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Scattering phase function is assumed to be one of the most significant factors in the inherent optical properties (IOPs) of
natural water. According to three criteria proposed for assessment, several commonly used empirical phase functions are
compared with their related practical or theoretical scattering distributions in terms of fitting errors under the circumstances
of typical seawater and single-component polydisperse systems. The optimal factors corresponding to the minimum fitting
errors are also calculated. It is found that both the one-term Henyey-Greenstein (OTHG) and two-term Henyey-Greenstein
(TTHG) phase functions agree well with the theoretical ones for small particles, while the Fouriner-Forand (FF) phase
function can be used in the case of suspensions with large suspended particles. The fitting accuracy of OTHG is the worst,

FF is better and TTHG is the best.
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Mie theory[1,2] is an analytical solution of Maxwell’s equa-
tions for the scattering of electromagnetic radiation by spheri-
cal particles, but it is complex and time consuming. In pra-
ctice, several simple empirical approximations are proposed
and frequently used because of their mathematical simplic-
ity[3-8].Although these approximations are mathematically
convenient, they often give unrealistic phase functions, es-
pecially at small or large scattering angles. Thus, whether
these empirical scattering phase functions (SPFs) approach
the actual scattering distribution will directly affect the accu-
racy of the solutions. Jonasz and Fouriner[9] compared the
Fouriner-Forand (FF) SPF and the measured values, and the
results show that the agreements between the empirical ap-
proximations and the realistic SPF vary with water turbidi-
ties and evaluation criteria. However, few criteria have been
proposed to assess the performance of empirical SPFs.

In this paper, an evaluation criterion based on the cumu-
lative distribution function of SPF is proposed. On basis of
the measured SPFs for typical clear and turbid seawater and
the theoretical SPFs of four single-component polydisperse
systems computed by Mie theory, the empirical SPFs are com-

pared with the actual ones in terms of fitting accuracy. The
results show that the proposed criterion is more suitable than
the other two for the analysis of light forward scattering
properties.

As for seawater, many constitutions, including sea salts,
various dissolved organic matters (DOMs) and suspended
particles, are involved in the interaction of light with natu-
rally occurring bodies of water[9]. The suspended particles
are always the dominant source of the scattering found in
water. The scattering coefficient of certain water mainly de-
pends on the size and concentration of the suspended par-
ticles in it. Given the same scattering coefficient, the angular
distribution of scattering intensity is determined by the shape,
size distribution and relative refractive index of the suspended
particles[10].

In order to compare the empirical SPFs with the experi-
mental or theoretical ones, the following criteria are intro-
duced. Fouriner defines the logarithm of SPF as the com-
parison kernel, and results in the average derivation as fol-
lows[9]:
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where N is the number of data points and r is the variance
of log10pr over the whole applicable data set population. pe

and pr represent the empirical and referenced SPFs, resp-
ectively.

Mobley defines a sin(è) weighted root-mean-square
(RMS) percentage difference between the empirical and ref-
erenced SPFs as a quantitative criterion, and normalizes the
two SPFs by their average value at each scattering angle so
as to prevent the RMS difference from being dominated by
the large magnitudes of phase functions at small scattering
angles[3]. The criterion is given as

where èmax and èmin represent the maximum and minimum
scattering angles, respectively.

The normalized cumulative probability function of SPF
is given and denoted by P(è), which can also be defined as
the comparison kernel, and results in the following expres-
sion of criterion:

where Pe and Pr are the cumulative probability distributions
with respect to pe and pr, respectively.

Two kinds of SPFs are chosen to be the referenced SPFs
for convenient comparison: the average SPFs of the clear
and turbid seawater collected by Jonasz, the theoretical SPFs
of four single-component polydisperse systems computed by
Mie theory with suspended particles of calcium carbonate.

The most carefully made and widely cited light scatter-
ing distributions of seawater are given by Petzold. The simi-
larity among the shapes of the measured volume scattering
functions from different waters suggests that it is reasonable
to define a kind of typical SPFs for typical seawater. A geo-
metric average of 108 data sets of measured SPFs from a
computer-readable data collection is compiled by Jonasz.
According to Eqs.(1) and (2), the optimal fitting factors and
errors are shown in Tab.1. It,s noted that the data superscripted
by “*” are magnified by 100 times. It is shown that the fitting
error of FF is the minimum. Although the one-term Henyey-
Greenstein (OTHG) has the fewest variables, its fitting ac-
curacy is the worst.

The empirical SPFs of four single-component polydis-
perse suspensions with particles of calcium carbonate are
compared with their theoretical ones so as to evaluate the
performance of empirical SPFs. The particle size distribu-
tions of four suspensions shown in Fig.1 are measured by the
laser particle size analyzer. The four kinds of suspensions
are denoted by C1, C2, C3 and C4, respectively. The corresp-
onding particle medium diameters D50 are 0.501 ìm, 2.351 ìm,
12.44 ìm and 16.69 ìm, respectively.

Fig.1 Size distribution of suspensions

The theoretical SPFs of four suspensions are shown in
Fig.2. The related optimal fitting factors and errors are given
in Tab.2. The effects of particle refractive index on SPFs are
shown in Fig.3. The typical n is chosen to be 1.04, 1.12, 1.20
and 1.28, respectively.

Fig.2 Mie SPFs of particles
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Tab.1 Optimal fitting factors and errors of SPFs for typi-
cal seawater
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It can be found in Fig.3 and Tab.2 that the forward scat-
tering ratio of SPF depends on the proportion of large par-
ticles in polydisperse systems. For polydisperse suspensions
with constrained size distributions, the two-term Henyey-
Greenstein (TTHG) owns the best fitting accuracy. The per-
formance of OTHG is better than that of FF for suspensions
of small particles, and vice versa for suspensions of large
particles. For small particles, when the refractive index
increases, the forward scattering ratio of SPF decreases and
the backscattering ratio increases. For larger particles, the
backscattering ratio increases with the particle refractive
index, while the values of SPFs at small scattering angles are
almost unchanged.

According to Tabs.1 and 2, although given different mini-
mum fitting errors and optimal fitting factors, the three evalu-
ation criteria show almost the same trend in fitting accuracy
for the same group (Äp3 in group C2 excluded). It means that
the three criteria can all be used to evaluate the performance
of empirical SPFs based on the same referenced SPFs. Be-
cause of the effect of r

2, Äp1 is only suitable for the compari-
son of the same set of data. However, Äp2 and Äp3 are appli-
cable to compare different sets of data due to their normal-
ized operations. In addition, it is known by analyzing the
focus of the three evaluation criteria that Äp1 emphasizes the
fitting accuracy at forward and backward scattering angles,
Äp2 emphasizes the accuracy of the total scattering coefficient,

Fig.3 Relationship between SPFs and relative refractive
index

while Äp3 emphasizes the fitting accuracy at forward scatter-
ing angles. For many reasons in underwater photography,
the portion of the light that is scattered in the forward direc-
tion with respect to the direction of the incident light is of
primary importance. Thus, Äp3 can be used to evaluate the
influence of empirical SPFs on image blur effect caused by
the forward scattering light.

An evaluation criterion based on the cumulative prob-

ability distribution is proposed. Together with the other two
criteria proposed previously, the minimum fitting errors and
the optimal fitting factors are computed for the three kinds
of empirical SPFs and their related referenced SPFs, which
are chosen to be the average SPFs of the clear and turbid
seawater and the theoretical SPFs of four single-component
polydisperse systems with different sizes of suspended par-
ticles of calcium carbonate. Besides, the influence of the

Tab.2 Optimal fitting factors and minimum errors for the SPFs

 NO. D50
 (ìm)

     FF                  OTHG            TTHG
 Äp1/Äp2/Äp3   m            n Äp1/Äp2/Äp3 g            Äp1/Äp2/Äp3                     g1           g2      á

       C1            0.501                 3.41                 3.98       1.19              2.57               0.69    1.58                   0.71   -0.43     0.98
                 11.50               4.05 1.19              6.96               0.70              3.54                   0.72       -0.52     0.98
                   5.22               4.22 1.19              0.52               0.70              0.41                   0.70       -0.60        0.99

       C2            2.351                 0.57               3.76 1.19              0.78               0.85              0.40                   0.89   -0.33     0.96
                 13.20               3.66 1.19            20.50               0.85              6.34                   0.90   -0.29     0.95
                   2.93               3.76 1.19              1.78               0.87              0.82                   0.88   -0.50     0.97

       C3          12.44                  9.28*              3.44 1.19            10.00*             0.89              8.50*                   0.93       -0.81     0.99
                 33.10               3.32 1.19            35.10               0.93            29.00                   0.96       -0.39     0.98
                   1.89               3.51 1.19              3.61               0.92              1.10                       0.99    0.85     0.41

       C4          16.69                  5.34*              3.40 1.19              5.69*             0.90              4.96*                   0.92   -0.94     0.99
                 33.70               3.30 1.19            35.40               0.94            29.80                     0.96   -0.41        0.98
                   2.02                3.50 1.19              3.79               0.93              1.25                       0.99        0.85        0.42
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particle refractive index on the shape of the SPFs is also
analyzed. It is concluded that OTHG and TTHG SPFs suit
small particle cases, while FF SPF suits large particle cases.
Furthermore, Äp1 emphasizes the backscattering effect, Äp2

emphasizes the total scattering distribution, while Äp3 em-
phasizes the forward scattering effect.

As the increasing urgent demands for marine resources
exploitation, underwater optical imaging technology devel-
ops rapidly in recent years. The effects of forward and back-
ward scattering on underwater image degradation are con-
sidered to be the main sources determining the detecting range
and image quality for underwater optoelectronic imaging
equipments. The work in this paper can provide the fundam-
entation for the research of underwater optical imaging theory
and technology.
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