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Abstract

This paper reports the use of Mie theory to evaluate the Mie scattering coefficients and properties of
hydrometeors such as fog and sea foam by adopting the effective dielectric constants of fog and sea foam at
selected WindSat frequencies. This research was implemented using MATLAB computing program by
assuming the hydrometeors are spherical and homogeneous with their respective known size parameters at
millimeter wavelength. The computation of Mie scattering efficiencies was achieved which have significant
application in meteorology and microwave remote sensing. Plots of Mie scattering efficiencies as functions of
size parameters of sea foam and fog are presented.
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1. Introduction

Many air-sea interaction processes are quantified in terms of whitecap fraction W because oceanic whitecaps
are the most visible and direct way of observing breaking of wind waves in the open ocean. Enhanced by
breaking waves, surface fluxes of momentum, heat, and mass are critical for ocean atmosphere coupling and
thus affect the accuracy of models used to forecast weather and predict storm intensification and climate
change. Whitecap fraction is defined as the fraction of a unit sea surface covered by foam [1]. It has been
traditionally measured by extracting the high intensity pixels marking white water in still photographs or video
images collected from towers, ships, and aircrafts. Satellite-based passive remote sensing of whitecap fraction is
a recent development that allows long term, consistent observations of whitecapping on a global scale. The
remote sensing method relies on change of ocean surface emissivity at microwave frequencies (e.g., 6 to
37GHz) due to the presence of sea foam on a rough sea surface. These changes at the ocean surface are
observed from the satellite as brightness temperaturelﬁ[l]-[Z]

The algorithm to obtain Wfrom satellite observations ofﬁwas developed at the Naval Research
Laboratory within the framework of WindSat mission. It improved upon the feasibility study of this remote
sensing technique by using independent sources for the input variables of the algorithm, physically based
models for the emissivity of rough sea surface and emissivity of foam, improved rain flag, and improved
atmospheric model necessary for the atmospheric correction. The database built with this algorithm compiles
W for entire year 2006 matched in time and space with data for the wind vector, wave field (such as significant
wave height and peak wave period), and environmental parameters (such as sea surface temperature and
atmospheric stability). This data base has proved useful in analysing and quantifying the variability ofW.
Magdalena et.al presented an updated algorithm for estimating W from WindSat hTE data using new sources and
products for the input variables. This approach replaces the originally used QuikSCAT data for ocean wind
vector are replaced with new wind vector fields [3]-[4].

Xiaobin Tin et.al found large discrepancies when comparing measurements and model simulations as wind
speed (WS) rise above 12ms™. Over the open ocean and for moderately wind speeds (WS,), the Soil Moisture
and Ocean Salinity (SMOS) brightness temperature (ﬁ) was initially consistent with ﬂ computations made by
theoretical prelaunch models implemented in European Space Level 2 Ocean Salinity processor [4]. In [4] a
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new approach was proposed using new set of parameters for sea wave spectrum and foam coverage model that
can be used for simulating L-band radiometer data over a large range of WS based on the deduction of wind
induced components from the SMOS data.

[5]-[6] used Monte Carlo Simulation and the dense radiative transfer theory (DMRT) with quasi-crystalline
approximation (QCA) to evaluate direct and inverse scattering problems. The Monte Carlo simulation use an
exact numerical formulation based on Foldy-Lax multiple scattering equations of 3-D Maxwell’s equation.
Previous calculations assumed particles with size parameter (%a < 1) using DMRT. An extension to moderate
sized particle is vital for millimetre wave remote sensing because high frequency range above 10GHz, the
particle size in geographical media is comparable to the wavelength (Mie Scattering). Contributions by Chi-Te
Chan et.al shows that analytical results were consistent with Monte Carlo simulations of exact solutions of
Maxwell’s equations of randomly distributed finite size sphere without adjusting parameters. Input parameters
of the model are all physical parameters of sizes, concentrations (volume fractions) and permittivity. The results
of the models were used to obtain brightness temperatures in passive remote sensing of ocean foam at 19GHz
and 37GHz.

Mie scattering could be used with QCA and QCA-CP (quasi-crystalline approximation with coherent potential)
to provide solution that is consistent for particle sizes comparable to or larger than the wavelength. With results
obtained from [6], the extinction behaviour of sea foam was illustrated, thermal emission from sea foam was
evaluated and it was shown that the extinction was dominated by absorption. A physical model of foam
emission was obtained that relates observed brightness temperature to the microstructure of foam as well as
ocean surface wind vector. The brightness temperature of sea form can be presented as a function of observed
angle and frequency and radiative transfer equation could be solved using derived QCA parameters.

2. Mie Theory Model of Scattering by Spherical Hydrometeors

Mie theory is unique for its ability to analyze homogeneous spheres scattering. Considering particles that are
spherical having radius [a with constant complex dielectric at any assumed frequency EC =g —g, itis
essential that the relative dielectric constant of both the ratio of the particle dielectric constant and that of the
medium are equivalent. Also of importance is the calculation of particles having complex chemical composition
effective dielectric constant.

Diffraction oscillations and scattering effects of EM wave interactions with spherical hydrometeors can be
evaluated should their optical parameters, polarization of the incident field and wavelength of the EM wave are
given. The coefficients absorption, scattering, extinction and backscattering are obtainable applying Victor
Raizer’s model. Which is presented as

f o
}(Gext: Tabp Cfsca] =0.74 éf {Qexb Qapp. Qsca}rz N(r)dr (1)
0

Where the scattering and extinction efficiencies are written mathematically as

2

(sca = W

> @0+ 1)(lanl? + bal?) @
n=1

217



s International Journal of Scientific Engineering and Applied Science (IJSEAS) — Volume-7, Issue-10, October 2021

ISSN: 2395-3470
WWww.ijseas.com

Qext = Z(Zn + D(lanl? + 15,17 (3)

(ka)?
and the absorption efficiency is obtained from equation (2) and (3)

|Qabp Qext Qsca (4)

Radar backscatter coefficient of scattering angle I@ = 180 or |® = Zmyields

}Ubsca = 0.74 _j Qbsca(r)r N{r)dr (5}
Mie coefficients |an and |b,4 can be used to express absorption efficient as

2
Qabp = (ka )2 Z(Zn + DD (an + bn) (6)

Mie coefficients are functions of size parameterlx = kaalso the complex refractive index of the spherical

hydrometeor. The coefficients are given as

o () — Pn(m) P, (30) — my (M) (x) 7
A Yn(mx)é (x) — mpn(mx)é,(x)
_ M (Mx) iy (x) — Ebn(mx)ll’ﬁ(x)

b2, mix) = mypy (M) &, (x) — Pn(mx)én(x) ®

Where h,l!ﬁand |€n are the first order derivative of m and E respectively. pfr,, () and £, () are Ricatti Bessel

functions expressed as

Yal) = 5,40 9)

&) = H,i?l,z( ) (10)
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Vn#(n) symbolizes the half-integral order spherical Bessel function and }H?g?l(n) the half-integral order
? B

Hankel function of second kind [7]. The amplitude functions of the scatter |(S;(p), S»(p)) subsequently the

scattering event for perpendicular and parallel polarizations are as follows

= 2n+1
S1(p) = n=lm[annn(ﬁ) + by ta(p)] (11)
S _x2n+1[b ) | 1
2(p) = n=lm nn{p) + antn(p) (12)

The angular Mie functions E and E are represented by the related Legendre polynomial le% as

malp) = Pi(p) (13)

sin{®)

d
tnlp) = —=Pi(p) (14)

Where 5 = cos @

Mie's theory can be used for the calculation of the scattering, absorption, extinction cross-sections and the
efficiency of single spherical hydrometeor. Evaluation of the coefficients of volume scattering, absorption and
extinction coefficients also occurs when determining the size of the hydrometeor particles. These scattering

boundaries are presented as follows

Thax

Vsca = f TscalT)N () dr (15)
Tmin
Yimax

Ve = | GemlrING) dr (16)
Ymin

The single scattering albedo @an attenuated fraction of the incident EM field which is as a result of scattering

in a single scattering event and is represented analytical as

_ Vsca

(17)

Vext
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3. Results and Discussions

Mie Efficiencies, m=87.7+0.004i

6
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Fig. 2 Mie efficiencies for lm = 87.7 + 0. 041 0ver the size parameter lx range from ):nii:- to |2.

This shows variation of Mie scattering efficiencies with size parameter of dielectric sphere or hydrometeor
(seawater). Note that the sign of |< cos8 > changes significantly between lx = (.tand |1.6.

Fig. 2 illustrate that at high refractive index, the Mie scattering efficiencies are in the geometrical optics regime.
The amplitude variations of the scattering efficiencies show multiple scattering due to high refractive index of
the particle which are found in the geometric optics regime. When the refractive index is a complex
number and the imaginary part of}m is small enough |(|Im(m)| < 0.04), the period of extinction ripple
structure is the same as the case offm being a real number by numerical calculation. For large fm where
|Re(an(x, mx))| and |Re(b, (x, mx))| become smaller, and the amplitudes of interference oscillations
decrease [7].

Mie Efficiencies, m=85.763+-0.001i
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Fig. 3 Mie efficiencies for Im = 87.8 — 0.001iover the size parameterlx range from |(] to |2.
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Note that the sign of |< cos0 > changes a few times between |x = 1.2and |1.6‘The ripple structure that
emerges in the extinction curve and the ripple structure has periodicity. The extinction of a light wave dispersed
by a spherical particle has this important characteristic [7]. This ripple structure could be described by the
extinction of the Mie sub-wave expansion formulas (equation 7) and (equation 8). The reason for the emergence
of peak values of the ripple structure is the emergence of real parts of | @, (x, mx_ and |b,, (x, mx). As a result,
the position of the wave structure's peak is determined by the peak value of the real component of Mie's
scattering amplitude| @, (x, mx_ and |b,, (x, mx).

This is the resonance effect

10 7 Field intensity in a Sphere, m=85.763+-0.001i x=0.001428
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Fig. 4 Radial variation of the ratio of the internal and external absolute square electric field with refractive
index and fog size parameter.

Here the field is not concentrated at the centre of the fog

Mie angular scattering: m=17.984+28.7506i, x=0.2
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Fig. 5: Mie angular scattering by seawater at frequency 37 GHz
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Angular Mie-scattering diagram of || §; |2 (upper Half circle) and of ||Sz|2 (lower half circle). Here, scattering
in backward hemisphere is not equal to the forward hemisphere |(< cos@ > = (), a situation mostly restricted
to the region near [x = 0.2.

Mie angular scattering: m=87.7+0.004i, x=0.001428
920 le-17
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210 330

Scattering Angle

Fig. 6: Angular Mie-scattering diagram of | § |2 (upper Half circle) and of (|§5|% (lower half circle).

Here, scattering in backward hemisphere is equal to the forward hemisphere|(< cosf > = 0), a situation
mostly constrained to the region near|x = 0.001428

Mie Efficiencies, m=1.2427+0.5432i
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Fig. 7 Mie & x (Particle Size Parameter) lon.

Note the sign of |< cos@ > was constant atlx = tolx = (.43 and increases f between lx = 0.5 to

h=2.C

Fig. 7 shows that for small refractive index and diffraction parameter , the scattering efficiencies disobeys
Rayleigh law for scattering by particles with size parameter of which are approximately equal to the wavelength
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of radiation for the incident wave. For diffraction parameter the Mie series deviates from the Rayleigh regime

and efficiency coefficients are found in the Mie scattering region [7]. The Mie series are series with a poor

convergence, particularly for diffraction parameter . For large , the efficiency coefficients are in the geometrical
optics regime.

Field intensity in a Sphere, m=1_.2427+0_.5432i x=1.5498
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Fig. 8 Radial variation of the ratio of the internal/external absolute-square electric field with parameters
m = 1.2427 + 0.5432i [x = 1.5498

The field intensity in sea foam as a concentric sphere is not concentrated at the centre. Fig. 8 shows that the
Field intensity is a function of the size parameter or diffraction parameter. It can be clearly seen that the internal
field intensity increases exponentially with the size parameter of sea-foam with complex refractive index of
Im = 1.2427 + 0.5432i. For particles with large radii, the internal field in the centre of the sphere are more
as compared to smaller particles. This is different from the value that is attained for the Rayleigh scattering.

Mie angular scattering: m=1_.2427+0.5432i, x=1.5498
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Fig 9 Mie angular scattering by sea-foam at frequency 37 GHz
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Angular Mie-scattering diagram of || §; |2 (upper Half circle) and of ||§,| (lower half circle). Here, scattering is
minimal in the backward hemisphere as compared to that of the forward hemispheref< cos@ > = 0), a

situation mostly constrained to the region near = 1.549

4, Conclusions

In this paper, Gustav Mie theory was adopted for investigation of scattering properties of hydrometeors such as
fog, sea water and sea foam at different frequencies and complex effective dielectric constants. By adopting the
complex effective dielectric constant of sea foam and fog with their respective size parameters at millimeter
wavelength, the computation of Mie scattering efficiencies was achieved which have significant application in
meteorology and microwave remote sensing. The propagating electromagnetic wave (EM) was modelled using
Bessel’s functions, spherical Bessel’s functions and Spherical Hankel functions which was utilized for the
computation of Mie Scattering coefficients ICT II;T Eand m in MATLAB computational software. Plots of
Mie scattering efficiencies were made as functions of size parameters of sea foam and fog which helps to
describe extinction of propagating EM wave due to its interaction with scatterers of various size parameters.
Plots of Mie angular functions showed forward and backward scattering of EM wave for particles (sea foam
and fog) with large and small size parameters.

Mie theory can provide excellent predictions of scattering and absorption coefficients if particle size
distribution function and relative index are known. Here, scattering properties of spherical hydrometeors are
computed at WindSat frequencies, these scattering parameters are significant in atmospheric studies and
weather prediction.
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