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Based on the effective medium approximation theory of composites, the whitecap-covered sea surface is treated as

a medium layer of dense seawater droplets and air. Two electromagnetic scattering models of randomly rough surface

are applied to the investigation of microwave backscattering of breaking waves driven by strong wind. The shapes of

seawater droplets are considered by calculating the effective dielectric constant of the whitecap layer. The responses of

seawater droplets shapes, such as sphere and ellipsoid, to the backscattering coefficient are discussed. Numerical results

of the models are in good agreement with the experimental measurements of horizontally and vertically polarized

backscattering at microwave frequency 13.9GHz and different incidence angles.
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1. Introduction

Wave breaking driven by strong wind plays an

important role in all aspects of the air–sea exchange

process, including momentum, heat and mass trans-

ports. On account of the great impact of whitecaps

produced by wave breaking at the sea surface on the

microwave remote sensing of seawater physical prop-

erties, there has been a growing interest in the study

of this phenomenon.[1−7] It is found that, in practi-

cal observations of microwave remote sensing, wave

breaking may significantly modify the backscattering

properties of ocean water.[8,9] In order to estimate the

influence of whitecaps at the rough sea surface on

backscattering in microwave remote sensing, a num-

ber of methods have been developed to investigate

the phenomenon. One of the approaches to electro-

magnetic scattering from a randomly rough surface is

the Kirchhoff approximation (KA), which is suitable

for high frequency and small incidence angle. An-

other approach is the small perturbation approxima-

tion (SPA). The SPA solution is suitable for low fre-

quency and large incidence angle. Considering that

some complex rough sea surfaces cannot be distin-

guished between large and small scales, a two-scale

model is developed to investigate the scattering from

the sea surface which can be viewed as a combination

of large and small scales.[10−13] Furthermore, there are

some other methods, such as the full wave method,

the phase perturbation method, the Fourier transform

method and the integral equation method. However,

these analytical methods are limited because of the

complexity of real sea surface. For the complex ocean

state, one should develop a reasonable physical model

to study the effects of whitecaps on microwave remote

sensing. Recently, some remote sensing models of the

ocean physical parameters are derived from the vari-

ous theories. For example, Droppleman[14] modelled

the whitecap as a homogeneous layer with a mean di-

electric constant. Rosencranz and Staelin[15] proposed

a model of thin films parallel to the sea surface. Jin et

al
[16,17] modelled the sea surface by adopting a layer

of homogeneous and isotropic spherical particle on the

two-scale randomly rough surface and solved the vec-

tor radiative transfer equation under the rough bound-

ary condition. More recently, Wei and Ge[18] have

proposed a microwave emissivity model of sea surface

under wave breaking by using the effective medium

approximation theory. In fact, based on this theory,

the backscattering coefficients of microwave on the sea
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surface under wave breaking can be also discussed.

In this paper, the whitecap layer is regarded as

a layer of effective medium of the spherical or mixed

sea particles that are uniformly distributed in the air

by the effective medium approximation theory, where

the dielectric constant of the whitecap layer is calcu-

lated by using a two-phases mixture of air and sea-

water droplets. In our model, Kirchhoff approxima-

tion (KA) and the small perturbation approximation

(SPA) methods are applied to discussing the relations

between the backscattering coefficient, incidence an-

gle, wind speed and ellipsoid eccentricity. So the

impacts of whitecaps and particle shape on the mi-

crowave backscattering under wave breaking are taken

into consideration in the model.

2. The model of the whitecap

layer

Consider the roughness and whitecaps of sea sur-

face under breaking waves. The whitecap layer is mod-

elled as a layer of composite medium of homogeneous

sea water particles and air uniformly distributed on

the sea surface. The effective dielectric constant εm

of the whitecap layer is calculated by the following

formula:[19]

εm =εh +
1

3
fi(εi − εh)

×
∑

u=a,b,c

[1 + Au(εi/ε∗ − 1)]−1, (1)

where fi is the volume fraction of water droplets.

fi = Wh, with W and h being the whitecaps cov-

erage and the height coefficient of wave breaking, re-

spectively; εh, εi and ε∗ are the dielectric constants

of the air, seawater droplets and the inclusion particle

local region, respectively. The dielectric constant of

seawater, εi, is calculated by Debye formula.[20] If fi

is very small, the interaction of the seawater droplets

can be ignored, in which case ε∗ may be taken as be-

ing equal to εh. If fi is larger, we set ε∗ = εm. Au is

the depolarization factors of ellipsoidal droplets along

its u-axis,

Au =
abc

2

∞
∫

0

(u2 + s)−1[(a2 + s)

× (b2 + s)(c2 + s)]−1/2ds, (2)

where a, b and c are the semi-axes of the ellipsoid par-

ticles along x-, y- and z- directions, respectively, and

Aa + Ab + Ac = 1. In our paper, we discuss the case

of the prolate spheroids, i.e. a = b and c > a.

2.1. The KA model: As the radius of curvature

of the rough sea surface is bigger than the incidence

wavelength, the scattering field of random points at

sea surface can be approximately expressed by the re-

flection field. The backscattering coefficient σ0 ob-

tained from KA method has the following form:[10,21]

σ0 = π sec4(θ)p(ςx, ςy) |R(0)|2 , (3)

where θ is the incidence angle, R(0) is the Fresnel re-

flectance with zero degree incidence angle, p(ςx, ςy) is

the joint probability density function (PDF) with the

x-direction slope ςx and the y- direction slope ςy. If

the sea surface slope approximately satisfies Gaussian

distribution, then p(ςx, ςy) has the following form:

p(ςx, ςy) =
1

2πσuσc

× exp

[

− 1

2

(

cos2 ϕ

σ2
u

+
sin2 ϕ

σ2
c

)

tan2 θ

]

,

(4)

where ϕ is the azimuth angle, σ2
u and σ2

c are the MMS

(mean square slopes) in upwind and crosswind direc-

tions, respectively. They are expressed as follows:[22]

σ2
u =

1.0

1.9
σ2

g +
2

3
σ2

w,

σ2
c =

0.9

1.9
σ2

g +
1

3
σ2

w,

σ2
g = 0.0103 + 0.0092 lnu10,

σ2
w = 0.000012u2.1

10 ln

(

k2

2.5 × 104
+ 1

)

.

In the above expressions, σ2
g and σ2

w are the MMS of

gravity waves and the small capillary waves, respec-

tively, u10 is the wind speed at an altitude of 10m

above the sea level, and k is the wave number. Because

of the background medium changing from atmosphere

to whitecap layer, the Fresnel reflectance with zero

degree incidence angle is given as follows:

R(0) =
∣

∣(n − ne)(n + ne)
−1

∣

∣

=
∣

∣(
√

εsw −√
εe)(

√
εsw +

√
εe)

−1
∣

∣ , (5)

where εsw and εe(εe = εm) are the dielectric constants

of seawater and the whitecap layer, respectively. The

KA model, which is suitable for high frequency and

small incidence angle, cannot be affected by the po-

larization direction.

2.2. The SPA model: When rough sea surface

is a small scale fluctuant surface, Bragg resonance

has the primary effect on the scattering field, and
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the backscattering coefficient σ0 gained by the SPA

method can be shown in the form[11,16]

σ0p = 16πk4 |αpp|2 W (2k sin θ, ϕ), (6)

where k is the real incident wave numbers, p denotes

the horizontal (h) or vertical (v) polarization, and θ

is the real incidence angle. ϕ is the azimuth angle.

W (K, ϕ) is the two-dimensional wave height spec-

trum. K = 2k sin θ is the wave number of the sea

surface wave, which is in resonance with the incident

wave. αpp is shown in following form:

αhh = −Rh cos2 θ,

αvv = Rv cos2 θ +
1

2
(1 + Rv)

2

(

1 − ε0

εsw

)

sin2 θ,

where Rh and Rv are the Fresnel reflection coefficients

of horizontal and vertical polarizations, respectively.

ε0 is the dielectric constant of air. Because of the

anisotropy induced by the wind direction, W (K, ϕ)

can be expressed as[23]

W (K, ϕ) =
1

2πK
S(K, ϕ)

=
1

(2π)2
1

K
S(K)[1 + a1(1 − e−bK2

) cos 2ϕ],

(7)

where a1 = 2(1 − R)(1 − B)−1(1 + R)−1, B =

S−2
t

∫ ∞

0

K2S(K)e−bK2

dK, R = S2
ctS

−2
ut , S2

t = S2
ut +

S2
ct. St, Sut and Sct are the total mean gradient,

up-direction gradient and down-direction gradient, re-

spectively. Here S2
ut = 3.16 × 10−3u, S2

ct = 0.003 +

1.92 × 10−3u.[24] u is the wind speed at an altitude

of 12.5m above sea horizon. The one-dimensional

height spectrum S(K) can be simplified to the fol-

lowing formula:[25]

————————————————————————————
|

S(K) =















a

K3
exp

[

− 0.74g2

K2u4

]

, K < 0.04;

0.875(2π)p−1 g + 3gK2/13.177

(gK + gK3/13.177)(p+1)/2
, K > 0.04.

|————————————————————————————

Here a = 4.05 × 10−3, u =
u∗

0.4
ln(zz−1

0 )cm/s,

z0 = 0.684/u∗ + 4.28 × 10−5u2
∗ − 4.43 × 10−2cm,

p = 5.0 − lgu∗, g = 980cm/s
2
,

where u is the wind speed at an altitude of 19.5m

above the sea horizon. u∗ is the friction velocity in

cm/s.

Due to the influence of the whitecap layer, the real

incidence wave number will be changed. The incidence

wave number k1 equals 2πfc−1, where f and c are the

incidence frequency and the speed of electromagnetic

wave in air, respectively. In the medium whose dielec-

tric constant equals ε, the speed of electromagnetic

wave v = ωk−1 = c(
√

εµ)−1 ≈ c(
√

ε)−1 and the real

incidence wave number k = cv−1k1 = k1
√

ε. Because

the wave number is complex in this way, the real in-

cidence wave number can be expressed as the module

of the complex wave number.

3. Analysis of the results

In order to show the influence of the whitecap

layer on the backscattering coefficient, Huang’s white-

caps coverage formulae are used, which gives an empir-

ical expression obtained from the observation data,[26]

W = 11.12e0.063U19.5 − 16.23, (U19.5 ≥ 7m/s). (8)

The height coefficient of wave breaking, h, is

smaller than the maximum broken height coefficient

hmax, so we can define h as 0 < h < hmax. On

condition that the salinity is 32.54 and the sea sur-

face temperature is 293K, in the SPA model, Figs.1

and 2 show the horizontally and vertically polarized

backscattering coefficients σhh
0 and σvv

0 for the wind

speed U19.5 along the upwind direction, microwave

frequency f = 13.9GHz and comparisons with the ex-

perimental data.[27] The incidence angles are 30◦, 40◦

and 50◦, respectively. The height coefficient of wave

breaking h is about 0.2.[18] The solid lines and dot-

ted lines represent results of spherical droplets with

whitecaps and that without whitecaps, respectively.

It’s easy to see that scattering from whitecap scat-

terers is very important for larger wind speed. As

the wind speed increases, more breaking waves were

yielded. The impact of whitecaps on the backscatter-

ing coefficient is enhanced gradually. The differences

between backscattering coefficient with whitecaps and

that without whitecaps become also larger. It can be

seen that our results are in good agreement with ex-
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perimental data. By comparing our results with ex-

perimental measurement, it is easy to observe that the

horizontally polarized results obtained from our model

are better than the vertically polarized ones.

Fig.1. In the SPA model, horizontally polarized

backscattering coefficient versus wind speed at inci-

dence angle θ = 30◦, 40◦ and 50◦, upwind, h = 0.2.

Fig.2. In the SPA model, vertically polarized

backscattering coefficient versus wind speed at inci-

dence angle θ = 30◦, 40◦ and 50◦, upwind, h = 0.2.

In the course of the wave breaking, it is difficult to

keep spherical shapes of seawater droplets. In general,

the shapes of seawater droplets can affect the calcula-

tion of the dielectric constant of the whitecap layer.[18]

So it is important to investigate the droplet shapes in

the microwave remote sensing. In the KA model, Fig.3

shows backscattering coefficient σ0 vs the 19.5 metres

wind speed U19.5 along upwind incidence. The height

coefficient of wave breaking h, the incidence frequency

f and the incidence angle θ equal 0.2, 13.9GHz and 0◦,

respectively. The solid lines are only contributed by

the roughness of sea surface. The solid lines with stars,

rings and crosses denote the results of ellipsoid eccen-

tricities of seawater particles e=0, 2 and 4 in white-

caps, respectively. It is clear that the backscattering

coefficient is very sensitive to the shapes of seawater

droplets. As wind speed is enhanced, the backscatter-

ing coefficient with whitecaps gradually becomes far

from those ones without whitecaps. The detaching

trend is enhanced with increasing ellipsoid eccentric-

ity.

Fig.3. In the KA model, the backscattering versus

wind speed at 0◦, 13.9GHz, different ellipsoid eccen-

tricity, upwind, h=0.2.

In the SPA model, the shapes of seawater

droplets have almost no effect on backscattering co-

efficient. Figure 4 also shows the horizontally polar-

ized backscattering coefficient σhh
0 plotted against the

wind speed U19.5 for upwind. The incidence angle is

40◦. The incidence frequency, the height coefficient of

wave breaking and the droplets eccentricities are the

same as those in Fig.3. The symbols have the same

denotation as in Fig.3. It can be seen that there is not

any important effects of the different shapes of water

particles on the horizontally polarized backscattering

coefficient in the SPA model. This result shows that

the SPA model is not sensitive to the shapes of water

droplets in higher frequency band of microwave.
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Fig.4. In the SPA model, the backscattering coef-

ficient vs. wind speed u at 40◦, 13.9GHz, different

ellipsoid eccentricity, upwind, h=0.2.

4. Conclusion and discussion

In this paper, with the effective medium approx-

imation theory of composites, backscattering coeffi-

cient of breaking waves driven by strong wind has been

investigated by two electromagnetic scattering mod-

els for a randomly rough surface. The whitecap layer

is regarded as dense seawater droplets uniformly dis-

tributed in air host medium. The effective dielectric

constant is calculated by considering the air and wa-

ter droplets mixture, where the parameters of droplet

shapes are included. At strong wind speed, our model

is instructive for the practical application of ocean re-

mote sensing. It is found that the backscattering is

very sensitive to the shapes of droplets for larger wind

speed in the KA model. When the ellipsoid eccentric-

ity increases, the backscattering coefficient with white-

caps will deviate from that without whitecaps. This

implies that the inclusion shapes of higher concentra-

tion will play an important role in this model. The re-

sults obtained using our model are in good agreement

with experimental measurements. In fact, our method

has included the effects of ocean parameter, such as

the thickness and coverage of whitecaps. Moreover, by

applying the sensitivity of backscattering coefficient to

wind speed, it can be estimated when the backscat-

tering coefficient is obtained. Furthermore, it may be

possible to use the effective medium approximation

theory of composites to investigate other remote sens-

ing problems, such as the heat flux, water vapour flux

and the size of water droplets.

———————————————————————————
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