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Effect of the disperse composition and the index of refraction of particles suspended in seawater 

on the scattering phase functions has been studied numerically within the scattering angles from 175 
to 180°. We studied the effect produced by suspensions formed from mineral and organic particles at 
various proportions. A comparative analysis of the role of each fraction in the formation of the 
scattering phase functions was carried out. The possibilities of using the results of model calculations 
as an a priori information in interpretation of the data of laser sensing of seawaters are discussed. 
 

 

Introduction 
 
The efficiency of the solution of inverse problems 

of laser sensing of seawater depends, largely, on the 
correct use of a priori information on the medium 
under study. Scattering characteristics of seawater  
are determined by two main fractions of suspended 

particles having different microphysical characteristics.1 
The first fraction was formed by fine particles (with 
dimensions, which do not exceed 1–2 µm) of mineral 
(terrigenic) origin (t-fraction). The second fraction 
consists of larger particles of organic (biogenic) origin 
(b-fraction). The ratio of contributions to the total 
scattering coefficient of both fractions varies over a 
wide range. For example, according to data from Ref. 1 
and depending on the type of water the contribution of 
particles of b-fraction to the scattering coefficient is 

from 22 to 78% that must naturally be represented  

by the form of the scattering phase function of such 

seawaters. 
Previously2 the investigations have been carried 

out of the effect of such a suspension on the scattering 
phase function in the range of small scattering angles. 
As shown in Ref. 2, in the formation of anisotropic 
part of the scattering phase function along with large 
particles of b-fraction small particles of t-fraction 
play a decisive role. For small-angle scattering phase 
function, the presence of two regions is typical, where 
the contributions from separate fractions dominate. 
The conventional boundary between these regions 

passes in the region of scattering angles of 1–2°. The 
scattering within the limits of the first, sufficiently 
narrow region is due to the particles of b-fraction, 
and the wider second region is mainly formed due to 
the scattering on particles of t-fraction. 

The optical radiation propagation in the seawater 
is accompanied by the multiple light scattering. In 
this case the equations, used for describing the lidar 
returns should account for the multiple small-angle 
scattering and the single large-angle scattering.3–5 

Even at such a simplified description due to the 

multiple scattering the value of lidar return depends 
not only on the value of the scattering phase function 
in the direction of 180°, but also on its behavior in a 
certain vicinity of this direction. 

As applied to the solution of problems of laser 
sensing of seawater of great importance are the data on 

the relation between the contributions coming from 

two fractions to the total backscattering phase function, 
which can be obtained using numerical modeling. The 

paper describes a numerical investigation of the effect 
of disperse composition and the refractive index of 
both fractions of particles suspended in seawater on 
the scattering phase function in the range of 
scattering angles of 175 to 180°. The possibilities are 
discussed of using the results of model calculations as 
a priori information when interpreting data of laser 
sensing of seawaters. 

 

1. Two-component optical-
microphysical model of suspension 

 
As in the case of discussed in Ref. 2, in modeling 

the scattering phase functions of seawater it was 
considered that the suspension was formed by 
nonabsorbing particles. For describing the disperse 
composition of t-fraction in the paper, we used the 
size distribution function of particle geometrical cross 
sections of the power-law form 
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with the index ν = 1–4. The constant At0 was chosen 
to meet the requirement of the function st(r) continuity 
at the point r = 0.05 µm. According to the estimates1 
the relative refractive index of particles of t-fraction 
is nt = 1.15. The particle-size distribution function of 
b-fraction was simulated using a modified gamma-
distribution 
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with a varying modal radius rm = 5–15 µm and the 
parameters α = 8 and γ = 3. For the relative refractive 
index nb the values were considered in the range  
1.03–1.05. The weighting factors At and Ab in the 

distributions st(r) and sb(r) were chosen so that to 

obtain a given ratio ξp = σt/σb between the 

contributions of the above fractions to the total 
scattering coefficient σ = σt + σb. 

For a considered model of the disperse suspension 
in water the calculations of the scattering phase 
functions were made 

 t b( ) ( ) (1 ) ( )x px p xθ = θ + − θ . (3) 

In Eq. (3) xt(θ) and xb(θ) are the scattering 
phase functions of t- and b-fractions of the suspension, 
respectively; the parameter p = σt/σ determines the 
relative contribution of t-fraction to the total 
scattering coefficient. The condition of normalization 
for the above-mentioned scattering phase functions is 

as follows 
4

( )d 1.x
π

θ ω =∫  

The paper presents some results of numerical 
investigations of the variability of scattering phase 
functions at the wavelength λ = 0.532 µm depending 
on microstructure parameters rm, ν, and the ratio p. 
For the sake of convenience in analyzing below the 
obtained results, we use the following characteristics: 
 

 ξ = σ σ = −t b/ /(1 )p p p , ξ θ = θ θt b( ) ( )/ ( )õ x x , (4) 

 ξ θ = θ − θ = ξ ξ θt b( ) ( )/[(1 ) ( )] ( ),p õpx p x   (5) 

 t( ) ( )/ ( ) /( 1)px xω θ = θ θ =ξ ξ + , (6) 

where ξp is the ratio between the scattering coefficients 
of the t- and b-fractions; ξx(θ) is the relation between 
the scattering phase functions for t- and b-fractions; 
ξ(θ) is the ratio between the t- and b-components of 
the total scattering phase function x(θ), Eq. (3); 
ω(θ) is the relative contribution of the t-fraction to 
the total scattering phase function. 

 

2. Analysis of scattering phase 
functions based on the results  

of numerical simulation 
 
The results obtained by numerical simulation  

are depicted in Figs. 1 to 5. As an example Fig. 1a 

shows the scattering phase functions for separate 

fractions xt(θ) and xb(θ) as well as their weighted 
sum x(θ), Eq. (3), at p = 0.2 and the following values 

of microstructure parameters: rm = 10 µm and ν = 2. 
This example corresponds to the situation when b-
fraction dominates (ξp = 0.25) in the total scattering. 
From Fig. 1a it follows that at scattering strictly 

backwards (θ = π) the inequality xt(π) > xb(π) works, 
and the relation between the scattering phase 
functions ξx(π) = 2.27. It should be noted that the 
scattering phase function of t-fraction, xt(θ) weakly 
varies in the considered range of scattering angles 
175 ≤ θ ≤ 180° while the behavior of the scattering 
phase function of b-fraction, xb(θ) is of more 

complicated nature and needs for further detailed 
consideration. 
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Fig. 1. Scattering phase functions xt(θ) at ν = 2 (curve 1), 
xb(θ) for the modal radius rm = 10 µm (curve 2) and their 
weighted sum x(θ) at p = 0.2 (curve 3) (à); scattering 
phase function x(θ) (3) and its components pxt(θ) (1), and 
(1 – p)xb(θ) (2), taken with the corresponding weights at 
the same microphysical parameters (b). 

 
The main peculiarity of the function xb(θ) is the 

pronounced maximum in the vicinity of the angle 
θ1 = 179.1°. The value of the scattering phase function 
xb(θ1) at the point of maximum exceeds its value in a 
backward direction by a factor of 4.8. One more, a 

less pronounced maximum of the function xb(θ) is 
observed at θ2 = 178°. The position of the above- 
mentioned maxima of the scattering phase function 
xb(θ) agrees well with the light diffraction theory in 
a backward direction.6,7 According to Ref. 7 the 
angular distribution of light scattered by a large 
particle (ρ >> 1, where ρ is the diffraction parameter 
of a particle) at small angles γ = π – θ, γ ∼  1/ρ, γ << 1, 
is proportional to the linear combination of squares 
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of the Bessel functions of the zeroth-order and second 

order 2 ( ),iJ z  i = 0; 2: 

 2 2
0 0 2 2( ) ( ) ( )x c J c Jθ ∼ ργ + ργ  (7) 

with the coefficients ci depending on the size and the 
refractive index of particles. The result, similar to 
that presented by formula (7) without the first 
component, was obtained in Ref. 6. The first maxima 
of the functions 

2
0 ( )J z  and 

2
2 ( )J z  are positioned at the 

points z0k = 0; 3.83… and z2k = 3.1; 6.8…, respectively. 
One can associate the value of a certain effective 
particle radius with the position of such maxima of 
the scattering phase function by the formula 

 eff /i ir z k= γ . (8) 

For the function xb(θ) shown in Fig. 1a, the 
estimation of the effective radius reff by formula (8) 
for values z2k, corresponding to maxima of the function 

2
2 ( ),J z  gives the value within the limits from 12.4 to 

12.6, close to the modal radius of b-fraction particles 
rm = 10 µm. 

Graphically the role of two fractions in the 

formation of the scattering phase function x(θ) is 
presented in Fig. 1b by its components pxt(θ) and 
(1 – p) xb(θ) taken with the appropriate weights. The 
total scattering phase function x(θ) is here the same as 
in Fig. 1a. The relative contribution of t-fraction in the 
backscattering phase function ω(π) = 0.36 and it is 

found to be almost twice as large as its contribution to 

the scattering coefficient p = 0.2. The relation between 
two components in the backscattering phase function 
ξ(π) = 0.57, while ξp = 0.25. One can easily follow 
the variation of the above-mentioned relations for the 
other scattering angles. From Eqs. (4) and (5), in 
particular, it follows that for scattering phase 

functions, shown in Fig. 1 the inequality ξ(θ) > ξp 
takes place almost everywhere, except for the 

proximity of the diffraction peak at θ = θ1, within 
which xb(θ) > xt(θ). 

Figure 2 shows the parametric series of curves 
x(θ), Eq. (3), calculated as functions of the relation 
p using data presented in Fig. 1. Curve 1 corresponds 
to the case of p = 0 and describes the behavior of the 
scattering phase function for particles of the b-fraction 
x(θ) = xb(θ). In the general case the scattering phase 
function x(θ) = x(θ, p), as a function of the parameter 
p, varies according to a linear law: 

 θ θ = −ξ +b( )/ ( ) (1 ) 1xx x p , (9) 

where the value ξx is determined from Eq. (4), at 
ξx > 1, i.e., in those regions where xt(θ) > xb(θ) (see 
Fig. 1a), the formula (9) determines, evidently, the 
linearly increasing function p with the range of 
variation [1, ξx]. On the contrary, at ξx < 1 the 

scattering phase function x(θ, p), as a function of p, 
linearly decreases. In this case the range of variation 
of Eq. (9) is [ξx, 1]. Curves in Fig. 2 have two common 
points of intersection corresponding to the case ξx = 1. 
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Fig. 2. Variability of the scattering phase function x(θ) 

depending on the contribution of t-fraction: p = 0 (1); 0.2 (2); 
0.5 (3) and 0.7 (4) at ν = 2, rm = 10 µm. 

 

The given relations are of a basic importance for 
solving inverse problems on the reconstruction of 
optical characteristics of suspensions using methods of 
laser sensing. If under observation conditions only the 
concentration of one of the fractions varies, then in 

the presence of the second fraction the backscattering 
phase function x(π) does not remain constant. Its 
variation is determined by Eq. (9) that can be taken 
into account in the development of algorithms for the 
inversion of lidar returns. 

In particular, in a considered example the 

backscattering phase function x(π) can vary by 2.27 
times at all kinds of variations of the relation 
between the suspension components. The constancy 
of the scattering phase function at lidar measurements 
can be provided at the cost of small (about 0.5°) shift 
from the strictly backward direction (θ = 180°) to a 
direction defined by the position of the nearest point 
of intersection of the curves in Fig. 2, in which, as 
was already noted, ξx = 1. 

Figures 3 and 4 illustrate the effect of 
microstructure characteristics of the b-fraction of a 
suspension on the behavior of the total scattering phase 

function. Dependences of x(θ) shown in Fig. 3 are 

obtained at different values of the modal radius, rm = 8, 
10, and 12 µm. The other parameters remained constant: 
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Fig. 3. The effect of modal radius rm = 12 (1), 10 (2), and 
8 µm (3) of particles of b-fraction on the dependences of x(θ) 
at ν = 2, p = 0.5; the dependence of pxt(θ) (curve 4). 
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Fig. 4. The backscattering phase function xb(π) of the b-
fraction as a function of the modal radius rm (solid line); 
the level of the backscattering phase function xt(π) of the t-
fraction at ν = 2 (dashed curve). 

 
ν = 2 and p = 0.5. In spite of a marked increase of 
the role of t-fraction as compared with data in Fig. 1, 
on the given curves the noticeable diffraction peaks 
remain, as discussed previously. With the increase of 
the modal radius rm the positions of the peaks of the 
curves are shifted closer to the scattering angle of 
180°. The estimations of an effective particle size reff 
according to the peak position based on Eq. (8) are 
given in Table 1.  

 
Table 1. Results of numerical simulation depending  

on the parameter rm; νννν = 2; p = 0.5; xt(ππππ) = 4.7510–3 sr–1 

rm,  
µm 

reff,  
µm x(θ1)/x(π) xb(π)  ξx(π) ω(π) 1 – ω(π)

8 9.43 1.41 5.610–4 8.5 0.89 0.11 
10 12.6 2.16 2.110–3 2.27 0.69 0.31 
12 14.1 2.77 5.210–3 0.9 0.48 0.52 

 
The increase in rm results also in the growth of 

the amplitude of the diffraction peaks. Table 1 shows 
the relations of the scattering phase function at the 
maximum of x(θ1) to the value for the angle of 180° 
(the third column). From Fig. 3 and data given in 
Table 1 (the last column), it also follows that with 
the increasing modal radius rm of b-fraction particles, 
their importance in the backscattering increases by 
several times. 

These data are supplemented by Fig. 4, which 

shows the variation of the value xb(π) depending on the 
modal radius rm. For a comparison Fig. 4 shows the 
level of the backscattering phase function xt(π) 

calculated at ν = 2. 
The amplitude of the diffraction peak near 

backward direction depends not only on the particle 
size. Figure 5 shows the effect of the refractive index 
of particles of the biogenic fraction on the behavior 
of the scattering phase functions. The results shown 
in Fig. 5, are obtained for the following values of the 
model parameters: ν = 2; rm = 10 µm; p = 0.5. The real 
part of the refractive index varied within the range 
1.03 ≤ nb ≤ 1.05. 

The pattern, shown in Fig. 5, in many cases is 
similar to the results shown in Fig. 3, except when the 
positions of curve maxima in Fig. 5 are not displaced 
relative to each other. When the index nb tends to 1.03, 
the component xb(θ) significantly decreases in the 
entire angular range considered, and the t-fraction of 
the suspended particles dominates in the total 
scattering phase function x(θ). With a decrease in nb 
the diffraction peak becomes less pronounced. 
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Fig. 5. The effect of the refractive index of particles of b-
fraction nb = 1.035 (1); 1.040 (2); 1.045 (3); 1.050 (4) on 
the scattering phase function x(θ) at rm = 10 µm, p = 0.5; 
the dependence pxt(θ) (curve 5). 

 
The effect of microstructure of the t-fraction of 

suspended particles on the scattering phase functions 
is illustrated with the data depicted in Fig. 6 and 
presented in Table 2. 
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Fig. 6. The effect of disperse composition of t-fraction  
on the scattering phase function x(θ) at ν = 1 (1); 2 (2); 
2.5 (3); 3 (4) and rm = 10 µm, p = 0.5; the dependence 
(1 – p)xb(θ) at ν = 2 (curve 5). 

 
The parameter ν varied in the range from 1 to 3. 

The other parameters had the following values: 
rm = 10 µm; p = 0.5. The b-fraction of organic origin 
retained low microphysical composition, and its 
contribution to the total scattering phase function is 
shown by curve 5 in Fig. 6, with a typical diffraction 
peak near the scattering angle of 179.1°. 
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Table 2. Results of numerical simulation depending on the 
parameter νννν; rm = 10 µµµµm, p = 0.5; xb(ππππ) = 2.110–3 sr–1 

ν xt(π) , sr–1 ξx(π) 
1 3.6310–3 1.72 
2 4.7510–3 2.27 

2.5 7.8810–3 3.75 
3 1.3810–2 6.57 
 
The role of particles of t-fraction is manifested 

in a systematic shift of the scattering phase function 
along the axis of ordinates. With the increasing value 
of ν, the role of the finest particles inside t-fraction 
becomes more important. This results in the increase 
of values of xt(θ) in the considered angular range, and, 
as a result, in growth of the ratio ξ(θ). In particular, 
when changing ν from 1 to 3 the value ξ(π) increases 
from 0.63 to 0.87. 

Comparing the obtained results with a physical 
model of light scattering by seawater proposed by 
O.V. Kopelevich1 it should be noted that, first, the 
backscattering phase function for t-fraction based on 
data from Ref. 1, xt(π) = 6.0410–3 sr–1, is included 
between the appropriate values given in the second 
column of Table 2 for the parameter values ν = 2 and 
ν = 2.5. 

Results of calculations for b-fraction, depicted  
in Fig. 4, show that close to a model level (Ref. 1), 
xb(π) = 2.2410–4 sr–1

 the values of the backscattering 
phase function are obtained in the case when the modal 
particle radius rm is within the range of 6 to 7 µm. With 
the increase of the modal radius when its value is 

∼  12 µm the value of xb(π) is of the same order as xt(π). 
With the further increase of rm b-fraction can be 
predominant in the backscattering. 

The above-mentioned results make it possible to 
conclude: 

1. The scattering phase function of t-fraction of 
the suspension in the angular range from 175 to 180° 
is a quasi-isotropic, and the level of the isotropic part  
 

depends on the contribution of the fine dispersion of 
the particle ensemble. 

2. At the angular dependences of scattering phase 
functions of b-fraction of the suspension the diffraction 
peak (glory) at θ > 179° is observed, the position and 
amplitude of which strongly depend on the size and 
the refractive index of particles. 

3. The ratio between the backscattering (θ = 180°) 
phase functions of t- and b-fractions is of one order 
of magnitude and higher, that determines, as a rule, 
the dominating contribution of t-fraction to the total 
scattering phase function x(θ). 

4. The main contribution to the scattering phase 
function in the glory region, as a rule, depends on 
particles of b-fraction; the shape of the diffraction 
peak in the glory region does not depend on the level 
of the relative content of t-fraction.  
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