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Abstract: With the increase of sea surface wind speed, whitecaps will appear on the sea surface.
Generally, for Electromagnetic (EM) scattering of the foam-covered sea surface, medium-scale waves
are used to replace the breaking waves of the real sea surface. Another treatment in computation is to
adopt one of the whitecap coverages and fixed foam layer thickness. In fact, the evolution process
of a breaking wave goes through two stages: stage A (crest foam) and stage B (static foam). In this
paper, a geometric model of the sea surface covered with crest foam and static foam is established.
The coverage ratio of stage A and stage B is proposed for the first time for a given sea state. In
addition, different foam layer thickness distributions in each foam for various wind speeds are also
considered. Based on the facet scattering theory of sea surface, this paper adopts the modified
facet-based scattering model to deal with the scattering contribution of the sea surface and the effect
of foam. Finally, in order to verify the accuracy of the geometric modeling and the scattering model
of the sea surface, the EM backscattering of sea surface under different sea states are calculated.
Simulation results show that the results of the proposed model are more consistent with the measured
data than the results of the sea surface covered with individual crest foam or the sea surface covered
with individual static foam.
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1. Introduction

In the research field of Electromagnetic (EM) scattering of the sea surface, the EM mechanism of
radar echo under high sea conditions and large incident angles has attracted lots of attention. When the
wind speed reaches 7 m/s, the sea surface is beginning to froth, while more than 30% of the sea surface
area is covered with foam as the wind speed reaches 25 m/s [1]. Goldstein et al. [2] pointed out that the
high polarization ratio of single-polarization Horizontal/Vertical (HH/VV) is mainly caused by the
whitecap at X-band. More attention has been paid in the study of EM scattering of the foam-covered
sea surface.

Many scholars have done related work on the EM scattering effects of the foam-covered sea
surface. Martin [3] proposed that with the increase of sea surface wind speed, the waves break up,
then, the foam and water droplets at the crest of the waves are formed. The air at the interface is
dragged into the seawater, at last, a large number of bubbles inside and on the surface of the seawater
are produced. It is well-known that foam has a considerable impact on the EM scattering of the sea
surface. Raizer [4] observed the foam-covered sea surface with high-resolution radar and estimated the
variation law of the EM backscattering coefficient of the sea surface. Droppleman and Rosenkranz [5,6]
regarded the foam-covered sea surface as one or more layers of medium. Anguelova and Gaiser [7]
analyzed the physical parameters of the foam layer on the sea surface. Tsang [8,9] adopted the Monte
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Carlo method to study the EM scattering of dense foam on the sea surface. In addition, Kalmykov [10]
pointed out that the wedge model could be able to simulate the crest breaking wave, which would
enhance the polarization ratio. Lyzenga et al. [11] calculated the EM scattering of the wedge model
to modify the scattering coefficient of the sea surface. Churyumov [12] regarded the medium-scale
breaking wave as scatterers capable of generating non-Bragg scattering. Kudryavtsev et al. [13,14]
established a semi-empirical model to modify the scattering coefficient of the sea surface by considering
the breaking wave and whitecap coverage. West and Zhao [15] adopted a Multi-Level Fast Multipole
Algorithm (MLFMA) to calculate the EM scattering of the LONGTANK wave model, and the results
illustrated the high polarization ratio and sea spike. Li et al. [16] established a 3-D scattering model
based on the wedge model and the capillary wave modification facet scattering model (CWMFSM),
which to some extent interprets the “super events” under high sea conditions. The above works almost
adopt the medium-scale waves or a single breaking wave model to replace the real breaking wave
of the sea surface. Thus, from the geometric modeling of the foam-covered sea surface, they do not
accord with the real situation of the sea surface.

As a matter of fact, in [17–19], in terms of the time evolution of whitecap, the process of a whitecap
goes through two stages: stage A and stage B. Stage A is the growth process, called crest foam, located
on the breaking wave. It is produced by a combination of active breaking waves and dragged air.
Stage B is the decay process, called static foam. It occurs after stage A, with “striplike” structures
and exponential decay characteristics after stage A. Similarly, the foam thicknesses of stage A and
stage B should not be ignored. Although the measured data of foam thickness reported in [20] did
not distinguish stage A and stage B, the peak thicknesses of foam were close to 1.3 cm and 3.3 cm.
Reul et al. [21] proposed an approach to calculate the foam thickness of crest foam and static foam,
which compared well with the experimental data in [20]. Anguelova and Gaiser [22] also agreed on the
function of foam thickness distributions of these two stages. In addition, different foam has different
whitecap coverage. The expressions for individual whitecap coverages of crest foam and static foam
in [21] agreed well with the measured formula values in [18]. However, crest foam and static foam
should coexist in the same sea state at the same time. Therefore, the coverage ratio of crest foam and
static foam in the same sea area should be determined.

In this paper, a 3-D scattering model of sea surface covered with crest foam and static foam is
proposed. Different foam layer thickness distributions in each foam for various wind speeds are
considered. The main idea is to find out the geometric modeling of real sea states and the coverage
proportion of crest foam and static foam in a given sea state. In order to verify the correctness and the
effectiveness of the proposed model, the numerical results of the EM backscattering coefficient are
simulated in some cases for different wind speeds, incident angles, operation frequencies and wave
polarizations. Compared with the measured data (part of the Joint Ocean Surface Study (JOSS-I), Four
Frequency Radar System (4FRS) [23,24]), the proposed model works very well.

The remainder of this paper is organized as follows. The foam layer thickness and coverage
ratio of crest foam and static foam are discussed in Section 2. The geometric modeling and dielectric
characteristic of the sea surface and foam-covered sea surface are established in Section 3. The EM
backscattering method to calculate the foam-covered sea surface is proposed in Section 4. In order
to prove the effectiveness of the proposed model, comparisons with measured data are discussed in
Section 5. The EM backscattering results of the foam-covered sea surface for different sea states are
obtained and analyzed. Some discussions and conclusions are presented in the final section.
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2. Two Whitecap Stages: Crest Foam and Static Foam

2.1. Foam Coverage and Foam Thickness

The evolution of an individual whitecap bubble cloud includes two processes: crest foam and
static foam. Crest foam is owing to actively breaking waves, while the static foam is the decaying
process after crest foam [17–19]. Firstly, according to [21], the whitecap coverage is obtained by

F(U10, c) = 2aπ
g [

∫ cp

cmin
c2Λ(c, U10)dc] × exp(α∆T − β), (1){

αc = 0.198, βc = 0.91, (crest f oam)

αs = 0.0861, βs = 0.38, (static f oam)
, (2)

Λ(c, U10) = (U10/10)3
× 3.3× 10−4 exp(−0.64c), (3)

where cp is the phase speed of the dominant wave, g = 9.81. cmin = (gλmin/2π)1/2 (λmin = 20 cm).
c = (2g/kp) 1/2 (kp is the spectral peak wavenumber). U10 is the wind speed at 10 m above the sea surface,
in m/s. ∆T is the sea–air temperature difference (∆T = Tsea − Tair), in ◦C. a = 0.8 is for crest foam and
a = 5 is for static foam. This expression of whitecap coverage fits well with the measured model in [18].
The coverages of individual crest foam and static foam in [18] are obtained by

Wa = 2.92× 10−7U3.204
10 exp(0.198∆T) (crest f oam)

Wb = 1.95× 10−5U2.55
10 exp(0.0861∆T) (static f oam)

, (4)

Secondly, Reul and Chapron [21] proposed the expressions of globally averaged foam-layer
thickness of crest and static foam, the expression for averaged globally foam layer thickness distribution
weighted by

δ(U10) =

∫ cp

cmin

δ(c) · dF(U10, c)dc, (5)

where
δc(c) = 0.4c2

2g (crest f oam)

δs(c) = 0.4c2

2πa [
5c
2g + τ′(1− exp(− c

gτ′ (2πa− 5)))] (static f oam)
, (6)

where τ’ is an appropriate exponential time constant (τ’ ≈ 3.8). These foam thickness values compare
well with measured data for foam thickness histogram reported by Reising et al. [20]. The experimental
data in [20] for peak foam layer thicknesses are close to 1.3 cm and 3.3 cm. Anguelova and Gaiser [22]
also agree on the correctness of Equation (5). In order to satisfy the laws in [20,22], suppose ∆T = 10 ◦C.
Figure 1 shows the foam coverage and foam-layer thickness from Equations (1)–(5).

In Figure 1a, the four lines represent the individual crest foam coverage and the individual static
foam coverage at different wind speeds from [18,21], respectively. Obviously, the Reul model fits well
with the Monahan model. In Figure 1b, the two lines illustrate the foam thicknesses of crest foam and
static foam for various wind speeds. It can be seen from the figure that for different wind speeds, the
two stages of foam will have different foam thickness. By the way, with the increase of wind speed,
the difference of foam thickness between the two stages of foam will become larger. On this basis,
it is necessary to consider the foam thickness in the EM scattering calculation of the foam-covered
sea surface.
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Figure 1. Foam coverage and foam thickness at different wind speeds. (a) Foam coverage models for
crest foam and static foam. (b) Foam thickness distributions for crest foam and static foam.

2.2. The Ratio of Crest Foam and Static Foam in the Same Sea State

For any given sea state, crest foam and static foam should coexist in the sea surface covered with
whitecap [18]. As far as we know, present studies only propose the whitecap coverage empirical laws
of individual crest foam and static foam. There is no research on the coverage ratio for the coexisted
case, i.e., including both crest foam and static foam. One of the contributions of this paper is to figure
out the proportion of crest foam and static foam in the same sea condition.

Studies have shown that the whitecap coverage relates to the wind speed, wind stress and the
roughness of sea surface, etc. Hwang et al. [25,26] establish the expression of foam coverage, which is in
good agreement with the whitecap measurements by Callaghan et al., Meissner and Wentz, Anguelova
and Webster, Sugihara et al. and Lafon et al. [27–31]. The expression of the whitecap coverage model
in [25,26] is obtained by

Wwhole =


0, u∗ ≤ 0.11m/s

0.3(u∗ − 0.11)3, 0.11 < u∗ ≤ 0.4m/s
0.07u2.5

∗ , u∗ > 0.4m/s
, (7)

where
u∗ = C0.5

10 U10, (8)

C10 =

{
10−4(−0.016U2

10 + 0.967U10 + 8.058) U10 ≤ 35m/s
2.23× 10−3(U10/35)−1 U10 > 35m/s

, (9)

Equation (7) is the global whitecap coverage, contains both the crest foam and static foam coverage.
We assume the proportion of crest foam is m, the proportion of static foam is (1−m), the individual
whitecap coverage of crest foam and static foam are Wa and Wb (the expressions of Wa and Wb are in
Equations (1) and (2)), respectively. Therefore, we obtain the formula

mWa + (1−m)Wb = Wwhole, (10)

m =
Wwhole −Wb

Wa −Wb
× 100%, (11)

In Figure 2a, the solid line shows the proportion of crest foam in the foam-covered sea surface
for different wind speeds according to Equations (10) and (11), the dotted line is the ratio of static
foam in the foam-covered sea surface. In Figure 2b, for the sea surface at various wind speeds, the
four lines show the new coverage ratio of crest foam (m ×Wa), the new coverage ratio of static foam
((1−m) ×Wb), the new model and the global whitecap coverage model, respectively. It can be seen that



Remote Sens. 2020, 12, 788 5 of 19

the new crest foam coverage reaches 2% at U10 = 20 m/s, while the individual crest foam coverage in
Figure 1a is 3% at U10 = 20 m/s. The new static foam coverage is close to 4% at U10 = 20 m/s, while the
individual static foam coverage in Figure 1a is about 10%. The global whitecap coverage model fitting
well with the measured data of foam coverage in the northern and southern halfspheres, while the
crest foam and static foam are not distinguished in the model, it only represents the whole whitecap
coverage in the world ocean. The new model is the sum of the new crest foam coverage and the new
static foam coverage. Obviously, the agreement of the new model is consistent with the global whitecap
coverage model. The difference between the new model and the model in [26] is that the new model
divides the crest foam and static foam, and points out the different contributions of crest foam and
static foam in a given sea state. Because of the crest foam and static foam have different contributions
on EM scattering, thus compared with the model in [26], this new model can better describe the EM
scattering of the foam-covered sea surface.
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3. The Modeling of Sea Surface Covered with Foam

3.1. Sea Spectrum

In this paper, Elfouhaily’s sea spectrum [32] and the creamer model [33] are adopted to generate
sea surface. The wave height of the creamer sea surface is obtained by

h(r, t) =
∑

k

j
k
|k|

A(k, t) exp( jk · r), (12)

A(k, t) = χ(k)π

√
2S(k,ϕ)

LxLy
exp(− jω(k)t) + χ∗(−k)π

√
2S(−k,ϕ)

LxLy
exp( jω(−k)t), (13)

where 
S(k,ϕ) = S(k) ·G(k,ϕ)
S(k) = (BL + BH)/k3

G(k,ϕ) = [1 + ∆(k) cos(2ϕ)]/2π
, (14)

where S(k) and G(k,ϕ) are the sea spectrum and the directional spectrum, respectively.χ(k) is a complex
Gaussian series with a mean 0 and a variance of 1. BH and BL are the capillary waves and gravity waves
of the sea surface. The formulas of BH and BL and the other parameters are illustrated in Appendix A.
Figure 3 shows the sea spectrum when the wind speed (U10) is 5 m/s, 10 m/s and 15 m/s, separately.



Remote Sens. 2020, 12, 788 6 of 19

Remote Sens. 2020, 12, x FOR PEER REVIEW 5 of 18 

 

contributions on EM scattering, thus compared with the model in [26], this new model can better 

describe the EM scattering of the foam-covered sea surface. 

  

(a) (b) 

Figure 2. Foam coverage at different wind speeds. (a) The ratio of crest foam and static foam. (b) 

Comparison of the Hwang model and the new whitecap coverage summed by crest foam and static 

foam. 

3. The Modeling of Sea Surface Covered with Foam  

3.1. Sea Spectrum  

In this paper, Elfouhaily’s sea spectrum [32] and the creamer model [33] are adopted to generate 

sea surface. The wave height of the creamer sea surface is obtained by 

)( , ) ( , )exp( ,
k

h t j A k t j
k

 
k

r k r
 

(12) 

*2 ( , ) 2 ( , )
(k, ) ( ) exp( ( ) ) ( ) exp( ( ) ),

x y x y

S k S k
A t k j k t k j k t

L L L L

 
     


      

(13) 

where  

3

( , ) ( ) ( , )

( ) ( ) / ,

( , ) [1 ( )cos(2 )] / 2

L H

S k S k G k

S k B B k

G k k

 

  

 


 
   

 
(14) 

where ( )S k  and ( , )G k   are the sea spectrum and the directional spectrum, respectively. ( )k  is a 

complex Gaussian series with a mean 0 and a variance of 1. BH and BL are the capillary waves and 

gravity waves of the sea surface. The formulas of BH and BL and the other parameters are illustrated 

in Appendix A. Figure 3 shows the sea spectrum when the wind speed (U10) is 5 m/s, 10 m/s and 15 

m/s, separately.  

 

Figure 3. The sea spectrum for various wind speeds. Figure 3. The sea spectrum for various wind speeds.

3.2. The Foam-Covered Sea Surface

As wind speed increases, the sea surface is covered with whitecap, including crest foam and static
foam. The most important thing for the geometric modeling of sea surface covered with whitecap
is to figure out the distribution of the two stages of foam. To solve the problem, many researchers
have proposed various kinds of guidelines. For example, in [34,35], the product of breaking point
amplitude and wave number is between 0.103 and 0.628. Phillips et al. [36] said the wave breaks when
it reaches the maximum wave height, which is related to the wave phase velocity and drift velocity.
Stokes et al. [37] proposed that a break wave exists when the internal angle of the wave surface is less
than 120◦. Longuet-Higgins et al. [38] adopted the surface slope criterion to decide the break wave
points. To make the model simple and easy to implement, in this paper, the surface slope criterion is
used to distinguish the crest foam and static foam. The specific steps are as follows. In the simulation,
the incident frequency f = 10 GHz, U10 = 10 m/s, the size of the sea surface is 300 m × 300 m. M and N
are the sampling numbers of facets along x- and y-axes, respectively. ∆T = 10 ◦C. Figure 4a shows
the sea surface with no foams. Figure 4b shows the sea surface covered with individual crest foam
marked with red asterisk, Nc = Wa ×M × N facets with higher slope in the sea surface are selected for
crest foam. Figure 4c shows the sea surface covered with individual static foam marked with a green
triangle, Ns = Wb ×M × N facets with higher slope are chosen for static foam. Furthermore, Figure 4d
shows the crest foam and static foam coexisting in the sea surface, Nc = m ×Wa ×M × N facets with a
higher slope for crest foam, the next Ns = (1−m) ×Wb ×M × N facets with a higher slope are chosen
for the static foam. Figure 4e shows the uniform distribution of foam fragments, while the wind speed
increases to U10 = 15 m/s, Figure 4e shows the distribution of foam starting to pile up, consistent with
the measured sea surface image [17]. Meanwhile, the roughness of the sea surface increases.
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Figure 4. The whitecap coverage in the sea surface. (a) The sea surface without foam. (b) The sea
surface covered with crest foam only. (c) The sea surface covered with static foam only. (d) The sea
surface covered with the proposed distribution of crest foam and static foam for U10 = 10 m/s. (e) The
sea surface covered with the proposed distribution of crest foam and static foam for U10 = 15 m/s.

3.3. The Dielectric Constant of Sea Surface Covered with Foam

Generally, seawater is a mixture of pure water and salts dissolved in water and often considered
as an inhomogeneous lossy medium. The dielectric constant of the sea surface is related to the incident
frequency of EM waves, sea temperature and other factors. Meissner et al. [39] proposed the double
Debye seawater dielectric constant model. The formula is

ε = ε∞ +
εs(T,ωs) − ε∞

1 + ( j2π fτ(T,ωs))
1−a − j

σ(T,ωs)

2π fε0
, (15)
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where f is the incident frequency. T = 20 ◦C, ωs = 32.54%�, ε∞ = 4.9. ε0 = 8.854 × 10−12 F/m. The
detailed formulas of other parameters are shown in Appendix B.

In this paper, the Maxwell Garnett model [40] is adopted to compute the dielectric constant of the
foam-covered sea surface. The expression is obtained by

ε f = ε[1−
3V(ε0ε′ − 1)

2ε0ε′ + 1 + V(ε0ε′ − 1)
], (16)

where ε’ is the real part of the dielectric constant for seawater. V represents the amount of air in the
foam, also called the duty cycle, which is generally set as V = 97%. Figure 5a,b show the dielectric
constant of seawater and foam-covered sea surface, respectively.
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Figure 5. (a) The dielectric constant of seawater. (b) The dielectric constant of sea surface covered
with foam.

4. Electromagnetic Calculation Method

4.1. The Modified Facet-Based Two-Scale Model

The improved facet-based Two-Scale Model (TSM) [41] calculates the scattering field of sea surface
element with no foam covered. Kirchhoff approximation (KA) is adopted to compute the large-scale
roughness of each facet. While the Integral Equation Method (IEM) has a larger application range
than the Small Perturbation Method (SPM), the small-scale roughness value is calculated by IEM. In
this paper, the phase delay exists due to the phase of each facet changes with the relative position.
For large scale roughness, the Kirchhoff tangent plane approximation is adopted, while KA ignores
the diffraction effect of incident waves on the surface. The fluctuations of large-scale components
on the sea surface need to change slowly. Therefore, at large incident angles, the surface elements
of large-scale components can no longer be considered as planes, but should be treated as curved
surfaces. Finally, based on the scattering theory of facet in [42], the phase modified (k1·r+ϕ) field-based
scattering model is proposed. The curvature modified factor (cpp) and the shadowing function (S(v))
are introduced, the scattering field of the facet-based two-scale model is obtained by

Esea
pp (k̂i, k̂s) =

e jkR

R

√
cpps(v)(σKA−GO

pp,i j (k̂i, k̂s) + σIEM
pp,i j(k̂i, k̂s))∆x∆y

4π
exp(− j(k1r + ϕ)), (17)

where p = h or v, R is the distance from the radar to the center of the observed sea area, k is the wave
number of the EM wave. k1 is the projection of the k(ks − ki) on the tilted element. ki is the incident
wave vector, ks is the scattering wave vector. ∆x and ∆y are the size of each facet along x and y-axes,
respectively. r is the position vector of each facet relative to the origin of coordinates. k1·r is the phase
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delay caused by the relative position of each facet. k1·r+ϕ is the phase modified. Hypothesis the
large-scale roughness waves are geometrically illustrated by a discrete set of ζ (ρ, t), then γx = ∂ζ/∂x and
γy = ∂ζ/∂y are the corresponding slopes.ϕ = ξ·k1·(∆x,∆y,(γx·∆x + γy·∆y)), −1/2 ≤ ξ ≤ 1/2, the specific
theory is in [42]. In each facet, KA is adopted to calculate the specular scattering, and IEM computes the
diffusion scattering. The Radar Cross Section (RCS) formulas are obtained by Equations (18) and (19).

σKA−GO
pp =

πk2q2

qz4

∣∣∣Upp
∣∣∣2P

(
Zx, Zy

)
, (18)

σIEM
pp =

k2

4π
exp(−2k2σ2 cosθ′i

2) ·
∞∑

n=1

∣∣∣In
pp

∣∣∣2 w(n)(2k sinθ′i , 0)

n!
, (19)

In Equation (18), Upp is the polarization coefficient. P(Zx, Zy) is the slope probability density
distribution of Cox–Munk. In Equation (19), σ is the Root-Mean-Square (RMS) height of the small-scale
sea surface. In each facet, the coordinate system is called the local coordinate. (x, y, z) is the global
coordinate. θi is the global incident angle of each facet. θi’ is the local incident angle of each facet.
The normal vector of the local coordinate is n = (−γx x−γy y + z)/(1+ γx

2 + γy
2 )1/2. ω(n) is the spectral

function of the sea spectrum. This paper adopts the n = 1 of Equation (19) proposed by Fung et al. [43].
In the cartesian coordinates, ω(kx, ky) is the two-dimensional sea spectrum, from Equation (14),
ω(kx, ky) = s(kcosϕ, ksinϕ). ω(2ksinθi

’, 0) is the small-scale waves, and refers to the two-dimensional sea
spectral density corresponding to the Bragg wave vector propagating along the radar line of sight. The
formulas of the math symbols in Equations (17)–(19) from [44–46] are given in Appendix C.

In addition, in the classical Two scale model, it is necessary to figure out the cutoff wave number
(kcut) to divide the large- and small-scale waves, the kcut has a great impact on the results of EM
scattering. In this paper, the adaptive cutoff wavenumber [47] is chosen to generate the capillary wave
for each facet of the sea surface. The expression is obtained by

10e−20
√

5κU10
−1/4

=

√∫ 8g/U2
10

kcut

S(k)dk, (20)

where κ is the vonkarman constant, κ = 0.35, S(k) is sea spectrum. For a given sea spectrum and wind
speed, kcut can be calculated from Equation (20).

4.2. The Foam Layer Scattering Model

The scattering model of each facet in sea surface covered with whitecap is a multilayer medium
scattering model. There are mainly four scattering contributions in the multilayer medium. The first
part of EM scattering comes from the upper sea surface. The second part comes from the foam layer.
The third part is from the bottom sea surface. The last part is the interaction between the upper surface
and the foam layer or between the lower surface and the foam layer. Figure 6 shows the four scattering
contributions of the foam-covered sea surface. The RMS heights of the top surface and bottom surface
are the same value.

This paper adopts the scattering model of the multilayer medium proposed by Fung et al. [46].
The expressions of the four contributions are as follows.
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Figure 6. The scattering model of the sea surface covered with the foam layer. (1), (2), (3) and (4)
represent the four scattering contributions for Electromagnetic (EM) scattering model.

The scattering of the upper surface adopts IEM to compute. σupper = σIEM = Equation (19).
The volume scattering of the foam layer is

σvolpp = 4π cosθs(Is/I) = µsT(θs,θ0)a
{

1− exp[−
τ(µ0 + µt)

µ0µt
]

}
P(µ0,−µt;φs −φ)

µ0 + µt
µtT(θt,θ), (21)

Pvv = 0.75
{
2(1− µ2

t )(1− µ
2
0) + µ2

tµ
2
0[1 + cos 2(φs −φ)] + 4µ0µt

√
(1− µ2

t )(1− µ
2
0) cos(φs −φ)

}
, (22)

Phh = 0.75[1 + cos 2(φs −φ)], (23)

The scattering of bottom sea surface contains the following processes: the incident EM wave
crosses the top surface and is partially attenuated by the foam layer before reaching the bottom surface,
then it is scattered backward and again goes through foam layer attenuation before it can pass through
the top surface and head into the observed direction. The expression is obtained by

σbspp = µsT(θs,θ0) exp(−
κed
µ0

)σspp(θ0,θt,φs −φ) exp(−
κed
µt

)
T(θt,θ)
µt

, (24)

The interaction scatterings between the foam layer and the upper/bottom sea surface are

σinpp = R(θ0) exp(−k2
l σ

2
b(µ0 + µt)

2), (25)

σ
f oam
whole = σupper + σbspp + σvolpp + σinpp, (26)

where I and Is are the power density of incident wave and scattered wave, respectively. µ = cosθ,
µs = cosθs, µo = cosθo, µt = cosθt. σb is the standard deviation height of the bottom sea surface and
kl is the spatial wave number of the foam layer. κs, κa and κe are volume scattering, absorption and
extinction rate. κe = κs+κa. τ = κed is the optical thickness and a = κs/κe is the polarization absorption.
The expressions of them are as follows

κa = 2kbi(1− f ) + f kbr
εsi
εbr

∣∣∣∣∣ 3εb
εs + 2εb

∣∣∣∣∣2, (27)

where kbi and kbr are the imaginary and real parts of the host medium wave number.

κs =
8
3
πNk4

brr
6
s

∣∣∣∣∣ εs − εb
εs + 2εb

∣∣∣∣∣2, (28)

where N is the number density, related to the volume fraction f

N =
3 f

4πr3
s

, (29)
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The other parameters are shown in [46].
Figure 7 shows the RCS of the foam layer varying with foam layer thickness for θi = 10◦ and

θi = 60◦. In the simulation, f = 10 GHz, U10 = 10 m/s, for HH polarization. It can be seen that foam layer
thickness and the incident angle have a great influence on the RCS. As the incident angle increases, the
RCS gets smaller than it was before. This is why foam layer thickness is considered in this paper.

Remote Sens. 2020, 12, x FOR PEER REVIEW 10 of 18 

 

2

4 68
,

3 2

s b
s br s

s b

Nk r
 

 
 






 (28) 

where N is the number density, related to the volume fraction f 

3

3
,

4 s

f
N

r


 
(29) 

The other parameters are shown in [46].  

Figure 7 shows the RCS of the foam layer varying with foam layer thickness for θi=10° and θi=60°. 

In the simulation, f=10 GHz, U10=10 m/s, for HH polarization. It can be seen that foam layer thickness 

and the incident angle have a great influence on the RCS. As the incident angle increases, the RCS 

gets smaller than it was before. This is why foam layer thickness is considered in this paper.  

 

Figure 7. The scattering of foam layer varying with foam layer thickness for θi=10° and θi=60°. 

The formula of complex scattering amplitude from the foam layer in each facet takes the 

following relationship.  

2lim 4 [ ],foam foam foam

whole pp pp
R

x y R E E  


     (30) 

1( )ˆ ˆ( , ) ,
4

jkR
i k rfoam foam

pp i s whole

e x y
E k k e

R




  
   (31) 

To sum up, the whole scattering field of the foam-covered sea surface is obtained by 

_ _

, , ,

1 1

ˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆ( , ) ((1 ) ( , ) ( , ) ( , )),
M N

sea foam sea crest foam static foam

pp i s pp ij i s pp ij i s pp ij i s

i j

E k k c d E k k cE k k dE k k

 

      (32) 
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The formula of complex scattering amplitude from the foam layer in each facet takes the
following relationship.

∆x · ∆y · σ f oam
whole = lim

R→∞
4πR2[E f oam

pp E f oam∗
pp ], (30)

E f oam
pp (k̂i, k̂s) =

e jkR

R

√
∆x∆y

4π
· σ

f oam
wholee

−i(k1r+ϕ), (31)

To sum up, the whole scattering field of the foam-covered sea surface is obtained by

Esea+ f oam
pp (k̂i, k̂s) =

M∑
i=1

N∑
j=1

((1− c− d)Esea
pp,i j(k̂i, k̂s) + cEcrest_ f oam

pp,i j (k̂i, k̂s) + dEstatic_ f oam
pp,i j (k̂i, k̂s)), (32)

where c = 0 or 1, d = 1 or 0, represents the facet whether or not covered with a crest or static foam.
Overall, by combining Equations (17)–(19), (26), (31) and (32), we can get the Normalized RCS

(NRCS) of a sea surface covered with crest foam and static foam. The expression of NRCS is as follows

σ
sea+ f oam
pp (k̂i, k̂s) = lim

R→∞

4πR2

A
× [Esea+ f oam

pp (k̂i, k̂s)·E
sea+ f oam
pp (k̂i, k̂s)

∗
], (33)

where A is the area of the observed sea surface.

5. Numerical Results and Discussion

For the purpose of verifying the correctness of the geometric model and the effectiveness of the
modified EM scattering model, the EM backscattering results of the sea surface covered with two
stages of foam and two different foam thicknesses were simulated and compared with measured data
from level 3 to level 6 sea state (JOSS-I, 4FRS [23,24]).

5.1. Comparison with Measured Data at Level 3 Sea State

Figure 8 shows the EM backscattering NRCS plots of 300 samples for VV and HH polarization.
In the simulation, the size of the sea surface is 300 m × 300 m, ∆x = ∆y = 1 m, M × N = 300 × 300.
f = 4.455 GHz, U10 = 7.7 m/s, ε = (68.9, 34.4), εf = (2.38, 0.69), the measured data is level 3 sea state
from JOSS-I model for the wind speed between 7.2 m/s and 8.23 m/s. The numerical results of five sea
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surface models are shown in Figure 8 at VV and HH polarization. The five sea surface models are sea
without foam, the proposed sea model, sea surface covered with individual crest foam, sea surface
covered with individual static foam and sea surface covered with half ratio of crest foam and half static
foam, respectively. The green circles in Figure 8 are the measured data from the JOSS-I model.
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Figure 8. Comparison results of Normalized RCS (NRCS) by the proposed model, the sea surface
covered with crest foam only, the sea surface covered with static foam only, the sea surface covered half
crest foam and half static foam, and the measured data from JOSS-I model. f = 4.455 GHz, U10 = 7.7 m/s.
(a) VV polarization. (b) HH polarization.

For the simulation wind speed U10 = 7.7 m/s, in the sea surface covered with individual static
foam, the whitecap coverage is 0.8% and the foam thickness for static foam is ds = 2 mm. In the sea
surface covered with individual crest foam, the whitecap coverage is 0.16% and the foam thickness for
crest foam is dc = 0.8 mm. In the sea surface covered with half ratio of crest foam and half static foam,
the crest foam coverage is 0.08%, while the static foam coverage is 0.4%. At present, two kinds of foam
thicknesses coexist on the sea surface: dc = 0.8 mm and ds = 2 mm. While in the proposed model, the
whitecap coverages of crest foam and static foam are 0.15% and 0.05%, respectively.

In Figure 8, it can be seen that for VV polarization, the results of all kinds of models agree well
with the measured data, because the vertical polarization is mainly due to the Bragg scattering. For
HH polarization, the results of the sea surface without foam are clearly inaccurate at the large incident
angle from 70◦ to 80◦. On the contrary, the results of the foam-covered sea surface are much better.
However, different coverage ratios of foam also have different effects. Compared with the results
of the sea surface covered with individual crest foam, the sea surface covered with individual static
foam, and the sea surface covered with half ratio of crest foam and half static foam, the results of the
proposed model agree better with the measured data. The maximum difference of the sea surface
covered with individual static foam is about 4 dB larger than the measured data at a large incident
angle. The sea surface at this moment has the biggest whitecap coverage (0.8%) and the thickest foam
layer (ds = 2 mm). In addition, the maximum difference of the sea surface covered with individual crest
foam is about 3 dB less than measured data at a large incident angle. The sea surface at this moment
has the fewest whitecap coverage (0.16%) and the thinnest foam layer (ds = 0.8 mm). While for the sea
surface covered with half crest foam and half static foam, the maximum difference is about 2.5 dB larger
than measured data at a large incident angle. This suggests that the EM scattering contributions of
different coverage ratios of crest foam and static foam have an obvious effect on horizontal polarization.
Therefore, for a given sea state, it is important to determine the coverage ratio of the crest foam and
static foam, and consider the different foam layer thickness of each foam.



Remote Sens. 2020, 12, 788 13 of 19

5.2. Comparison with Measured Data at Level 4 Sea State

Figure 9 illustrates the EM backscattering NRCS plots of 300 samples for VV and HH polarization.
In the simulation, the size of the sea surface is 300 m × 300 m, ∆x = ∆y = 1 m, M × N = 300 × 300.
f = 4.455 GHz, U10 = 10.5 m/s, ε = (68.9, 34.4), εf = (2.38, 0.69), the measured data is level 4 sea state
from JOSS-I model for the wind speed between 9.26 m/s and 11.32 m/s.
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Figure 9. Comparison results of NRCS by the proposed model, the sea surface covered with crest
foam only, the sea surface covered with static foam only, the sea surface covered half crest foam and
half static foam, and the measured data from JOSS-I model. f = 4.455 GHz, U10 = 10.5 m/s. (a) VV
polarization. (b) HH polarization.

For the sea surface covered with individual static foam, the whitecap coverage is 1.9%,
ds = 4.8 mm. In the sea surface covered with individual crest foam, the whitecap coverage is
0.41%, dc = 1.7 mm. In the sea surface covered with half ratio of crest foam and half static foam, the
whitecap coverages of crest foam and static foam are 0.2% and 0.95%, respectively. There are also two
foam thicknesses that coexist: dc = 1.7 mm, ds = 4.8 mm. While in the proposed model, the whitecap
coverages of crest foam and static foam are 0.29% and 0.56%, respectively.

For VV polarization, all models are in good agreement with measured data. For HH polarization,
compared with the numerical results of Figure 8, the results of sea without foam in Figure 9 are getting
worse. As the sea state increases from level 3 to level 4, the whitecap coverage of each foam increases
and the foam layer thickness thickens as the wind speed goes up. The influences of different coverage
ratios of crest foam and static foam become larger. Meanwhile, the maximum difference of the sea
surface covered with individual static foam is about 6 dB larger than measured data at a large incident
angle, which is even greater than the same model in Figure 8. In addition, the maximum difference of
the sea surface covered with individual crest foam is about 4 dB less than measured data at a large
incident angle. The maximum difference is about 4 dB larger than measured data at a large incident
angle for the sea surface covered with half ratio of crest foam and half static foam. While the results of
the proposed model always agree well with the experimental results.

5.3. Comparison with Measured Data at Level 5 Sea State

Figure 10 illustrates the EM backscattering NRCS plots of 300 samples for VV and HH polarization.
In the simulation, the size of the sea surface is 300 m × 300 m, ∆x = ∆y = 1 m, M × N = 300 × 300.
f = 8.91 GHz, U10 = 12.5 m/s, ε = (58.8, 36.6), εf = (2.18, 0.74) and the measured data is level 5 sea state
from JOSS-I model for the wind speed between 11.83 m/s and 13.89 m/s.
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Figure 10. Comparison results of NRCS by the proposed model, the sea surface covered with crest
foam only, the sea surface covered with static foam only, the sea surface covered half crest foam and
half static foam and the measured data from JOSS-I model. f = 8.91 GHz, U10 = 12.5 m/s. (a) VV
polarization. (b) HH polarization.

In the simulation, for the sea surface covered with individual static foam, the whitecap coverage
is 2.9%, ds = 8.2 mm. In the sea surface covered with individual crest foam, the whitecap coverage is
0.74%, the dc = 3 mm. In the sea surface covered with half crest foam and half static foam, the whitecap
coverage of crest foam and static foam are 0.37% and 1.45%, respectively. While in the proposed model,
the crest foam coverage is 0.5%, and the static foam coverage is 0.93%. Compared with the results
of Figures 8 and 9, Figure 10 shows that as the sea state comes to level 5, the whitecap coverages of
crest foam and static foam increase accompanied by an increase in foam thickness of each foam. For
the results of all the models on HH polarization, the proposed model has a better agreement with the
measured data than the other sea models.

5.4. Comparison with Measured Data at Level 6 Sea State

Figure 11 illustrates the EM backscattering NRCS plots of 300 samples for VV and HH polarization.
In the simulation, the size of the sea surface is 300 m × 300 m, ∆x = ∆y = 1 m, M × N = 300 × 300.
f = 8.91 GHz, U10 = 16 m/s, ε = (58.8, 36.6), εf = (2.18, 0.74), the measured data is level 6 sea state from
the 4FRS model for the wind speed between 15.43 m/s and 17 m/s.

In the simulation, for the sea surface covered with individual static foam, the whitecap coverage
is 5.5%, ds = 17 mm. In the sea surface covered with individual crest foam, the whitecap coverage
is 1.5%, dc = 6 mm. In the sea surface covered with half ratio of crest foam and half static foam, the
whitecap coverage of crest foam and static foam are 0.75% and 2.75%, respectively. While in the
proposed model, the crest foam coverage is 0.96%, and the static foam coverage is 1.97%. There are
also two foam thicknesses that coexist: dc = 6 mm, ds = 17 mm. It can be seen that the foam thickness
of static foam reaches a new order of magnitude. Compared with the results of Figures 8–10, the EM
scattering contributions of coverage ratios of crest foam and static foam have a greater impact on HH
polarization. The numerical results of sea surface covered with individual static foam, sea surface
covered with individual crest foam, sea surface covered with half ratio of static foam and half crest
foam are getting worse. However, the results of the proposed model from level 3 to level 6 sea state are
still consistent with the measured data, which verifies the correctness of the geometric modeling of the
foam-covered sea surface and the effectiveness of the EM scattering model.
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Figure 11. Comparison results of NRCS by the proposed model, the sea surface covered with crest
foam only, the sea surface covered with static foam only, the sea surface covered half crest foam and half
static foam and the measured data from 4FRS model. f = 8.91 GHz, U10 = 16 m/s. (a) VV polarization.
(b) HH polarization.

5.5. Discussion

The above numerical results are obtained from level 3 to level 6 sea state. For VV polarization, the
results of all sea models are in good agreement with measured data. This reveals that whether it is
crest foam or static foam, the difference in vertical polarization is very small. For HH polarization, at
the incident angle from 0◦ to 40◦, the results of all the models are consistent with the measured data.
However, for the incidence angle is greater than 40◦, the results of all models start to differ gradually,
and the larger the incident angle, the greater the difference in the results of all the models. Meanwhile
the greater the sea state, the greater the difference. This illustrates that the EM scattering contributions
of crest foam and static foam are different at HH polarization. Therefore, the results of the proposed
model separating crest foam and static foam are in good agreement with the measured data from
level 3 to level 6 sea state.

6. Conclusions

In this paper, a modified model for EM scattering of the sea surface covered with a new coverage
ratio of crest foam and static foam is proposed. In consideration of the real sea surface condition,
modeling of sea surface covered with crest foam and static foam is proposed. Different coverage ratios
of crest foam and static foam in various sea states are established. In addition, sea surface covered with
different foam layer thicknesses in each foam is also analyzed. The scattering field superposition-based
method is adopted to calculate the sea surface covered with a new coverage ratio of crest foam and
static foam. Compared with the numerical results of four sea surface models, namely, sea surface
without foam, sea surface covered with individual crest foam, sea surface covered with individual
static foam, sea surface covered with half ratio of static foam and half crest foam, the proposed model
provides a better calculation accuracy in terms of different frequencies and sea states.
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Appendix A

The Elfouhaily sea spectrum contains two parts, i.e., the capillary waves BH and gravity waves BL
of the sea spectrum. They are given as [32],

S(k) = k−3(BL + BH)

BL = αpFpc(kp)/2c(k)
BH = αmFmc(km)/2c(k)

, (A1)

where Km = 363 rad/m, Kp = gΩ2/U10
2, the wave age is Ω ≈ U10/c(kp). The expressions of phase velocity

of the wave and the other parameters are obtained by

c(k) =
√

g(1 + k2/k2
m)/k, (A2)

αp = 6× 10−3
√

Ω

γ =

{
1.7

1.7 + 6 log(Ω)

0.84 < Ω ≤ 1
1 < Ω < 5

Fp = γΓ exp[−5(kp/k)2/4] exp
{
−Ω[(kp/k)1/2

− 1]/
√

10
}

Γ = exp
{
−[(k/kp)1/2

− 1]2/2σ2
}
, σ = 0.08(1 + 4/Ω3)

αm = 0.01
{

1 + In[u∗/c(km)], u∗ ≤ c(km)

1 + 3In[u∗/c(km)], u∗ > c(km)

Fm = exp[−5(kp/k)2/4] exp[−(1− k/km)2/4]
u∗ = C1/2

10 U10,C10 = (0.8 + 0.065U10) × 10−3

, (A3)

where u∗ is the friction wind speed.

Appendix B

The permittivity constant of sea water is given as [39],

ε = ε∞ +
εs(T,ωs)−ε∞

1+( j2π fτ(T,ωs))
1−a − jσ(T,ωs)

2π fε0

εs(T,ωs) = εs(T, 0) · a(T,ωs)

σ(T,ωs) = σ(25,ωs)e−∆α

τ(T,ωs) = τ(T, 0) · b(T,ωs)

, (A4)

where εs(T, 0) and τ(T, 0) are the permittivity change of pure water and the relaxation time of pure
water, respectively. T = 20 ◦C, ωs = 32.54%�, ε∞ = 4.9. ε0 = 8.854 × 10−12 F/m. The expressions of other
parameters are obtained by

εs(T, 0) = 87.134− 1.949× 10−1T − 1.276× 10−2T2 + 2.491× 10−4T3

a(T,ωs) = 1.0 + 1.613× 10−5Tωs − 3.656× 10−3ωs + 3.21× 10−5ω2
s − 4.232× 10−7ω3

s

τ(T, 0) = 1
2π

(
1.1109× 10−10

− 3.824× 10−1T − 1.276× 10−2T2 + 2.491× 10−4T3
)

b(T,ωs) = 1.0 + 2.282× 10−5Tωs − 7.638× 10−4ωs − 7.76× 10−6ω2
s + 1.105× 10−8ω3

s

, (A5)

where σ(25,ωs) is the electrical conductivity of sea water at T = 25 ◦C, ∆ = 25-T.

σ(25,ωs) = ωs
(
0.18252− 1.4619× 10−3ωs + 2.093× 10−5ω2

s − 1.282× 10−7ω3
s

)
α = 2.033× 10−2 + 1.266× 10−4∆ + 2.464× 10−6∆2

−ωs
(
1.849× 10−5

− 2.551× 10−7∆ + 2.551× 10−8∆2
) , (A6)

Substituted the above parameters into Equations (15) and (16), the permittivity constants of sea
water and foam are obtained.
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Appendix C

The scattering field of facet-based two-scale model is in Equation (17). The curvature modified
factor (cpp) and the shadowing function (S(v)) are introduced by

chh =

∣∣∣∣∣ √ε2 − ε1 sin2 θ′i +
√
ε1 cosθ′i

∣∣∣∣∣4/
∣∣∣∣∣ √ε2 − ε1 sin2 θ′i A

∗ +
√
ε1 cosθ′i B

∗

∣∣∣∣∣4
cvv =

∣∣∣∣∣ε1

√
ε2 − ε1 sin2 θ′i + ε2

√
ε1 cosθ′i

∣∣∣∣∣4/
∣∣∣∣ε1

√
ε2 − ε1 sin2 θiA∗ + ε2

√
ε1 cosθ′i B

∗

∣∣∣∣4 , (A7)

s(v) = (1− er f c(v)
2 ) ×

exp(−v2)−v
√
πer f c(v)

2v
√
π

v =
µ
√

2σx
,µ = cotθ′i

σ2
x = α+ ε cos(2φ),α =

σ2
u+σ

2
c

2 , ε = σ2
u−σ

2
c

2

, (A8)

The RCS formulas of KA and IEM are obtained by Equations (18) and (19). P(Zx, Zy) is the slope
probability density distribution of Cox–Munk model

P(zx, zy) =
F(zx, zy)

2πσuσc
exp(−

z2
x

2σ2
u
−

z2
y

2σ2
c
), (A9)

F(zx, zy) = 1− c21
2 (

z2
y

σ2
c
− 1) zx

σu
−

c03
6 (

z3
x
σ3

u
−

3zx
σu

) +
c40
24 (

z4
y

σ4
c
−

6z2
y

σ2
c
+ 3)

+ c22
4 (

z2
y

σ2
c
− 1)( z2

x
σ2

u
− 1) + c04

24 (
z4

x
σ4

u
−

6z2
x

σ2
u
+ 3),

(A10)



c21 = (0.01− 0.0088U12.5) ± 0.03
c03 = (0.04− 0.034U12.5) ± 0.12

c40 = 0.4± 0.23
c22 = 0.12± 0.06
c04 = 0.23± 0.41

σ2
u =

∫ kc

0 dk
∫ 2π

0 (k cosϕ)2S(k,ϕ)dϕ

σ2
c =

∫ kc

0 dk
∫ 2π

0 (k sinϕ)2S(k,ϕ)dϕ

, (A11)

The In in Equation (19) is expressed by

In
pp = (2kσ cosθ′i )

n fpp exp(−k2σ2 cos2 θ′i ) + (kσ cosθ′i )
nFpp, (A12)

where
fvv = 2Rvv/cosθ′i , fhh = −2Rhh/cosθ′i

Rhh =
cosθi −

√
εr − sin2 θi

cosθi +
√
εr − sin2 θi

, Rvv =
εr cosθi −

√
εr − sin2 θi

εr cosθi +
√
εr − sin2 θi

Fvv = −[(
sin2 θi
cosθi

−
sq
εr
)T2

v − 2 sin2 θi(
1

cosθi
−

1
sq
)TvTvm + (

sin2 θi
cosθi

−
εr(1 + sin2 θi)

sq
)T2

vm]

Fhh = −[(
sin2 θi
cosθi

−
sq
εr
)T2

h − 2 sin2 θi(
1

cosθi
−

1
sq
)ThThm + (

sin2 θi
cosθi

−
µr(1 + sin2 θi)

sq
)T2

hm]

TP = 1 + RPP, TPm = 1−RPP, sq =
√
µrεr − sin2 θ′i

Substitute the above parameters into Equations (17)–(19), one can get the RCS of KA and IEM,
and the scattering fields of the sea surface.
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