
Single scattering properties of non-spherical
hydrosols modeled by spheroids

LIPI MUKHERJEE,1 PENG-WANG ZHAI,1,* YONGXIANG HU,2 AND

DAVID M. WINKER2

1Joint Center for Earth Systems Technology, Department of Physics, University of Maryland Baltimore

County, Baltimore, MD 21250, USA
2MS 475 NASA Langley Research Center, Hampton, VA 23681-2199, USA
*pwzhai@umbc.edu

Abstract: The single scattering properties of hydrosols play an important role in the study of

ocean optics, ocean color remote sensing, and ocean biogeochemistry research. Measurements

show that hydrosols can be of various sizes and shapes, suggesting general non-spherical models

should be considered for the study of single scattering properties of hydrosols. In this work,

light scattering by non-spherical hydrosols are modeled by randomly oriented spheroids with the

Amsterdam discrete dipole approximation (ADDA) code. We have defined two new parameters

to quantify the degree of optical non-sphericity (DONS) and investigated the dependence of

DONS on refractive index, size, and aspect ratio. For particles with non-unitary aspect ratios, the

magnitude of DONS increases as the refractive index and particle size increase. The dependence

of the backscattering fraction on the non-sphericity, size, and refractive index of hydrosols is

also studied. It is found that the backscattering fraction is larger for smaller particles as well

as for particles with higher refractive indices. Absorptive hydrosols generally have a lower

backscattering fraction than non-absorptive hydrosols. This study of light scattering by non-

spherical hydrosols would lead to better radiative transfer models in ocean waters and new remote

sensing techniques of hydrosol compositions.
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1. Introduction

Ocean optics quantitatively studies single or multiple scattering of electromagnetic waves

in ocean waters, which is essential for understanding many important processes, such as,

underwater navigation, ocean primary production through photosynthesis, and environmental

remote sensing [1]. The spatial, angular, and spectral distributions of underwater light field

depends upon the absorption and scattering characteristics, the so-called inherent optical properties

(IOPs), of oceanic particles or hydrosols [1]. Particles responsible for scattering and absorption of

light in ocean include phytoplankton, non-algal particles of both organic and inorganic origin, and

many other particle types [1]. These particles have different IOPs due to different microphysical

properties such as particle size distribution, shape, and dielectric properties. The modeling of

single scattering properties of hydrosols with different microphysical parameters is the basis of

radiative transfer in ocean and is critical in interpreting the ocean radiation field measured by in

situ or remote sensing sensors [2–5]. Understanding the IOPs of hydrosols leads to better radiative

transfer models in ocean waters and new remote sensing techniques of hydrosol compositions.

Traditionally, hydrosols have been modeled as spherical particles [6–9] due to the fact that the

Mie theory provides a reasonable and low-computational-cost approximation for the IOPs of

hydrosols [10,11]. However, scanning electron microscope (SEM) images and other measurements

show that hydrosols can be of various sizes and shapes which suggests that general non-spherical

models should be considered for the study of IOPs of hydrosols [12–30]. Studies have shown

that the spherical model is inadequate in predicting a number of light scattering properties,

including the projected areas for non-spherical marine particles [15], Mueller matrix elements

for Chlorella culture [16], backscattering coefficients for irregular shaped particles [17, 19], and

volume scattering function [27].

Non-spherical numerical models are particularly important for simulating the backscattering

properties of hydrosols. Stramski and Piskozub [18] found the backscattering ratios of two

species of phytoplankton to be three to ten times larger than those predicted by the Mie theory.

Quirantes and Bernard [19] studied heterogeneous spheres and concluded that backscattering

efficiency is sensitive to shape of the particle. The modeling of phytoplankton and bacteria as

homogeneous spheres results in underestimated backscattering coefficient values which was

called by Stramski et al. [20] in 2004 as the ‘missing backscattering enigma’. Moreover, Volten et

al. [22] and Vaillancourt et al. [23] shows that lab measurements of the backscattering coefficient

of hydrosols do not agree with the theoretical values based on homogeneous spheres. Recently, Xu

et al. [25] highlight the non-spherical effects on backscattering of aquatic particles particularly the

backscattering ratios, backscattering volume scattering functions and degree of linear polarization

for both organic and inorganic particles.

To date the concept of non-sphericity has been used in the literature [30–36], but without a

clear definition. In this study, we introduce two parameters to formally define the degree of optical

non-sphericity (DONS), which can be used to quantify the magnitude of non-sphericity in terms

of scattering properties. Specifically, DONS can be represented as an integral of 1 − P22/P11

(or (P44 − P33)/P11) over the whole range of the scattering angles, where P11, P22, P33, and

P44 are Mueller scattering matrix elements (see eqs. (1) to (5) for definitions). For spherical

particles, DONS is zero, whereas, for non-spherical particles, DONS would vary depending on the

particle size, index of refraction, and geometric shape. The linear backscattering depolarization

ratio (δ) can also be used to quantify the particle’s non-sphericity because of its sensitivity to

nonsphericity [11, 30–38]. In this paper DONS is computed and analyzed for spheroidal shaped

hydrosols with different aspect ratios of both organic and inorganic origin. The results show

substantial variation of DONS for hydrosols with different characteristics and composition which

is important for future studies of hydrosols. Such information about DONS and depolarization by

the scatterers will lead to better identification of particles based on their scattering properties.

In this paper, backscattering fraction is also studied and its sensitivity to particle size, non-
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sphericity and refractive indices is explored. It can be directly measured by commercial integrating

nephelometers [39, 40]. It can also be obtained by measuring the underwater volume scattering

function [41, 42]. The backscattering fraction is important in interpreting the remote sensing

reflectance data [2–5], which can provide information about the particle’s refractive index as

shown by Twardowski et. al in 2001 [43] and Boss et. al in 2004 [44]. The sensitivity of this

quantity towards particle’s refractive index, size, and shape, makes it important for particle

identification as shown by Sullivan et al. in 2005 [45].

This paper is organized as follows: Sec. 2 describes the definitions used in this work; Sec. 3

shows the result of this study; Sec. 4 summarizes the conclusion reached in this study.

2. Theory

The intensity and polarization features of the scattered light from a particle can be completely

described by a 4 × 4 matrix called the scattering or Mueller matrix. The scattering matrix for a

randomly oriented particle with a plane of symmetry has only six independent non-zero elements

and can be written as [10, 11]:



Is
Qs

Us

Vs



=

Csca

4πr2



P11(θ) P12(θ) 0 0

P12(θ) P22(θ) 0 0

0 0 P33(θ) P34(θ)

0 0 −P34(θ) P44(θ)





Ii
Qi

Ui

Vi



, (1)

where I,Q,U,V are the Stokes parameters; the subscripts i and s denote the incident and scattered

light, respectively; Csca is the scattering cross-section averaged over all orientations and r is

the distance from the scatterer to the observer and θ is the scattering angle. The P11(θ) element,

known as the phase function, satisfies the normalization condition

1

2

∫
π

0

P11(θ) sin θdθ = 1. (2)

The reduced Mueller matrix elements are those divided by P11 such as P22/P11, P33/P11, P44/P11

and P12/P11, which are used to separate the intensity dependent effects from the polarization

effects.

One primary focus of this paper is to formally define the non-sphericity of hydrosols and explore

its sensitivity to size parameter, shape, and refractive index. The nonsphericity can be studied in

terms of three parameters. The first parameter is linear backscattering depolarization ratio δ:

δ =
P11(π) − P22(π)

P11(π) + P22(π)
, (3)

which is zero/nonzero for spherical/nonspherical particles [11,37,38,46]. This element is studied

because of its importance in lidar remote sensing [47]. The other two parameters are defined as:

ǫ =

∫
π

0

(
1 −

P22(θ)

P11(θ)

)
sin θdθ, (4)

χ =

∫
π

0

(P44(θ) − P33(θ)

P11(θ)

)
sin θdθ, (5)

which take into account the contribution of non-spherical characteristics of hydrosols at all

scattering angles.

Backscattering fraction is another important quantity which helps in characterizing the optical

properties of hydrosols. It is defined as:

B =

∫
π

π/2
P11(θ) sin θdθ

∫
π

0
P11(θ) sin θdθ

, (6)
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the ratio of light energy scattered in the backward direction to the total scattered light energy [1].

Fig. 1. The spheroid is centered at origin O with semi-axes a and b aligned

along coordinate axes and x is the symmetry axis. The light is incident along

the z-axis.

In this paper, the single scattering properties of randomly oriented spheroidal shaped hydrosols

are studied. Figure 1 shows the spheroid model used in the study, where a and b are the major

and minor semi-axes respectively. The ratio b/a is the aspect ratio which ranges from 0.5 to

1.5 in this work. The real indices of refraction used are 1.02, 1.05, and 1.11. Both absorptive

and non-absorptive hydrosols are studied. For absorptive hydrosols, the imaginary part of the

refractive index (mi) is 0.01, which is based on the work done by Osvaldo et al. [48] who showed

that even strongly absorbing phytoplankton have mi values less than or equal to 0.01. Organic

matter like phytoplankton, bacteria, detritus, and viruses have low refractive indices (close to

unity) whereas inorganic particulates like minerals (range from unity to 1.2 relative to water) and

oil (around 1.10 relative to water) are associated with high refractive indices [49, 50]. Studying

particles with aforementioned refractive indices would not only help in differentiating inorganic

and organic oceanic particles but also in better modeling of apparent optical properties of ocean

waters.

There are a number of exact numerical methods available to study light scattering by

non-spherical particles. The T-matrix method can be used to study rotationally symmetric

particles [24, 51–57]. The scattering properties of particles with arbitrary geometry can be

studied using the more flexible numerical methods, including the Finite Difference Time

Domain (FDTD) [58, 59], the pseudo spectral time domain (PSTD) [60, 61], and the discrete

dipole approximation (DDA) [62–64]. For scatterers with large size parameter, geometric

methods [65–67] can be used. We used the Amsterdam Discrete Dipole Approximation code

(ADDA) [64, 68], which is a C software package based on discrete dipole approximation method.

The ADDA code is robust, efficient for particles with low refractive indices (smaller than 1.4),

and applicable to particles of arbitrary shape and composition [68]. Its capability to parallelize

single orientation simulations makes it suitable for particles with size parameter as high as 160

with refractive index m=1.05 [69]. In this work, the maximum value of the volume equivalent

size parameter x is about 83 and the volume equivalent size parameter is defined in terms of the

radius of volume equivalent spheres r:

x =
2πr

λ
, (7)

where λ is wavelength.
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Fig. 2. The phase function P11 and reduced Mueller matrix elements

−P12/P11, 1 − P22/P11, and (P44 − P33)/P11 of spheroidal shaped hydrosols

with the refractive index m=1.02 and the aspect ratio of 1.5. The legend in Fig.

2(d) applies to all four subplots in Fig. 2. The red lines represent absorptive

cases, while the black lines represent non-absorptive cases. This color code

applies to all other figures.

3. Results and discussion

3.1. Mueller matrix

Figures 2 and 3 show the Mueller matrix elements of hydrosols for different volume equivalent

sizes with the aspect ratio of b/a=1.5. The refractive indices are m=1.02 and 1.11, with both

nonabsorptive (imaginary refractive index of mi=0) and absorptive (mi=0.01) cases are included.

For particles with the same size, hydrosols with lower refractive index (Fig. 2a)) have lower

backscattering when compared to hydrosols with higher refractive index (Fig. 3a)). For hydrosols

with low refractive indices it is difficult to distinguish between absorptive and non-absorptive

hydrosols by phase function P11 and degree of linear polarization −P12/P11 , which is however

easier to do in terms of 1 − P22/P11 and (P44 − P33)/P11. We notice that although the particles

are non-spherical in shape, for small refractive indices, the −P12/P11 element behaves similar to

spherical particles with maximum polarization at 90◦ as shown in Fig. 2(b). On the other hand,

the depolarization ratio 1 − P22/P11 and (P44 − P33)/P11 (which are zero for spherical particles)

are non-zero near backscattering region for both high and low refractive indices hydrosols. The

side scattering feature observed in 1 − P22/P11 and (P44 − P33)/P11 can aid in distinguishing

particles with aspect ratios other than unity. The aforementioned characteristics are observed

both for non-absorptive hydrosols (black) and absorptive hydrosols (red) in Figs. 2 and 3.
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Fig. 3. The same as Fig. 2 except for the refractive index m=1.11

3.2. Optical non-sphericity of hydrosols
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Fig. 4. Relationship between χ and ǫ .

It is instructive to investigate the relationship between the three representations of degree of
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optical non-sphericity. Figure 4 shows that χ and ǫ are linearly related (correlation coefficient

R>0.99) for non-absorptive hydrosols. The same linear relationship exists for absorptive hydrosols

(not shown). Both χ and ǫ have higher values for particles with the aspect ratio of 0.5 when

compared to particles with the aspect ratio of 1.5 for m=1.11. This is consistent with Hofer

et al. [33], where the reduced elements P22/P11, P33/P11, and P44/P11 were higher for aspect

ratios less than unity. This is further demonstrated in Fig. 5 which shows the dependence of

DONS ( ǫ) on the volume equivalent size parameter (x). The two quantities χ and ǫ show a linear

dependence on each other. Therefore we will use ǫ to represent degree of optical non-sphericity

in the remainder of this paper.
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Fig. 5. DONS (ǫ) as a function of with the volume equivalent size parameter.

Figure 5 shows that the DONS value is low for small particles and becomes larger as particle

size increases until an asymptotic region is reached. Particles with small size parameter or low

refractive index fall into the Rayleigh-Gans [11] scattering limit, and thus behave similarly to

spherical particles, with low values of DONS. It is further observed that, as the size increases,

the DONS variation with respect to refractive indices becomes more pronounced. DONS is less

for hydrosols with an aspect ratio of 1.5 when compared to hydrosols with an aspect ratio of

0.5 for the same refractive index. For a constant aspect ratio, DONS increases with an increase

of refractive index of hydrosols. In general, compared to non-absorptive hydrosols, absorptive

hydrosols have a lower DONS.

Figure 6 shows the linear backscattering depolarization ratio (δ) as a function of the volume

equivalent size parameter (x). Particles with small size or low refractive index are in the Rayleigh-

Gans [11] scattering regime, which have low δ values similar to spherical particles [31, 70]. For

particles with higher refractive index, as the size increases, δ approaches an asymptotic value.

We notice that higher depolarization values are associated with aspect ratios deviating farther

from one. In general, compared to non-absorptive hydrosols, absorptive hydrosols have a lower δ.

Figure 7 shows the relationship between the linear backscattering depolarization ratio δ and

DONS (ǫ). For the case of b/a=1.1, the depolarization ratio δ is much larger than ǫ . As the aspect

ratio deviates far from unity, ǫ and δ are showing different sensitivity to particle size, which can

be used to differentiate hydrosols with different aspect ratios.
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Fig. 6. The depolarization ratio δ as a function of the volume equivalent size

parameter.
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Fig. 7. Relationship between δ and ǫ .

3.3. Backscattering fraction

Figure 8 shows the dependence of backscattering fraction on the volume equivalent size parameter

(x). The backscattering fraction is higher for small particles due to reduced diffraction. It can be

observed that backscattering fraction is almost independent of refractive index for small particles

(both for absorptive and non-absorptive). For larger particles, the backscattering fraction is larger

for larger refractive indices, which is consistent with the phase function shown in Figs. 2a and

3a. Osvaldo et al. have similar findings regarding the backscattering fraction [48]. In addition,

absorptive hydrosols reduce the backscattering fraction. We also notice that absorptive and

non-absorptive hydrosols at low refractive index have almost equal backscattering fraction. Last
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Fig. 8. Backscattering fraction as a function of the volume equivalent size

parameter.

but not least, the backscattering fraction is almost independent on the aspect ratio, as long as the

volume equivalent size parameter is the same.
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Fig. 9. Backscattering fraction versus DONS (ǫ).

Figure 9 shows the backscattering fraction versus DONS (ǫ). Here both the backscattering

fraction and DONS are high for particles with higher refractive indices. In general, compared to

non-absorptive hydrosols, absorptive hydrosols have lower backscattering fraction and DONS.

Both aspect ratio and refractive index have pronounced impacts on backscattering fraction and

DONS. This is evident from the lines with different refractive indices and aspect ratios being

clearly separated.
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4. Conclusion

It has been found from measurements that hydrosols present in both open ocean and coastal

areas are generally non-spherical in shape. Thus, the knowledge of inherent optical properties of

non-spherical hydrosols is vital to accurately model the light propagation in different kinds of

water. In this paper we formally define the degree of optical non-sphericity (DONS) in terms of

two parameters ǫ and χ, which are combined with the linear depolarization ratio δ to explore

the dependence of optical nonsphericity on particle size, aspect ratio, and refractive index for

spheroidal hydrosols. It is found that ǫ and χ are highly linearly correlated and hence, either of

them can be used to represent DONS. Our simulation shows that DONS is larger for particles with

higher refractive indices, larger sizes, or larger deviation from unitary aspect ratio. For refractive

indices close to 1, particles fall into the Rayleigh-Gans scattering region where ǫ is only weakly

dependent on size. For a larger refractive index, ǫ increases with particle size until it reaches

an asymptotic region where little variation of DONS is observed. The linear depolarization

ratio shows similar patterns as ǫ , but has different sensitivity to aspect ratio. The backscattering

fraction was also studied in this work because of its innumerable applications in identifying

the characteristics of hydrosols. It is found that the backscattering fraction is larger for smaller

particles as well as for particles with higher refractive indices. Absorptive hydrosols generally

have lower backscattering fraction than non-absorptive hydrosols. The optical properties of

non-spherical hydrosols and their interdependence on size, refractive index, and aspect ratio can

lead to better differentiation of particles with different morphologies and better radiative transfer

modeling for ocean waters.

Funding

NASA (NNX15AB94G, NNX15AL87G, 80NSSC17K0366).

Acknowledgments

This work was supported by NASA grant NNX15AB94G from the Atmospheric Composition

research programs; and NASA grant NNX15AL87G from the OCO2 science team. The authors

also thank Science System Applications Inc. for contractual support. This work was also supported

by NASA Headquarters under the NASA Earth and Space Science Fellowship Program - Grant

80NSSC17K0366.

The hardware used in the computational studies is part of the UMBC High Performance

Computing Facility (HPCF). The facility is supported by the U.S. National Science Foundation

through the MRI program (grant nos. CNS-0821258 and CNS-1228778) and the SCREMS

program (grant no. DMS-0821311), with additional substantial support from the University of

Maryland, Baltimore County (UMBC).

                                                                                    Vol. 26, No. 2 | 22 Jan 2018 | OPTICS EXPRESS A135 


