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Abstract: The modeling of laser transmission characteristics in complex seawater is fundamental
for bathymetric and oceanographic laser detection systems. Because the factors affecting laser
transmission in seawater are independent of one another, firstly, in this paper, a Monte Carlo model
of laser propagation in seawaters with suspended matter was established to study the influence
of suspended matter with specific radius on the underwater laser transmission. Secondly, the
influence of transmission depth and the number of photons on the laser extinction coefficients
of seawater containing different concentrations of suspended matter were analyzed, respectively.
Thirdly, the relationships between maximum transmission depth, the number of initial photons, and
the concentrations were built and verified by simulations. Lastly, an experimental platform was set
up and experiments were carried out to verify the Monte Carlo model and the relationships. Results
show that (1) both the minimum initial photon number and maximum transmission depth depend
exponentially on the concentrations of the suspended matter; (2) the extinction coefficients obtained
by the Monte Carlo model and those obtained by experiments are consistent. The absolute values
of the differences are less than 0.028 m−1, implying that (1) the proposed Monte Carlo model is
effective for simulating laser propagation in seawaters with suspended matter; (2) the established
relationships between maximum transmission depth, the minimum initial photon number, and the
concentrations of suspended matter have better accuracies, which are valuable for the simulations
on attenuation of laser transmission in seawater. The method of this paper can also be extended to
the study of suspended solids with other radii and improve the simulation accuracy and decrease
simulation time consumption.

Keywords: Monte Carlo; extinction coefficient; seawater; laser propagation; Mie scattering

1. Introduction

Ocean research is of great significance to Earth science [1]. Generally, marine laser de-
tection systems, such as light detection and ranging (LiDAR), are promising remote sensing
technologies for use in oceanographic research, which are widely used in offshore ocean
exploration [2], underwater reconnaissance and intelligence gathering [3], mine detection
and countermeasure [4], and so on. However, the attenuation of laser in seawater seriously
affects the detection performance of marine laser systems. At present, modeling and exper-
imental verification of laser transmission characteristics in complex sea environments are
two key technologies in the research of marine laser detection systems. The attenuation
consists of Mie scattering from suspended particulate matter, Rayleigh scattering from
water and salt molecules, and absorption by dissolved organic matter, phytoplankton,
detrital matter, and water. Each part is independent. Generally, attenuation caused by
Mie scattering from suspended particulate matter accounts for the largest proportion [5].
Therefore, based on the Mie scattering model, it is particularly important to study the
influence of suspended matter on laser transmission in seawater.
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Arnush studied the emissivity generated by the initial narrow collimated beam prop-
agating in the ocean based on small-angle scattering theory [6]. Richard et al. adopted
Green’s function to solve the radiation transmission equation and obtained the relationship
between depth and radiation spatial distribution [7]. Paul et al. established a phenomeno-
logical theory of light beam propagation in seawater, and divided the light field into
collimated parts and noncollimation parts [8]. Ling et al. used Lambert–Beer’s law and the
Mie theoretical model to integrate single matter within the scattering angle range, and ob-
tained the relationship between the large amount of suspended matter contained in oilfield
reinjection water and the intensity of the scattered light [9]. The abovementioned methods
are numerically accurate but need a huge amount of calculation and are time-consuming;
thus, they are difficult to use in some engineering applications that require quick access to
computational results.

To obtain results that are consistent with the experimental method and expedite
calculation efficiency, semianalytical Monte Carlo methods were used to simulate the
optical transmission process in seawater and obtain the extinction coefficient. Zhang et al.
combined Mie scattering theory and Monte Carlo numerical simulation to establish an
underwater photon transmission model and to analyze the influence of suspended matter
on the normalized received energy [5]. Jasman et al. employed the Monte Carlo method
to study the scattering characteristics of the underwater diffuse link, and to provide the
simulation results of the collimation link for comparison [10]. Liu et al. established a Monte
Carlo model for simulating LiDAR signals to evaluate the performance of a shipborne
ocean-LiDAR system based on the inherent optical characteristics of seawater and to verify
the reliability of the system [11].

However, there are still some problems in Monte Carlo methods for simulating laser
transmission in seawater. Li et al. mentioned that each photon in Monte Carlo simulation
needs to repeatedly undergo scattering attenuation until it reaches the condition of photon
annihilation. Because of the strict limitations of the actual field of view (FOV) and lens
aperture, a large number of the photons cannot be received even if a large number of
photons are used in the simulation. Therefore, only a very small number of the photons con-
tribute to the received signal and simulation results [12]. As mentioned by Liu et al., a large
statistical error inevitably occurs if the number of photons used in simulation is insufficient.
Therefore, to decrease the statistical error, it is inevitable to adopt a large number of initial
photons for simulation, which requires a relatively long calculation time [11]. Furthermore,
Jasman et al. suggested tracking a sufficient number of photons during simulation as
much as possible, but did not give a specific initial number of photons [10]. Rafael et al.
directly set the number of initial photons as 100 million in their paper [13]. To effectively
reduce calculation time on the premise of meeting simulation accuracy, it is necessary to
study the most suitable initial photon number for different simulation conditions to reduce
the computational complexity and time cost as much as possible without reducing the
simulation accuracy.

In this paper, to decide the most suitable initial photon number when simulating laser
transmission in seawater containing different concentrations of suspended matter; a Monte
Carlo model of laser transmission was established based on Mie scattering theory. The
effects of photon number and transmission depth on the extinction coefficient of laser in
seawater containing different concentrations of suspended matters were analyzed and
verified by experiments.

This paper is organized as follows. The Monte Carlo model is introduced in Section 2.
Section 3 analyzes the influence of transmission depth and initial photon number on 532 nm
laser extinction coefficients of seawaters containing different concentrations of suspended
matter by using the Monte Carlo model. Experimental verification is described in Section 4.
Sections 5 and 6 discuss and summarize the simulation and experimental results.
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2. Methodology

In the proposed Monte Carlo modeling, the suspended matter is regarded as spheroidal
and the Mie scattering model can be utilized when the radius of the suspended matter is
larger than the wavelength of the incident light. The scattering luminous intensity of a
suspended particle is denoted as I and described as follows [8,14–17]:

I =
λ2

8π2l2 I0[i1(θ, α, n) + i2(θ, α, n)] (1)

where λ is the wavelength of the incident light; l is the distance between an observation
point and the suspended matter; I0 is the luminous intensity of incident light; i1 and i2
are the scattering intensity functions perpendicular and parallel to the scattering surface,
respectively, which are determined by scattering angle θ, matter size α, and refractive index
n. The two functions are obtained from the Mie scattering theory.

In Monte Carlo modeling, the probability of underwater laser propagation from the
transmitter to the receiver is estimated by repeating random photon samplings, which
simulate the physical process of laser transmission in seawater containing suspended
particles [18–21]. Firstly, the directions where all photons enter seawater are set, and the
lengths of motion of the photons are calculated. Then, the new directions of motion of all
photons are calculated by using a scattering phase function. These processes are repeated
until all photons annihilate or escape from the boundary. Figure 1 shows the process of
Monte Carlo modeling, which consists of four steps and is described as follows:
1© Initial setup: The x, y, and z coordinates of the starting point for all photons are set as

the origin point (0, 0, 0) of a Cartesian coordinate system, and the positive direction of
the z axis is set as the initial transmission direction for all photons. The initial energy
of each photon is set as 1.

2© Update the position: The transmission step of each photon in seawater is determined
by the probability distribution of the photon-free path l, shown as:

l = − ln r1

σ
(2)

where r1 is the probability of movement of the photon, which is a random number
within a uniform distribution from 0 to 1; and σ is the extinction coefficient. The
azimuth angle of a photon after collision with a particle in seawater is denoted as φ
and calculated by:

φ = 2πr2 (3)

where r2 is a random number within a uniform distribution from 0 to 1.
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The scattering angle of a photon is denoted as θ∗ and obtained by numerical statistics
based on Equation (4), which satisfies the normalization condition of the scattering angle
and best approximates the scattering phase function [14,22].
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)2
]}
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2
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{

1
2g

[(
1−g2

1+g−2gr3

)2
−
(
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2 ≤ θ ≤ π

(4)



Remote Sens. 2022, 14, 2565 4 of 16

where g is a parameter used to fit the complex scattering phase function, θ is the scat-
tering angle of the previous transmission, and r3 is a random number within a uniform
distribution from 0 to 1.

The direction cosines of propagation direction of a photon after scattering are denoted
as µ∗x, µ∗y , and µ∗z , respectively, and calculated by:

µ∗x = sin θ∗√
1−µ2

z
(µxµz cos φ− µy sin φ) + µx cos θ∗

µ∗y = sin θ∗√
1−µ2

z
(µyµz cos φ + µx sin φ) + µy cos θ∗

µ∗z = − sin θ∗ cos φ
√

1− µ2
z + µz cos θ∗

(5)

where µx, µy, and µz are direction cosines of the photon before scattering. If |µz| > 0.9999,
then µ∗x, µ∗y , and µ∗z are calculated by:

µ∗x = sin θ cos φ
µ∗y = sin θ sin φ

µ∗z = sin µZ cos θ

(6)

3© Update the energy: The energy of each photon decreases after scattering, which is
denoted as W∗ and calculated by [23]:

W∗ =
γ

σ
W (7)

where W is the energy of the photon before scattering, and γ and σ are scattering
and extinction coefficients, respectively. In Monte Carlo modeling, it is assumed that
the suspended particles are not only equivalent to isotropic and uniform spheres but
also evenly distributed in the solution [24]. The scattering coefficient and extinction
coefficient are calculated by:

γ = 2Nπr2

α2

∞
∑

k=1
(2k + 1)(|ak|2 + |bk|2)

σ = 2Nπr2

α2

∞
∑

k=1
(2k + 1)Re(ak + bk)

(8)

where N is the number of particles per unit volume, r is matter radius, and α is a
dimension parameter and calculated by Equation (9):

α =
2πr

λ
(9)

ak and bk in Equation (8) are calculated by:
ak =

ψk(a)ψ′k(ma)−mψ
′
k(a)ψk(ma)

ξk(a)ψ′k(ma)−mξ
′
k(a)ψk(ma)

bk =
mψk(a)ψ′k(ma)−ψ

′
k(a)ψk(ma)

mξk(a)ψ′k(ma)−ξ
′
k(a)ψk(ma)

(10)

where ψk(x), ξk(x) are calculated by Equations (11) and (12); ψ
′
k(x) and ξ

′
k(x) are

derivatives of ψk(x) and ξk(x), respectively:

ψk(x) =
√

πx
2

Jk+0.5(x) (11)

ξk(x) =
√

πx
2

Hk+0.5(x) (12)
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Jk+0.5(x) and Hk+0.5(x) are the Bessel function of the first kind of half-integer order
and the Hankel function of the second kind of half-integer order, respectively [25,26].
The variable m in Equation (10) is a complex index and calculated by:

m = m1 + jm2 (13)

where m1 and m2 are the real and imaginary parts of the complex refractive index, respectively.

If the energy of a photon is lower than a given threshold, the photon annihilates and
is not transmitted. Other photons that have not been annihilated transmit again.
4© Photo counting: count the number of photons at a transmission depth lz along the

z direction. Because the photons in any transmission reached the depth lz should
be counted, take the maximum value after comparing with the last statistical value
in consideration of the possibility of backscattering. This is to avoid the situation
that some photons reach this depth but are not recorded because of backscattering.
According to the Beer’s law, the extinction coefficient σ is obtained by:

σ =
dη

dlz
, η = − log(

Nr

Ni
) (14)

where Nr is the number of the counted photons at lz, and Ni is the number of ini-
tial photons.

3. Simulations and Results
3.1. Parameter Setting

• The laser wavelength was set at 532 nm, which is mostly used in LiDAR and the
same as it used in experiment. According to the proposed Monte Carlo modeling, the
scattering coefficient is related to the complex refractive index of suspended particles
in seawater. According to the literature [10], the refractive indexes of the suspended
matter are approximately 1.53− j10−4 and 1.52− j10−4 at wavelengths of 400 and
600 nm. The complex refractive index was set as 1.52− j10−4 in the simulation.

• The radius of the active area of the detector used in the simulation was set to 0.1 mm,
which is the same as the radius of the commonly used photodetector. For example,
the photosensitive surface radius of a widely used photodetector, Thorlabs APD110C,
is 100 nm. Because the parameter affected by the receiver radius is the number of
received photons, if the minimum number of received photons during simulation can
meet the requirements of accuracy, then the simulation results can be obtained with a
larger receiver radius.

• The field of view of the detector was set as 90 degrees in the simulation [11–13].
According to the definition of scattering extinction coefficient, owing to the scattering
of the suspended particles in seawater, part of the radiation deviates from the original
propagation direction, resulting in radiation attenuation. The scattering extinction
coefficient can be calculated from the relative value of this part of attenuation and
transmission depth. All photons scattered in the positive direction to the receiver are
regarded as received, and the acceptance range is 180◦ forward, which is twice the
angle of the view parameter.

• Scattering phase function was set to the same function mentioned in [27]. Cornette
and Shanks concluded that one-parameter Henyey-Greenstein phase function is nearly
consistent with scattering phase function in seawater [28–30].

• The radius of the suspended matter in the simulation was set at 3.37 µm, which is
the same as Al(OH)3 used in experiment, which was provided by Nanjing Senbeijia
Biotechnology Limited Company.

• The relationship between the concentration and the number of particles per unit
volume in the simulation can be calculated from the Moral formula, which is shown in
Table 1.
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Table 1. The number of particles per unit volume in the simulation for seawater containing different
concentrations of the suspended matter used in the experiment.

Concentration (mg/L) 0.3 0.6 0.9 1.2 1.5 1.8

Number of particles per unit
volume (×1023) 0.0231 0.0463 0.0695 0.0926 0.1158 0.1389

Concentration (mg/L) 2.1 2.4 2.7 3.0 3.5 4.0

Number of particles per unit
volume (×1023) 0.1621 0.1852 0.2084 0.2315 0.2701 0.3087

Concentration (mg/L) 4.5 5.0 5.5 6.0 6.5

Number of particles per unit
volume (×1023) 0.3473 0.3859 0.4245 0.4631 0.5017

Based on these parameter settings, the relationship between the extinction coefficient
of 532 nm laser and propagation depth were simulated and analyzed.

Figure 2a,b shows the variation curves of the extinction coefficient of 532 nm laser
with the transmission depth in seawater containing suspended matter concentrations of
1.5 and 5.0 mg/L, respectively. In the simulation, the number of initial photons is 5× 105.
The simulated extinction coefficients obtained at different depths fluctuate near a specific
value, and the large transmission depth leads to strong fluctuation. Because of the existence
of photon annihilation, the number of photons decreases as transmission depth increases.
It can be seen that fluctuation of the extinction coefficient rapidly increases when the
transmission depth is larger than a threshold. It implies that the number of remaining
photons at a large transmission depth is insufficient, and the simulation accuracy is not
enough. According to the three-sigma rule, a measurement result is considered exceptional
if the fluctuation is three times larger than the standard deviation of all measurement results.
As shown in Figure 2a, the corresponding maximum transmission depth is 8 m when the
extinction coefficient is within the limited fluctuation. The maximum transmission depth is
1.8 m, as shown in Figure 2b.
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Figure 2. Variation curve of extinction coefficients for 532 nm laser with the transmission depths in
seawater containing suspended matter concentrations of (a) 1.5 mg/L and (b) 5.0 mg/L.

Generally, the maximum transmission depth decreases when suspended matter con-
centration increases. It is necessary to study the relationship between maximum trans-
mission depth and different suspended matter concentrations to obtain a more accurate
extinction coefficient by Monte Carlo simulation and to improve simulation speed. In addi-
tion, the accuracy of the extinction coefficient obtained by Monte Carlo simulation varies
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for seawater containing different suspended matter concentrations by using a fixed initial
photon number, because the seawater containing a higher suspended matter concentration
results in fewer photons remaining to transmit at the same depth. Therefore, the minimum
initial photon number for seawaters containing suspended matter concentrations was
studied to decrease the simulation error caused by an insufficient initial photon number
and to reduce simulation time-consumption caused by an excessive initial photo number.
Owing to the randomness of the Monte Carlo method, the extinction coefficients obtained
are statistical fluctuations. The extinction coefficient is set as the average of extinction coeffi-
cients at different transmission depths, which improves evaluation accuracies of maximum
transmission depth and initial photo number.

3.2. Influence of Transmission Depth

The influence of different transmission depths on the extinction coefficients was analyzed.
Figure 3a,b shows the variations in extinction coefficients at different transmission depths for
seawater containing suspended matter concentrations of 0.9 and 4.0 mg/L, respectively.
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Figure 3. The mean of the extinction coefficients at different transmission depths for seawater
containing suspended matter concentrations of (a) 0.9 mg/L and (b) 4.0 mg/L.

It can be seen that the extinction coefficient still fluctuates near a fixed value. For a
given concentration, the fluctuation of the extinction coefficient increases with increasing
transmission depth. When the transmission depth exceeds a threshold, the extinction
coefficient fluctuates strongly, which is because the number of remaining photons is too
small. The fluctuation of extinction coefficient is considered reasonable only when the
statistical error can be ignored.

Beer’s Law is described by
Pr = Pze−σz (15)

where Pr is the received laser power, Pz is the emitted laser power, σ is the extinction
coefficient, and z is the transmission depth. The emitted power fluctuates up and down
within the range of 3% of the accuracy of the commonly used optical power meter Thorlabs
PM100D, which will lead to 0.023 m−1 of the fluctuation altitude of the extinction coefficient
calculated by Equation (15). Furthermore, we can calculate the theoretical attenuation
by the empirical formula in [24]. This fluctuation of the extinction coefficient plus the
theoretical extinction coefficient is considered as the upper limit, and theoretical extinction
coefficient minus the fluctuation of the extinction coefficient is considered as the lower
limit. The transmission depth when the fluctuation is beyond the limits is considered as the
maximum transmission depth. As shown in Figure 3, the maximum transmission depth in
two seawaters is 62 and 5 m. The large differences between the maximum transmission
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depths for seawater containing different suspended matter concentrations indicate that
the same transmission depth cannot be used for studying extinction coefficients in Monte
Carlo simulation for seawater containing different suspended matter concentrations; to
obtain extinction coefficients with better accuracy, it is important to determine appropriate
transmission depths. The maximum transmission depth in 17 seawaters containing different
suspended matter concentrations was simulated and calculated, as shown in Table 2.

Table 2. Maximum transmission depths in seawater containing different suspended matter concentrations.

Concentration (mg/L) 0.3 0.6 0.9 1.2 1.5 1.8 2.1 2.4 2.7

Transmission Depth (m) 280 113 62 47 31 26 20 18 15

Concentration (mg/L) 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5

Transmission Depth (m) 12 8 5 2 1 3 1 1

According to Beer’s law, the number of photons decays exponentially during the
transmission process. Therefore, it can be inferred that the maximum transmissible depth
also decays exponentially with the increase in suspended matter concentration. To obtain
the mathematical relationship between the maximum transmission depth and suspended
matter concentrations, five types of exponential functions were used to fit the relationships
between the maximum transmission depths and suspended matter concentrations. Table 3
shows the goodness of fit of the five functions.

Table 3. Goodness of fit for different fitting functions.

Functional Form y = AeBx y = eA+Bx y = y0 + A1(1− e−
x
t1 ) + A2(1− e−

x
t2 ) y = y0 + A1e−

x
t1 y = eA+Bx+Cx2

Goodness of Fit 0.968 0.968 0.999 0.982 0.978

The third function provides the best goodness of fit, and is shown as:

y = y0 + A1(1− e−
x
t1 ) + A2(1− e−

x
t2 ) (16)

where y0, A1, A2, t1, t2 were obtained using least squares. The fitting result follows:

Z = 910.6069− 96.01408(1− e−
c

1.40313 )− 814.65708(1− e−
c

0.21554 ) (17)

Figure 4 shows the fitting result of the function. We can see that the trend of sampling
points and curves is basic () ly the same. These data are the maximum transmission depth
at different concentrations when we need to calculate the extinction coefficient by counting
the number of received photons at different depths. If the transmission depth is larger than
this value, it leads to large fluctuation error and inaccurate results.

The maximum transmission depth can be calculated by Equation (17). It can be seen
from Table 4 that the maximum of the relative error is 8%. The relative error is obtained by
dividing the difference between the simulation value and the fitting value by the fitting
value. It is necessary to take this error into account to calculate the maximum transmission
depth. Multiplying the maximum transmission depth in Equation (17) by 0.92 can decrease
the fitting error and meet the maximum transmission depth function.



Remote Sens. 2022, 14, 2565 9 of 16

Remote Sens. 2022, 14, x FOR PEER REVIEW  9 of 17 
 

 

According  to Beer’s  law,  the number of photons decays exponentially during  the 

transmission process. Therefore, it can be inferred that the maximum transmissible depth 

also decays exponentially with the increase in suspended matter concentration. To obtain 

the mathematical relationship between the maximum transmission depth and suspended 

matter concentrations, five types of exponential functions were used to fit the relation‐

ships between the maximum transmission depths and suspended matter concentrations. 

Table 3 shows the goodness of fit of the five functions. 

Table 3. Goodness of fit for different fitting functions. 

Functional 

Form 
B xy A e   A B xy e    1 2

0 1 2(1 ) (1 )
x x

t ty y A e A e
 

       1
0 1

x

ty y A e


   
2A Bx Cxy e    

Goodness of 

Fit 
0.968  0.968  0.999  0.982  0.978 

The third function provides the best goodness of fit, and is shown as: 

1 2
0 1 2(1 ) (1 )

x x
t ty y A e A e

 
       (16) 

where  𝑦 , 𝐴 , 𝐴 , 𝑡 , 𝑡   were obtained using least squares. The fitting result follows: 

1.40313 0.21554910.6069 96.01408(1 ) 814.65708(1 )

c c

Z e e
 

       (17) 

Figure 4 shows the fitting result of the function. We can see that the trend of sam‐

pling points and curves is basic（）ly the same. These data are the maximum transmission 

depth at different concentrations when we need to calculate the extinction coefficient by 

counting the number of received photons at different depths. If the transmission depth is 

larger than this value, it leads to large fluctuation error and inaccurate results. 

0 2 4 6

0

100

200

300

 Maximum Transmission Depth

 Fitting Function

M
ax
im

u
m
 T
ra
n
sm

is
si
o
n
 D
ep

th
/m

Concentration/(mg/L)

 

Figure 4. Maximum transmission depth for seawater containing different suspended matter con‐

centrations. 

Figure 4. Maximum transmission depth for seawater containing different suspended matter concentrations.

Table 4. Comparison between the simulation value of maximum transmission depth and the value of
the fitting function.

Concentration (mg/L) 0.3 0.6 0.9 1.2 1.5 1.8 2.1 2.4 2.7

Transmission Depth (m) 280 113 62 47 31 26 20 18 15

Fitting Function Value (m) 280 112.9 63 43.9 33.7 26.8 21.5 17.3 14

Relative Error 0 0 0.02 0.07 0.08 0.03 0.07 0.04 0.07

Concentration (mg/L) 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5

Transmission Depth (m) 12 8 5 2 1 3 1 1

Fitting Function Value (m) 11.3 7.9 5.4 3.8 2.8 1.9 1 1

Relative Error 0.07 0.02 0.08 0.05 0.05 0.03 0 0

3.3. Influence of Initial Photon Number

In this section, the influence of different initial photon numbers on the mean of ex-
tinction coefficients was simulated and analyzed. The extinction coefficients obtained by
using different initial photons numbers were analyzed for seawater containing different
suspended matter concentrations. Figure 5a,b shows the changes in the simulation extinc-
tion coefficients for different initial photon numbers when the concentrations are 0.9 and
4.0 mg/L, respectively.

It can be seen that the fluctuation of extinction coefficients is large for simulations
using a small initial photon number. However, initial photon numbers that are too large
need larger compute time consumptions and result in low simulation speed. The minimum
initial photon number is determined based on the lower and upper limitation. Table 5
shows the minimum initial photon numbers for seawater containing different suspended
matter concentrations.
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Table 5. Initial photon number for seawater containing different suspended matter concentrations.

Concentration (mg/L) 0.3 0.6 0.9 1.2 1.5 1.8

Initial Photon Number 15,000 30,000 55,000 75,000 105,000 135,000

Concentration (mg/L) 2.1 2.4 2.7 3.0 3.5 4.0

Initial Photon Number 165,000 205,000 255,000 360,000 420,000 600,000

Concentration (mg/L) 4.5 5.0 5.5 6.0 6.5

Initial Photon Number 850,000 1,100,000 1,400,000 1,950,000 2,100,000

According to Beer’s law, the number of photons in the scattering process decays
exponentially. Therefore, five exponential functions were chosen to describe the relationship
between the minimum initial photon numbers and suspended matter concentrations.
Table 6 shows the fitting results of the five functions.

Table 6. Average fitting error of different fitting functions.

Functional Form y = A(1− e−Bx) y = AeBx y = eA+Bx y = y0 + A1(1− e−
x
t1 )+ A2(1− e−

x
t2 ) y = y0 + AeR0x

Goodness of Fit 0.985 0.976 0.976 0.985 0.987

It can be seen that the goodness of fit of the last function provides the best goodness
of fit, but the initial photon numbers are negative at low concentrations. Therefore, the first
function is used and shown as:

y = A(1− e−Bx) (18)

where A, B are obtained by least squares and shown as

N = −105890(1− e0.47813c) (19)

Figure 6 shows minimum initial photon numbers for seawater containing different
suspended matter concentrations. These data are the minimum initial number of photons
at different concentrations when we need to calculate the extinction coefficient by counting
the number of photons received at different depths. If the initial photon number is less
than this value, it leads to large fluctuation error and inaccurate results.
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In the simulation of the laser transmission in seawater, the minimum initial photon
number can be calculated according to Equation (19). It can be seen from Table 7 that
the maximum of the fitting error is 10.8%. The relative error is obtained by dividing the
difference between the simulation value and the fitting value by the fitting value. The
simulation extinction coefficient can be meet the required fluctuation after calculating the
minimum initial photon number multiplied by 1.108.

Table 7. Comparison between the simulation value of minimum photon number and the value of the
fitting function.

Concentration (mg/L) 0.3 0.6 0.9 1.2 1.5 1.8

Initial Photon Number 15,000 30,000 55,000 75,000 105,000 135,000

Fitting Function Value 16,332 33,183 56,941 82,056 111,044 144,503

Relative Error 0.08 0.1 0.03 0.09 0.05 0.07

Concentration (mg/L) 2.1 2.4 2.7 3.0 3.5 4.0

Initial Photon Number 165,000 205,000 255,000 360,000 420,000 600,000

Fitting Function Value 183,123 227,700 279,151 338,538 458,561 610,996

Relative Error 0.1 0.1 0.09 0.06 0.08 0.02

Concentration (mg/L) 4.5 5.0 5.5 6.0 6.5

Initial Photon Number 850,000 1,100,000 1,400,000 1,950,000 2,100,000

Fitting Function Value 804,599 1,050,490 1,362,780 1,759,400 2,263,140

Relative Error 0.06 0.05 0.03 0.108 0.08

In reference [24], the laser propagation characteristics in seawater containing sus-
pended solids with radii of 1~4 µm were simulated, and the number of particles per unit
volume is 109. According to the Moral law, it can be calculated that the concentration
of suspended solids solution is 1.3 × 10−13 mg/L, and the minimum initial number of
photons is 105,890 according to Equation (19). To reduce the influence of fitting error, the
simulated initial photon number is set at 117,326 after multiplying by 1.108 for simulation,
which is much smaller than the initial photon number of 106 given in [24].

Figure 7 shows the normalized received power varies with depths when the initial
photon numbers were set at 117,326 and 106, as used in [24]. In addition, Table 8 shows the
simulation time comparison between the two. Condition 1 is the single simulation time
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when the initial photon number parameter is set at 106, while Condition 2 is the single
simulation time when the initial photon number parameter is set at 117,326.
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Table 8. The comparison of simulation time.

Radius Size (um) 1 2 3 4

Simulation Time_ Condition 1 (s) 113,450.15 110,598.23 108,943.58 104,684.46

Simulation Time_ Condition 2 (s) 3082.87 2998.25 2625.85 2448.94

Simulation Time_2/Simulation time_1 0.027 0.027 0.024 0.023

As shown in the legend, four curves show the variation in the normalized received
power when the initial photon number is 106, as used in [24], and the other four curves
show this same function when the initial photon number is 117,326, as calculated by
our conclusion. It can be seen that the normalized received power obtained using the
two initial photon numbers is consistent, implying that the established relationship is of
better accuracy. Furthermore, the simulation with a smaller initial photon number is of
faster simulation speed. The simulation time can be reduced to less than 3% by using the
conclusion of this study.

4. Experiments and Results

Experiments were carried out to verify the extinction coefficients obtained by the
proposed Monte Carlo model and the established relationships [31]. Table 9 shows the
simulation extinction coefficients obtained by the proposed Monte Carlo model based on
the established relationships between the maximum transmission depth, minimum initial
photon numbers, and the suspended matter concentration.

Table 9. Simulation extinction coefficient under different concentrations.

Concentration (mg/L) 0.3 0.6 0.9 1.2 1.5 1.8

Simulation Extinction Coefficient (m−1) 0.0511 0.1023 0.1550 0.2047 0.2553 0.3057

Concentration (mg/L) 2.1 2.4 2.7 3.0 3.5 4.0

Simulation Extinction Coefficient (m−1) 0.3581 0.4097 0.4591 0.5118 0.5956 0.6781

Concentration (mg/L) 4.5 5.0 5.5 6.0 6.5

Simulation Extinction Coefficient (m−1) 0.7676 0.8529 0.9347 1.0220 1.1049
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4.1. Experimental Setup

An experiment platform was set up to obtain the extinction coefficient [32–34]. Figure 8
shows a schematic diagram of the experimental platform, which consists of a pulsed laser,
filter, glass water tank, optical power meter, and data acquisition system. The laser emitted
532 nm laser radiation, which was attenuated by a neutral filter. Then, the attenuated laser
passed through a glass tank containing simulated seawater containing different suspended
matter concentrations and was detected by an optical power meter. The seawater was
simulated using pure water and Al(OH)3 suspended matter. The output of the optical
power meter was acquired by the data acquisition system. The data obtained were analyzed
to calculate the extinction coefficients.
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Figure 9 shows the experimental platform [35,36]. Table 10 shows the models of
equipment used in the experiment [37,38]. In the experiments, the extinction coefficients of
the 532 nm laser for simulated seawater containing different concentrations of suspended
matter were measured and compared with simulated results.
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Figure 9. Experimental platform.

Table 10. The models of equipment used in the experiment.

Equipment Laser Filter Optical Power Meter

Model MPL-H-1064 nm-20 uj-19112652 FL532-3 PD300-TP

4.2. Results

In the experiments, firstly, the power of the laser is 2.3 mW when the glass sink is
empty, which is considered as the power of the transmitted laser, excluding the influence of
the experimental equipment and air on the extinction coefficient. Secondly, the power of the
laser transmitting through the glass tank filled with simulated seawater containing different
suspended matter concentrations was measured by the optical power meter and referred
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as the received powers. The experimental extinction coefficient of the simulated seawater
was calculated by Equation (15). Table 11 shows the experimental and simulated and error
of extinction coefficients for the simulated seawater containing different suspended matter
concentrations.

Table 11. A side-by-side table with experimental and simulated and error of extinction coefficients of
the simulated seawater containing different suspended matter concentrations.

Concentration (mg/L) 0.6 1.2 1.8 2.4 3.0 5.0 6.0

Experimental Extinction Coefficient (m−1) 0.1293 0.2280 0.3115 0.3916 0.4981 0.8809 1.0297

Simulation Extinction Coefficient (m−1) 0.1023 0.2047 0.3057 0.4079 0.5118 0.8529 1.0220

Error Value (m−1) 0.027 0.0233 0.0058 0.0163 0.0137 0.028 0.0077

Figure 10 shows the comparison between the experimental extinction coefficients
and those obtained by simulation using the proposed Monte Carlo model based on the
established relationships. It can be seen that the two lines are quite consistent. The absolute
values of the difference are almost zero, implying that the proposed Monte Carlo model and
the established relationship between the maximum transmission depth and the minimum
initial photon number were verified by using another method.
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5. Discussion

In the previous study on laser transmission simulation, the transmission depth and
initial photon number are set by experiences without reference, which affect simulation
accuracy and increase simulation time consumption. In this paper, a Monte Carlo model
of laser propagation in seawaters with suspended matter was established to study the
influence of suspended matter on the underwater laser propagation based on the Mie
scattering theory. The following conclusions were reached:

• The transmission processes of 532 nm laser in seawater containing different concentra-
tions of particles were simulated by the Monte Carlo model.

• The effects of different transmission depths and different initial photon numbers on
the fluctuation of laser extinction coefficients were analyzed. The upper and lower
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limits of extinction coefficients were calculated based on the detection accuracy of the
commonly used optical powers. The relationship between maximum transmission
depths and minimum initial photon number under different concentrations was
obtained by a series of Monte Carlo simulations.

• By applying the conclusion of our study to reference [24], it can be found that the
initial photon number is greatly reduced, and there is no unacceptable influence on
the simulation results. The difference between the two is almost zero. Comparing the
simulation time before and after in [24], the simulation efficiency can be improved
by 97%.

• Experiments were carried out to compare the extinction coefficients obtained by
using the proposed Monte Carlo model and the extinction coefficients obtained by
experiments. The two attenuations are basically consistent, implying the two fitting
functions described in Equations (17) and (19) obtained in this paper are reliable and
can also provide a basis for parameter setting of maximum transmission depth and
minimum initial number of photons in future simulations.

6. Conclusions

In this paper, the laser transmission simulation of single-size suspended solids solution
is realized, and the simulation and experiment cover the concentration of 0.3–6.5 g/mL.
The fitting function can be extended to the study of marine data with lower or higher
concentration. The aperture of the receiver set in this simulation is small and the accuracy
of the optical power meter is high. The relationship between the extinction coefficient with
the maximum transmission depth and the minimum initial photon number can provide
guidance for most laser transmission simulations. The theoretical methods in this paper
can also be extended to the study of suspended particles with other radii. These works
have a certain reference value for the Monte Carlo simulation of laser propagation in the
ocean, which can help to improve simulation accuracy and reduce simulation time.

In conclusion, the research of this paper provides two contributions. First, the paper
provides a reference to set the transmission distance and the initial number of photons for
Monte Carlo simulation of underwater laser transmission. Second, the minimum initial
photon number calculated by the fitting function can reduce the simulation time and
improve the efficiency while ensuring the accuracy of the result.
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