs
TBlD ¼ mDefDTs
TBw ¼ mwTs

ðA:5Þ

and, according to Eq. (6), their sum gives the total observed signal of the
water–foam system. The analytical forms of coefficients mU, mD, and mw

in Eq. (A.5) are (Ulaby et al., 1981):

mU ¼ 1−Γaf
1−Γaf Γ fw=L

2
f

mD ¼ Γ fw
L f

mU

mw ¼ 1−Γ fw
L f

mU

ðA:6Þ

where indices af and fw refer to the air–foamand foam–water boundaries
(as in Section 3.2.1). Since we consider the foam boundaries to be flat in-
stead of rough (Section 3.1), Γaf = |raf(θ,P)|2 and Γfw = |rfw(θ,P)|2 repre-
sent the specular reflectivity of air–foam and foam–water boundaries
obtained with:

rVaf ¼
εaf cosθ−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
εaf− sin2θ

q

εaf cosθþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
εaf− sin2θ

q

rHaf ¼
cosθ−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
εaf− sin2θ

q

cosθþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
εaf− sin2θ

q
ðA:7aÞ

and

rVfw ¼
ε

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
εfw− sin2θ

q
−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε:εfw− sin2θ

q

ε
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
εfw− sin2θ

q
−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε:εfw− sin2θ

q

rHfw ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
εfw− sin2θ

q
−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε:εfw− sin2θ

q
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
εfw− sin2θ

q
−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε:εfw− sin2θ

q :

ðA:7bÞ

The εaf and εfw values in Eq. (A.7a,b) are calculated using the void fraction
value at the respective boundary.
The incoherent emissivity and reflectivity of the foam–water system
are:

einc ¼ mUefU þmDefD þmw ¼ efu þ efd þ eft ðA:8aÞ

Γ inc ¼ 1−einc ¼ 1− mUefU þmDefD þmw

� �
: ðA:8bÞ

The brightness temperature reflected from the foam is TBr = ΓincTsky,
where Tsky is the downwelling atmospheric brightness temperature.
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