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When a laser is transmitted in fog, and the water droplets will scatter and absorb the laser, which affects the intensity
of the laser transmission and the accuracy of radar detection. Therefore, it is of great significance to study the laser trans-
mission in the fog. At present, the main method of calculating the scattering and attenuation characteristics of fog is based
on the radiation transmission theory, which is realized by a large number of numerical calculations or physical simulation
methods, which takes time and cannot meet the requirements for obtaining the fast and accurate results. Therefore, in this
paper established are a new laser forward attenuation model and backward attenuation model in low visibility fog. It is
found that in low visibility environments, the results calculated by the Monte Carlo method are more accurate than those
from most of the existing forward attenuation models. For the cases of 0.86-um, 1.06-pm, 1.315-pum, 10.6-pm typical
lasers incident on different fogs with different visibilities, a backscatter model is established, the error between the fitting
result and the calculation result is analyzed, the backward attenuation fitting parameters of the new model are tested, and a

more accurate fitting result is obtained.

Keywords: Mie theory, Monte Carlo method, engineering model, multiple scattering, error analysis

PACS: 42.55.f, 42.62.-b, 42.68.Jg, 42.68.Ay

1. Introduction

Fog is a common natural phenomenon. It can reduce vis-
ibility and affect the transmission of electromagnetic waves,
thus seriously influences our production and life. Studying
the scattering and attenuation characteristics of lasers in fog,
one can effectively analyze the environmental noise in terms
of target recognition, and can set the transmission power effi-
ciently in terms of signal transmission, which is of great sig-
nificance for precisely guiding the laser weapons and signal
transmission. [!!

In order to enable rapid application of attenuation and
scattering models in battlefields and communication, more and
more scholars devoted much effort to establishing appropriate
engineering models. Yang et al.!”! compared the calculation
results from the Mie theory with the results from the empiri-
cal model of attenuation and found that it is more appropriate
to use the Mie theory to predict the attenuation of haze parti-
cles in the stratospheric atmosphere in the near-infrared band.
Wang and Gaol®! proposed an empirical model which covers
the information such as measuring distance and receiving an-
gle of view, derived the relationship between laser attenuation
coefficient and visibility in foggy weather, and presented a
method of measuring distance and receiver angle of view and
a new empirical formula for other information. Li et al.,¥!
proposed a fog attenuation engineering calculation model by
taking into account the electromagnetic wave frequency, tem-
perature, emission angle and other parameters. This model

DOI: 10.1088/1674-1056/abddab

has few input parameters and is easy to calculate. Especially
the attenuation when the incident frequency is greater than
50 GHz is considered. Wu Z S and Wu TP! calculated and
analyzed the backscattering rates and transmission attenuation
of two lasers (1.06 um, 10.6 um) in the fog under low visibil-
ity, provided a simple statistical empirical model, and found
that the 10.6-pm wavelength laser penetrates strong perme-
ability; the smaller the visibility, the faster the laser will decay
to a stable transmittance. Zhang ef al.!% established a Gaus-
sian beam model and verified it by using Monte Carlo method.
Zhong et al.!"! established and analyzed the attenuation formu-
las of five wavelengths. Li et al.!® proposed a radar ranging
model in a fog environment after analyzing the relationship
among visibility, electromagnetic waves, and reflectivity in a
fog environment. Zhao ez al.”! considered the antenna radia-
tion noise and characteristic of temperature increasing in the
constructed radar detection range model under the influence
of fog attenuation. Shah et al.l'% considered the problem of
the last mile of optical communication in free space and used
visibility as a measurement index. They established an engi-
neering model for laser transmission in the fog, and compared
it with other models, and analyzed the difference in parameter
between models.

At present, the main methods of calculating the scatter-
ing and attenuation characteristics of fog are based on the ra-
diation transmission theory. The particle nature of photons
is used by the Monte Carlo method, finite element method,

*Project supported by the National Natural Science Foundation of China (Grant Nos. 61571355 and 61401342).

fCorresponding author. E-mail: yhcao@mail.xidian.edu.cn
© 2021 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

064206-1


http://dx.doi.org/10.1088/1674-1056/abddab
yhcao@mail.xidian.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B  Vol. 30, No. 6 (2021) 064206

and discrete coordinate method. These methods are mainly
achieved through a large number of numerical calculations or
physical simulations. On the one hand, if you want to obtain
accurate calculation results, it is inevitable to spend a lot of
calculation time. On the other hand, for most aerosols, the
main characteristics that affect attenuation and scattering are
due to visibility. At the same time, in laser guidance and li-
dar detection, the calculation speed and response speed are the
main factors influencing the military applications, so it is ur-
gently needed to establish an engineering model for the rapid
calculation and carry out related research. Therefore, on the
basis of previous research, in this paper Monte Carlo method
is used to calculate the laser attenuation and scattering charac-
teristics in low-visibility fog, and the attenuation model with
various laser transmission in fog is compared with the Monte
Carlo method. For the incidences of laser beams with several
typical wavelengths, an attenuation model under low visibility
is proposed. Finally, for several types of typical lasers incident
on different fogs with different visibilities, a backscattering
model is established, and the error between the fitting results
and the calculation results is analyzed.

2. Size distribution of fog

Fog is a colloidal system consisting of slowly sinking wa-
ter droplets and ice crystals suspended in near-ground air.!'!]
According to the weather conditions forming fog, fog can
be divided into radiation fog, advection fog, frontal fog, and
mixed fog. The advection fog is the fog formed when the
warm air moves to the cold underlying surface. The sea fog
is usually advection fog. Radiation fog is mainly caused by
ground radiation cooling, inland fog is usually radiation fog.

The droplet of fog size changes with time and space. The
spherical particles that make up of the droplets of fog are
mostly ice crystals and small water droplets. The distribution
of these particles is uneven, but overall they can have a certain
size distribution. Although the spatial and temporal change of
the cloud spectrum distribution vary greatly, they can all be
expressed by various distributions, among which most used is

the Gamma distribution!!2!

n(r) :arae*brﬁ7 (1)

where n represents the number of fog droplets within the inter-
val of unit volume and unit radius, r denotes the radius of fog
droplet, generally the effective radius, W refers to the water
content, V is the visibility and its value is determined by the
size distribution of the mist.

Using the empirical relationship between the advection
fog water content and visibility, we can obtain the relationship
between the advection fog droplet size distribution and visibil-
ity or water content as follows:

n(r) = 1.059-10"V 15,2 exp(—0.8359v %4 )

= 3.73-10°W 08042 exp(—0.2392w 0301 ). (2)

Similarly, the relationship between the droplet size distribu-
tion of the radiation fog and the visibility or water content is
obtained and written below:

n(r) = 3.104-10"°Vv! 7% exp(—4.122V">*r)
= 5.400- 10"W 1102 exp(—0.5477W 031 (3)

From Fig. 1, it can be seen that, generally speaking, the size
distribution at the wavelengths of 0.86 pum, 1.06 um, and
1.315 pm vary substantially with the visibility, while the size
distribution at the wavelength of 10.6 um changes drastically,
and under the same visibility, the size is much smaller than
those at the remaining wavelengths. The sizes at these wave-
lengths in the radiation fog are also larger than that of the ad-
vection fog under the same visibility.
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Fig. 1. Variation of advection fog and radiation fog size distribution with
visibility: (a) advection fog, (b) radiation fog.

3. Laser attenuation and scattering characteris-
tics in fog
3.1. Mie theory and Monte Carlo method

In 1908, Gustow Mie formed a theory in this area in order
to understand the mechanism by which suspended colloidal
gold particles absorb and scatter different colors of light in
water. Mie theory can calculate the exact solution of electro-
magnetic wave scattering caused by dielectric balls. It can be
obtained that the attenuation cross section and scattering cross

section of cloud particles are!'?!

= (A?/27) i 2n+1){Re(a, +b,)}, 4)

n=1
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o, = (A%/2m) Z 2n+1)(|an)* + |ba]?), 5)

where A is the wavelength, a, and b, are the Mie scattering
coefficients. Using parameters such as size parameters and
refractive index of the medium, we can obtain the single scat-
tering coefficient and single attenuation cross section of the
droplet particles throughsimulation.

The Monte Carlo method treats the problem of radiation
transmission by regarding the incident light and the particles in
the medium as interacting dispersed particles. There are two
situations of scattering and absorption in the transmission of
photons in random media. The escape phenomenon occurs
at the boundary, and multiple scattering occurs throughout.
The process can be described by Markov process. That is, the
transfer of the photon sequence is related only to the previous
scattering each time.

The weight function is given below:

Im+1 —Zm
cos 6,

Wins1 = exp {—ca ] n(cosBy). 6)
The initial weight of photon Wy = 1, the angle 6; is the an-
gle between the i-th scattering direction of the photon and the
z-axis. The estimated function is then as follows:

- - hfzm
o= nZ BPn = mZ:,OWm exXp |:Ct cos em:| ' 77(005 em)

n=0

<[ In—z)n(). )

=1

It is an unbiased estimate of photon transmittance. In the same
way, the following equation is obtained:

[} =) O_Zyn
Pr - mg] Pm - mgl Wmexp |:_CtC0S em:| "’1(—005 em)
x[In(h—z)n(z). (8)

=1

It is an unbiased estimate of reflectivity. In the formula, the ex-
ponential part represents the probability with which the photon
directly penetrates the cross section from the m-th scattering
and is not absorbed. The angle 6; is the angle between the i-th
scattering direction of the photon and the z axis.!"* Let T be
the average transmittance and expressed as

1 N
and let R be the average reflectance and given as
1 N
=S LA (10)

On this basis, in this paper, through the statistical analysis of
P, the distribution of the number of reflected and transmitted
photons in the spatial angle can be obtained.

3.2. Validation of calculation results from Monte Carlo
method

According to the medium parameters and the correlation
coefficient obtained by Mie theory, the Monte Carlo method
can be used to write the program to calculate the scattering
and attenuation. This subsection focuses on verifying the scat-
tering results, summarizing the Monte Carlo method, and pro-
viding a basis for the subsequent calculation model.

Used in Fig. 2 are the following parameters: medium
thickness d = 0.02 cm, particle asymmetry factor g = 0.75,
albedo wy = 0.9, zero-degree incident angle (normal inci-
dence). Figure 2 shows the comparison between the calcula-
tion results from Monte Carlo method in this paper and the cal-
culation results in Ref. [15]. On the whole, the fitting results
of the two are similar, indicating the accuracy of the calcula-
tion results in this paper. In the backscattering, the calculation
results in this paper are relatively smoother than the results in
the literature. After analysis, it is found that there is an error
in the literature with fewer sampling points and fewer photons.
Therefore, this paper adopts a unified approach to the photon
number: 10° to improve the accuracy of calculation.
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Fig. 2. Comparison of scattering data.

The modeling method of laser attenuation and scattering
is mainly realized by function fitting. Function fitting is the
process of connecting a series of points on a plane by using a
smooth curve. In this paper, Origin software is mainly used
to fit the attenuation model of laser transmission in fog, and
Matlab is used to fit and analyze the backscattering model of
laser transmission in fog.
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Combining the fitting formula in the literature,!'%2% it is
not difficult to see that the model formula for fitting the at-
tenuation A caused by the laser transmission in the fog can be

expressed as a general formula
A=aX"?, (11)

where X can be taken as visibility V or water content W, a and
b are fitting parameters, corresponding constants are taken ac-
cording to different wavelengths, and different values of a and
b can be selected in sections according to different visibility
ranges to achieve better fitting results.

In this paper, the Monte Carlo method is also used to cal-
culate the attenuation of the visibility range of 0.01 km—10 km
under the incidence of 10.6-um wavelength laser. The least
square method is used to fit the calculation results by using
Eq. (11), and two types of fog (advection fog, radiation fog)
forward attenuation fitting formulas as follows:

A =11.82919V 1324 db /km for advection fog,
A =3.43284y 155815 db /km for radiation fog. (12)

It is not difficult to see that under the incidence of 10.6-pm
wavelength laser, various models can be compared. Figure 3
shows the curves drawn from the Kruse attenuation model cor-
rected by Kim er al.,['” the model proposed by De Boer et
al.,"8 the model proposed by Vasseur and Gibbins,!'”! and
Zhao et al.,””! other models, and also the calculations by the
Monte Carlo method.

104
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102t\‘\\i\\\\%0

10" o Kruse \N\, TN

—e— Vasseur

advection fog  (a)
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100k .
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10-1p >~ MC
McCoy J H |
1072 : ; o
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104F
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Fig. 3. Comparison among various models in (a) advection fog and (b) ra-
diation fog.

As can be seen from Fig. 3, the overall advection fogs
in all kinds of fitting curves have slightly larger differences,

for all kinds of radiation fogs the calculations are close to fit-
ting curves, which is mainly due to the fact that neither Kruse
model nor McCoy J H model distinguishes between advection
fog and radiation fog, and by contrasting several curves it can
be seen that the calculation results from the models are closer
to the calculation results of radiation fog. From Fig. 3(a), in
the model proposed by Kruse, McCoy J H et al., the attenua-
tions are smaller than other results. The results from Vasseur,
McCoy J H et al’s model, and the calculations from the Monte
Carlo method in this paper are very close. It can be seen
from Fig. 3(b) that all kinds of calculation results are relatively
close to each other, in which the model proposed by Kruse et
al. adopts piecewise fitting. Compared with other curves, the
calculation results are lower when the visibility is less than
0.1 km and greater than 1 km. The other models, both exper-
imental and computational, are very close, which shows the
accuracy of the monte Carlo method in this paper. At the same
time, compared with other models, the Monte Carlo method is
much consistent with with the actual situation of low visibility
because it takes the multiple scattering into consideration.

4. Model of laser attenuation and scattering in
fog

4.1. Attenuation model based on Monte Carlo method

On this basis, in this paper investigated are the transmis-
sion attenuation characteristics of laser transmission in advec-
tion fog and radiation fog at several other typical wavelengths
(0.86 um, 1.06 pum, 1.315 pwm) with visibility in a range of
0.01 km-10 km.

_5 10? (a) —=— 0.86 pm
T Ahe —+— 1.06 um
T 107 ey 1.315 ym
8 , 0‘\%% ——10.6 pm
g 10 r:_*:&‘* 0.
g 1o} o
+
I}
E 100k
£ 0 dection f .
adection 10,
g 10—1 .g L T
102 10-1 100 10!
Visibility (km)
10t (b) 0.86
- . pm
10° 0\%\0 —— 1.06 pm
1.315 um

—o— 10.6 pm

Y
\o\%
102k ‘N\%\Q
=Y
- ﬂhﬂ““““"‘*i._

10!

N

Attenuation rate (db/km)

109¢ \0\0\0
radiation fog
10—1 ! !
102 101 100 10!

Visibility (km)

Fig. 4. Variation of attenuation rate with visibility in (a) advection fog and
(b) radiation fog at different wavelengths.
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As can be seen from Fig. 4, when the other wavelengths
are incident the change of attenuation curve is similar to when
the 10.6-um wavelength laser incidence, especially when the
visibility is greater than 1 km, the main difference exists
when the visibility is less than 1 km, and the wavelength is
longer, and the attenuation is greater. Comparing Fig. 4(a)
with Fig. 4(b), it can be seen that the attenuation curve of ad-
vection fog changes more smoothly than that of radiation fog.

Figure 5 shows the comparison of the single scattering
in advection fog and radiation fog at different wavelengths
with the multiple scattering results calculated by Monte Carlo

104 -
(a) —0— 10.6 pm multiple

—4A— 10.6 pm single
—v— 1.315 pm multiple
—0— 1.315 pm single
—0— 0.86 um multiple
—#— 0.86 um single

A

103F

102

101 -

Scattering intensity (db/km)

100 L
4
advection fog N
101 — : :
10—2 101 100 10t

Visibility (km)

method. As can be seen from Figs. 5(a) and 5(b), in the case
of low visibility, the attenuation rate of single scattering is
smaller than that of multiple scattering, and as the visibility
increases, the two gradually become similar. As can be seen
from Fig. 5(b), in the radiation fog, the overall attenuation of
single scattering is smaller than that of multiple scattering.
This is because in the case of low visibility, the single scat-
tering attenuation underestimates the overall attenuation, we
need to use the Monte Carlo method to calculate the attenua-

tion in the case of less visibility.

(b) —— 10.6 pm multiple
—A— 10.6 pm single
—w— 1.315 pm multiple
—O— 1.315 um single
—0— 0.86 pm multiple
—%— 0.86 pm single

103 ¢

102 L

101}

100k

107] L

Scattering intensity (db/km)

radiation fog

102 101 100 10!

Visibility (km)

Fig. 5. Comparison of single and multiple scattering between (a) advection fog and (b) radiation fog.

For the incidence of laser with 0.86 wm, 1.06 um, 1.315 wm wavelengths, the slopes of these curves possess constantly
changing characteristics. In order to achieve a more accurate fitting function, the curve is divided into three segments (0.01 km—

0.1 km, 0.1 km—-1 km, 1 km-10 km) to fit.

4.45469y 050024 = 0,01 km < V < 0.1 km,

Advection fog :

Radiation fog :

Advection fog :

Radiation fog :

Advection fog :

—_— T

2.96697V 069641 = 0 1 km <V < 1 km,
2.47742V 093309,

4.45469V 050024 = 001 km < V < 0.1 km,
2.96697V ~0-69641
2.47742y 7095309,

1.86462y ~0-84006
3.10437y 070167
2.69169y ~0-93702

4.04234y 059454 0.01 km <V < 0.1 km,
5.15435y ~03592,
4.10218y ~1.36267,

1.31123v 107782
3.142y 7076892,
2.92898y ~0-9461

(13)
1km <V <10 km,

0.1km <V <1 km,
1 km <V < 10 km,

0.01 km <V < 0.1 km,
0.1 km <V <1 km,
1km <V <10 km,

(14)

s)

0.1km <V <1 km,
1 km <V < 10 km,

0.01 km <V < 0.1 km,
0.1km <V < 1km,
1 km <V < 10 km,

(16)

a7

2.11852V 087984 0 01 km <V < 0.1 km,

Radiation fog :

479611V ~0-63191
3.60448Y 143674,

0.1km <V <1 km,
1km <V < 10 km.

(18)

Figures 6—8 show the forward attenuation results calculated by Monte Carlo method and the numerical results obtained by
Origin piecewise fitting in advection fog and radiation fog at 0.86 um, 1.06 um, 1.315 pum, respectively. Equations (13)—(18)
represent the attenuation functions of advection fog and radiation fog, respectively. It can be seen from the three figures that the
fitting result and the calculation result have a good fit, indicating that the fitting formula basically conforms to the calculation

result.
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Fig. 6. Fitting results of multiple scattering when 0.86-pm wavelength laser is incident in (a) advection fog and (b) radiation fog.
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Fig. 7. Fitting results of multiple scattering when 1.06-um wavelength laser is incident in (a) advection fog and (b) radiation fog.
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Fig. 8. Fitting results of multiple scattering when 1.315-pum wavelength laser is incident in (a) advection fog and (b) radiation fog.

4.2. Backscattering model of laser transmission in fog the engineering model.

For low-visibility environments, backscatter cannot be ig-
nored. Therefore, based on the Monte Carlo method, the data

of low-visibility backscatter are calculated. The key point is

Now, we come to see the incident backward attenuation
fitting results of 0.86-um, 1.06-um, 1.315-pm, and 10.6-pm
wavelength lasers.

The fitting functions of 0.86-pm wavelength laser inci-

to calculate the echo characteristics of several typical wave-  dent to advection fog and radiation fog attenuations are as fol-
lengths, and then use MATLAB to simulate the data to obtain lows:

log(R)

log(R)

h

—13.71V —0.9257
( Jexp (3733e

772506 3733> +0.5661V 4+0.05,  0.01km <V < 0.1 km,

h

(3.246¢"/1:232 1 78.37) exp (

1261¢V/1407 — 1225

) —6.198V —83.30, 0.1km <V <1km,

h

—23.07V — 0.2545
( Jexp <—804.

(—0.260e~Y/03671 _9.015) exp (

- -y . <V <<0.
3ev/1286_804> 2.708V —0.0364, 0.01 km <V < 0.1 km,

h
1001e-V/169% 4 1004
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) +1.183V2? —2.926V +7.388, 0.1km <V < 1km,



Chin. Phys. B  Vol. 30, No. 6 (2021) 064206

h
2720V —0.4312 £0.5429V2 —0.831V —0.0902,  0.01 km <V < 0.1 km,
( Jexp <0.0084ev/0-0003 - 0.1729) m=rsniEm
log(R) N
~V/2248 _ B 2 _ <y <
(361.1¢ 360.7) exp <0.4006ev o +0.6796> 0.0318V2 —2.467V — 1.834, 0.1km <V < 1 km,
h
_14.46V — 1.382 0.4853V2 — 1.313V +0.6145, 0.01km <V <0.1k
( Jexp (—0.0462ev/0-0064 - 0.3052) * * ’ m=r=nlm
log(R) A (20)
-V /1601
(—88.49e~"/1601 1 86.11)exp (2.42664/0'0470 - 0.7591> 1262V +0.3315, 0.1km<V < 1km,
h
~19.98V —2.791 234912 — 4.819h+1.943, 0.01 km <V < 0.1 km
( Jexp (—0.3922ev/0-0218 —0.2933 ) * L%, m=v= ’
log(R)
V/1515 _ h _ 2_ _
(31.45¢ 11.34) exp 9.21V2-22.97V-21.80, 0.1km<V < 1 km,
317.2eV/1314 - 303.1
h
—19.78V —2.611 214112 —4.397h+1.997, 0.01 km <V < 0.1 km,
( Jexp (0.31216—‘//0‘0209 0.3011) * + m=r=nlm
log(R) h 1)
—8.793¢V/649% 1 6 548
( ¢ TO.38)exp | o000 02025
~1.190V3 4+ 3.200V2 — 3.363V+0.1636, 0.1km<V < 1km,
h
0.8465V — 0.0212 5.386V—6.917, 0.01 km <V < 0.1 km,
( Jexp (969.3ev/480~9 - 958.9> + m=ysnim
log(R) N
V/1.196 _ _ 2_ — <V<
(8.357¢ 10.17) exp (22.38&/2'419 20.54) 5.449V2 — 5.158V — 4.504, 0.1km <V < 1 km,
h
. —0. . —0. . <V <0.
(0.8465V — 0.0212) exp (969.3&/480_9 - 958_9> 15.386V—6.917, 0.01 km < V < 0.1 km,
log(R) h (22)
(8.357¢"/119 _10.17) exp —5.449V% —5.158V —4.504, 0.1km <V < 1 km.
22.38¢V/2419 _ 20 54

Each group of wavelengths corresponds to four graphs, as shown in Figs. 9-12, from left to right and from top to bottom,
respectively are ten attenuation curves in advection fog with visibility in a range of 0.01 km—-0.1 km; in advection fog, visibility
in a range of 0.1 km—1 km has ten attenuation curves; ten attenuation curves with visibility in the range of 0.01 km—0.1 km are
in radiation fog; ten attenuation curves with visibility in the range of 0.1 km—1 km are in radiation fog. From top to bottom are
the distributions of increasing visibility.

0
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x
% —2.0
2
—3.0
advection fog radiation fog o
. radiation fog
—4.0 V: 0.1-1 km V:0.01-0.1 km V: 0.1—1 km
0.2 0-4h o608 10 02 04 06 08 10 02 04 06 08 1.0 702 04 06 08 1.0
(km) h (km) h (km) h (km)
Fig. 9. The 0.86-pum wavelength laser incident backward attenuation fitting.
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Fig. 10. The 1.06-pum wavelength laser incident backward attenuation fitting.

064206-7



Chin. Phys. B Vol

30, No. 6 (2021) 064206

—0.6
—08 s===== —1.2
__ —1.0% ~
K12 g 20 X
g-14 2 28 g
—1. —1. . .
6 advection fog 36 advection fog 1.4 / radiation fog radiation fog
-1.8 Vi 0.01—0.1 km ' Vi 0.1—1 km V: 0.01—0.1 km V:0.1—1 km
—2.0 _ -1.8 |
02 04 06 08 1o 4 0.2 04 0.6 0.8 1.0 02 04 06 08 1.0 02 04 0.6 08 1.0
h (km) h (km) h (km) h (km)
Fig. 11. The 1.315-pum wavelength laser incident backward attenuation fitting.
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g . < ¥ s
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Fig. 12. The 10.6-um wavelength laser incident backward attenuation fitting.
5. Error analysis of laser backscattering model  the error is very small, the fitting result is close to the calcula-

in fog

In the MATLAB fitting process, there are four important
fitting parameters in each set of fitting curves: sum of square
error (SSE), root mean square (RMSE), coefficient of determi-
nation (R-square), sdjusted R-square.

The error values of various fitting data are separately cal-
culated and they are compared with each other as shown in
Figs. 13-16.
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0.04

0.02

0.86 um 1.06 um
H SSE (0.01-0.1)
H SSE (0.1-1)

1.315 ym 10.6 pm
H RMSE (0.01-0.1)
H RMSE (0.1-1)

Fig. 13. Square sum and root-mean-square statistics of advection fog error.
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m SSE (0.1-1) H RMSE (0.1-1)

Fig. 14. Square sum and root-mean-square statistics of radiation fog error.

The histogram under each wavelength represents in
turn from left to right SSE (0.01-0.1), RMSE (0.01-0.1),
SSE (0.1-1), and RMSE (0.1-1). It can be seen from Figs. 13
and 14 that SSE and RMSE are very close to 0, indicating that

tion result. And comparing the two figures, it can be seen that
the fitting in the case of radiant fog is more accurate than in the
case of the advection fog. The error of the fitting result when
the 10.6-um wavelength laser is incident is slightly larger, but
the error value is still less than 0.1.

The histogram under each wavelength represents in
turn from left to right R-square (0.01-0.1), adjusted R-
square (0.01-0.1), R-square (0.1-1), and adjusted R-
square (0.1-1). As can be seen from Figs. 15 and 16, the
R-square and adjusted R-square are very close to 1 in both
the advection fog and the radiation fog, indicating that the fit-
ting results are very close to the overall calculation results, and
the fitting error is very small. The fitting error of the 10.6-pm
wavelength laser is slightly larger, but the R-square and ad-
justed R-square are also above 0.9.

0.86 ym  1.06 ym 1.315 pm 10.6 pm

B
oo
SIS R=IN)

H R-square (0.01—0.1) M adjusted R-square (0.01—0.1)
B R-square (0.1—1) B adjusted R-square (0.1—1)

Fig. 15. Statistics of determination coefficient of advection fog.

0.86 ym 1.06 ym 1.315 pm  10.6 pm
B R-square (0.01—0.1) M adjusted R-square (0.01—0.1)
H R-square (0.1—1) B adjusted R-square (0.1—1)

1.05
1.00
0.95
0.90
0.85

Fig. 16. Statistics of determination coefficient of radiation fog.

064206-8



Chin. Phys. B  Vol. 30, No. 6 (2021) 064206

6. Conclusions

In this paper, combining the theory and practice, the laser
transmission characteristics in fog are studied, and the engi-
neering model of laser transmission in fog is established. The
forward attenuation model of laser transmission in a common
fog environment is summarized, and the results of the 10.6-
pum wavelength laser calculated by Monte Carlo method in this
paper are compared. The results from the model proposed by
Vasseur, McCoy J H and others and the Monte Carlo method
are investigated in this paper. These results are very close to
each other and basically the same, and their change trends
are the same, which verifies the correctness of the model in
this paper. On this basis, the incident lasers of several typi-
cal wavelengths are fitted to the attenuation before and after
transmission in fog by using Origin software, and the engi-
neering model is obtained. Considering the effect of low vis-
ibility echo characteristics on laser detection, the MATLAB
is used to calculate the backward attenuation, an engineering
model is obtained. And the fitting error is analyzed in both
advection fog and radiation fog. The calculation results, R-
square and adjusted R-square are very close to 1, indicating
that the fitting result is very close to the calculation result as a
whole, and the fitting error is very small. The fitting error for
the case of the 10.6-um wavelength laser is slightly larger, but
the R-square and adjusted R-square are also above 0.9. The
results show that the engineering model fits the calculation re-

sults well and has strong application value.
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