A4 B 11
2015 4 11 A

T ¥ R
ACTA PHOTONICA SINICA

Vol. 44 No. 11
November 2015

doi:10. 3788/gzxb20154411. 1101001

MOEHE = %5 AL Hin 0 TH e ik

TR, THEL,EAE
(pEZS 2 ST BE, RS 3 FH 471009)

i EHRTRA>TFTRE=EETFTIAHELGRK S KHZA R, KA Kruse BA | F R HF LM%
Fo R FEEFFATHRIAAZTRRAGZA = F 50,86 um B KB 69 H RAF M, 4R AW 4 LE D
F 0.5 km it ,Kruse AR FEA TEFH LR T E e LA R o, 8 b &2 a9 2 R B EME
RRTEHFEAOGALER, FHEAAEMEBMF B, = 530,86 um Jk K gk & F o £ RS E ML
RPMTFEHFFEOGALER A —RALETHELIALAZ ARG AETFT, HAFRG 258D, 5548
FRE A st il R AF 69 % v R 2.

KB B H; =F; AR, FHFTE; LA

FESES 0432, 1 X kAR A XEHE.1004-4213(2015)11-1101001-7

Extinction Characteristic of Laser Transmitted in Fog

REN Hong-guang, YU Hai-shan, HUO Li-jun
(China Airborne Missile Academy s Luoyang, He'nan471009, China)

Abstract: The absorbing and scattering of laser beam by air molecules and fog particles were studied.
Kruse model, single scattering approximation and Monte-Carlo simulation were adopted to calculate the
extinction characteristics of three types of fog irradiated by near infrared laser of 0. 86 um wavelength,
the results show that Kruse model is not applicable to calculate the extinction coefficient when the
visibility is lower than 0.5 km. The extinction coefficient from the single scattering approximation with
lower precition is larger than that from the Monte-Carlo simulation in the same visibility, which means a
lower transmission at the same distance. The difference of extinction characteristic of three types of fog is
so small in the same visibility that the influence of the size distribution of fog particle on it is not obvious.
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0 Introduction

Since its unique advantages such as high range
resolution, low side lobe effect and superior ability to
resist  electromagnetic  interference over  other
electromagnetic waves, laser has been used widely in
the field of laser radar, laser communication systems
and laser-guided weapons, etc. However, detection
system based on laser has its disadvantages. Compared
with microwave and millimeter wave, laser is sensitive
to fog interference, which means laser is easy to be

absorbed or scattered by fog particles suspended in

air''*, Absorbing and scattering by fog particles will
lead to reduction of intensity collected by receiving
systems of laser radar or laser-guided weapons, so it is
significant and practical to study the extinction
characteristic of laser transmitted in fog.

Although the influence of fog extinction is
significant, theoretical analysis and calculation of it are
not easy due to parameters that complicate the
transport process, such as multi-scattering in fog,
particle size distribution, volume density of particles

3-4]

and optical constant of incident laser™*, etc. During

the past few decades, several methods including
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Monte-Carlo simulation, single scattering
approximation and solo mean diameter method have
been proved to be effective to study the extinction
characteristic of fog by researchers both at home and
abroad™ .

laser radiation of 0. 532um wavelength in fog, and the

Shen™ established the attenuation model of

attenuation characteristic in different visibilities were
simulated then. Liu™' studied the effect of atmospheric
aerosols on laser transmission attenuation, and the
numerical results of different kinds of aerosols were
given in his article. Both Shen and Liu adopted the
method of single scattering approximation, which is not
Wang'?  studied the

transmission characteristic of laser when transmitted in

applicable in dense fog.
aerosols, but little attention was paid to the influence
of particle size distribution.

In this paper,

characteristics by air molecules and fog particles were

absorbing and  scattering
studied. By using the methods of Kruse model, single
scattering approximation and Monte-Carlo simulation,
extinction coefficients and transmittance of laser beam
of 0. 86um wavelength in fog were calculated and
simulated in different visibilities. Then the results
calculated by methods mentioned above were compared
and analyzed. Finally, the influence of particle size

distribution on extinction was also analyzed.

1 Phenomenon of fog and its particle
size distribution

It is admitted in meteorology, that fog exists when
the visibility is reduced to less than 1 km and the
relative humidity of the air is brought to the saturation
level (close to 100%). The phenomenon of fog is
constituted of a huge quantity of small spherical water
droplets suspended in the air. Fogs are characterized by
several parameters such as liquid water content,
particle size distribution, average particle size and
volume density of particles. Several types of fog can be
distinguished according to their formation mechanism,
but generally convection fog and advection fog are the
most typically encountered types in nature’!.

Convection fog appears when the air is sufficiently
cool and becomes saturated, it is a fog which generally
appears during the night and at the end of the day.
Particle diameters of convection fog are usually
concentrated around 4pm while the liquid water content
varies between 0. 01 g/m’ and 0.1 g/m’. Advection fog
is formed by the movements of wet and warm air
masses above colder maritime or terrestrial surfaces. It
is characterized by a particle radius around 10 ym and a
liquid water content higher than 0.2 g/m*™.

All the optical characteristics of aerosols are

related to their describing parameters, among which

the most important one is the particle size distribution.
Generally the distribution of particle radius is different
as the weather condition changes and it is usually
described by analytical functions such as the lognormal
distribution in the case of atmospheric aerosols and the
generalized gamma distribution in the case of fog.
Generalized gamma distribution is used widely to model

the various types of fog and clouds while the expression
8-9]

is written as"

n(r)=ayr“exp (—b,r") (@D
where n(r) equals the number of particles per volume
unit and per increment unit of the particle radius r. ay
and b, are distribution coefficients while o4 and g, are
distribution indices. For three types of fog, the
distributions of them are shown in Fig. 1 and the

correlative parameters are given in Table 1.
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Fig. 1 Particle size distributions of three types of fog
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Table 1 Correlative distribution parameters for

convection fog and advection fog

Type of fog aq by aq Ba
Convection fog 500X 10° 3.5 2 0. 45
Advection fog 100X 10° 2.2 2 0. 40

Another fog 300X 10° 2.85 2 0.42

2 Calculation of extinction coefficient
of laser transmitted in fog

The transmission of laser radiation through the
atmosphere is described by the Beer-Lambert law'"*""
PQ,d)
Px,0)

where () is the total transmittance of laser radiation,

(A,d)= =exp [—p ) + d] (2)

P (X, 0) is the initial power emitted from the
transmitter and P (A, d) is the measured power at
distance d from the transmitter. g, (1) is the total
extinction coefficient per length unit, which represents
the extinction effect on laser radiation. It is composed
of the effects of scattering and absorbing which is
expressed as''*!]

) =, () 6, (D) +a, (D) +8.(D (3)
in which a, and a, denote the molecular and aerosol
absorption coefficient respectively, while 8, and B, are
molecular and aerosol scattering coefficient.

2.1 Extinction of air molecules

As mentioned in Eq. (3), extinction caused by air
molecules includes the effects of scattering and
absorbing simultaneously. Since air molecules are small
compared with the wavelength of the incident laser,
molecular scattering can be calculated by using the

Rayleigh scattering theory"'*

s A !
B0 =1.33x10"" (5555 5
As the wavelengths of laser used in practice are
usually in the near-infrared and IR spectrum, molecular
scattering coefficients are quite small for these
wavelengths. For example, at A=0. 86 ym, we obtain
Bn=1.95X10"° m ', while for the visibility of 30 km,
the aerosol extinction coefficient referred in Ref. [13]
equals 1. 30 X 107" m™'.

coefficient largely predominates over the molecular

The aerosol extinction

scattering coefficient, even for good visibility
conditions, so the contribution of molecular scattering
could be neglected without affecting the precision.
Laser radiation is also absorbed by air molecules in
narrow spectral bands with a selective absorption
coefficient. For a typical application, air molecular
absorption is negligible in the spectrum area mostly
systems, since the

used in laser-designated

wavelengths of them belong to the transmission
window of air generally ™.

2.2 Extinction of fog particles

As mentioned in introduction, several methods
have been used to study the extinction of fog by
researchers. In the following sections, three methods
will be referred to calculate the extinction of fog
particles, while the advantages and disadvantages of
them are both discussed.

2.2.1

In order to predict the extinction of laser radiation

Extinction and meteorological conditions

in air, the Kruse formula has been used widely in many
literatures. The model sets up the relationship between
extinction and meteorological conditions, which is
expressed as''"

3.912

g =" (A ) (%)

In visible and near-infrared up to about 2. 5um,

the formula relates extinction to visibility at a given
wavelength A. The coefficient ¢ has been subject of
many theoretical discussions and experimental works
while it depends on the visibility condition. Applying
this formula means a significant advantage for longer,
IR wavelengths, which seem to be less attenuated in
fog in low visibility condition. This empirical formula,
however, originally was intended for applications in
geodesy or meteorology, where dense fog conditions
were out of scope-'™.
2.2.2 Single scattering approximation

The extinction of laser radiation by fog particles is
related not only to the chemical characteristic, but also
to the distribution and density of them. The multi-
scattering effect could be neglected when the density of
particles is rather low, while the contribution of single
scattering is only considered. The total extinction,
scattering and absorbing coefficients of fog particles

with distribution n(r) are™"

s = J‘vo‘,(r)n(r)dr = NJA o (r) p(r)dr,

) 0
(i =t,s,a) (6)
where ¢,, o, and o, are extinction, scattering and
absorbing cross section respectively of single fog
particle. N is the volume density of fog particles while
p represents the Probability Density Function(PDF) of
the distribution. Generally it is hard to measure the
value of density directly in practice. Fortunately,
volume density can be derived by the visibility of the
air. When the wavelength is 0. 532 pm, relationship
between visibility and extinction coefficient is written
as
_3.912
2.(0.532)

Combining Egs. (6) and (7), the density N can be
(1]

D)

derived by the following expression from

N— . 3.912 (8)

VJ Gu.552 () p(r)dr
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Once we have got the density of fog particles in
different visibilities, extinction coefficients could be
calculated by Eq. (6).

2. 2.3

stmulation

Multiple scattering based on Monte-Carlo

Monte-Carlo method has been used widely to
simulate the transmission process of photons in random
medium™* '™, The method statistically models the
behavior of photon propagation and scattering in
random medium, while the key idea is to simulate the
multi-scattering process as a succession of elementary
events whose probability laws are known. Each photon
has its own random trajectory in the process of
transmission. Based on a large number of simulated
photons, we obtain the expected characteristic of light
transmitted in random medium.

In order to simulate the extinction of laser
radiation in fog, the diagram of multi-scattering effect
and random transmission process is shown in Fig. 2.
Suppose a cylinder with unit cross section and length L
locates along the z axis, and the incident laser is along
the positive direction of = axis. Each photon’s spatial
migration can be uniquely described by five variables:
three spatial coordinates for the position and two
direction angles ¢ and ¢. Here ¢ denotes the angle
between scattering direction and incident direction, and
¢ denotes the angle between the projection of scattering
direction in xoy plane and x axis. We describe the
photon’ s spatial position with three Cartesian
coordinates and the migration direction with three
direction cosines from two direction angles. The
direction cosines are specified by taking the cosines of
the angles that the photon’s direction makes with each

of the x, y, and 2z axes, respectively.
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Fig. 2 Diagram of multi-scattering effect and
random transmission process
As showed in Fig. 2, the initial direction cosines of
every photon are specified by 4., =0, p,=0 and p.=1.
Since fog particles are distributed randomly in the
cylinder, the distance between scattering interactions is
given by the random variable!"”
Ing
2
where £ is a uniform random variable between zero and

AL=— (€]

one, g is the extinction coefficient calculated by Eq.
(6). For a photon located at (x;, y,, z;) travelling a
distance AL in the direction s p,s p.)s its
coordinates are updated according to the 3-dimensional
geometry by
J:l‘,+l =x,+p. AL
Vo1 =y T p, AL 10)
lz,ﬂ =z, tp. AL
The new direction after collision is determined by
the normalized phase function which describes the
angular intensity of scattered light. The one which is
frequently used in literature is Henyey-Greenstein
phase function, in which the scattering angle 6 is

generated to satisfy the following M

= arccos {Zig[(lJrg)zf (%)7}} an

where g is the asymmetric factor calculated by Mie
theory. The azimuth angle ¢ is a uniform random
variable between zero and 2w, so it is generated to
satisfyt'"
o=2rE, (12)
Here, & and &, are uniform random variables between
zero and one. If a photon is scattered at angles (4, ¢)
offset from the incoming direction with direction
cosines (g, s p,» p.)s the new direction cosines are
easily calculated according to geometry and specified
by
sin 4

(popr-cO8 @, sin ©) —ha,,‘ cosf

L . (13)
ty = ——— (.08 +p.sin @)+ cos 0
= ¢ ¢
p. = —sin fcos ¢ /1— . + p.cos 0
Based on Monte-Carlo method, the probability
that a photon successfully passed through the cylinder
from the location of the ith collision is written as™
L—=x
. i — : s U >O
P:,:Jwexp< SRS ) (11)
0, p <0

where w); is the assigned survival probability with initial

value w, =1. The relationship of two neighboring w; is
expressed as'"!

w; = w;  exp (—p,AL) (15)
in which p, represents the absorption coefficient
calculated by Eq. (6).
probability diminishes sufficiently or the photon gets

If the photon' s survival

out of the cylinder, the simulation of the photon
terminates. Otherwise, we compute the location of the
next collision. Once we have finished the migration
simulation of all photons, the estimate of transmittance
is obtained from the contribution of the total emitted
photons

1 _1 > 2P, (16)
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where N, is the total number of all emitted photons,
and M represents the total collision times of the nth
photon. Once we have got the transmittance r, the

extinction coefficient could be calculated by Eq. (2).

3 Results and analysis

Based on the three methods introduced in section
two, numerical results of extinction coefficient for both
convection fog and advection fog are calculated in
different visibilities. Results of extinction coefficients
of convection fog by Kruse formula and single
scattering approximation are given in Table 2 and Table
3 respectively.

Table 2 Numerical results of u, (km™') by Kruse formula
Visibility/km
0.02 0.05 0.1 0.5 1

Wavelength/pm
0.41 195.6 78.24 39.12 7.82 4.53
0. 86 195.6 78.24 39.12 7.82 3.13
1. 06 195.6 78.24 39.12 7.82 2.82
3.00 195.6 78.24 39.12 7.82 1.68

Table 3 Numerical results of y, (km™") by
single scattering approximation
Visibility/km
0.02 0.05 0.1 0.5 1

Wavelength/pm
0.41 193.8 77.51 38.76 7.75 3.88
0. 86 200.5 80.19 40.09 8.02 4.01
1. 06 203.2 81.28 40.64 8.13 4.06
3. 00 212.6 85.05 42.53 8.51 4.25

According to the results shown in Table 2 and
Table 3, we come to the conclusion that the extinction
coefficients decrease as the visibility increases
gradually. As shown in Table 2, extinction coefficients
remain the same as the wavelength changes when the
visibility is lower than 0.5 km. In fact, neither Kruse
formula nor single scattering approximation resolves
the extinction coefficient accurately, as multi-scattering
effect are both neglected in the two models. So,
neither one of the two methods is accurate in condition
of dense fog.

Extinction coefficient and transmittance of
convection fog calculated for laser with the wavelength
of 0. 86pm in different visibilities are shown in Fig. 3.
As shown in (a) and (b), errors exist between the
methods of single scattering approximation and Monte-
Carlo simulation. When laser transmits a distance of
1 km, as can be seen in (b), the transmittance from
Monte-Carlo simulation is larger than that from single
scattering approximation. This phenomenon can be
explained by the result that the extinction coefficient

from Monte - Carlo simulation is less than that from

single scattering approximation, which is caused by the

multi-scattering effect considered in Monte-Carlo
simulation.
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Fig. 3 Extinction coefficient and transmittance of convection
fog in different visibilities

Relationships between transmittance and
transmission distance for both convection fog and
advection fog are shown in Fig. 4. As shown in Fig. 4,
The transmittance of laser radiation decreases quickly
as the distance increases. The results from Monte-
Carlo simulation are larger than that from single
scattering approximation at the same distance, which is
also caused by the multi-scattering effect in Monte-

Carlo.

1.0
—Single scattering approximation
==Monte-Carlo simulation
0.8 e
© AN
o N,
g 06 AN e
A1 \
§ 04 Bt
2 AR
\
0.2 2%
\ N,
N
0 e
10! 10° 10!

Transmission distance/km
(a) Convection fog V’=1km

1101001-5



kT ow i

1.0
— Single scattering approximation

== Monte-Carlo simulation

0.8 P

0.6 N

0.4 AN

Transmittance

0.2 \,
\\\\\
NS~
0 =SS
10! 10° 10!

Transmission distance/km
(b) Advection fog V=1km

Fig. 4 Relationship between transmittance and
transmission distance

Fig. 5 shows the difference of extinction coefficient
and the difference of transmittance among three types
of fog under the same condition. As shown in Fig. 5,
the difference of extinction coefficient in the same
visibility and the difference of transmittance at the
same distance are rather small among three types of
fog. So, the difference is not obvious among three
types of fog, which means the extinction characteristics
are nearly the same under the same condition. In other
words, the influence of the variation of particle size
distribution on extinction characteristic is not obvious

in the same visibility.
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(b) Transmittance

Fig. 5 Extinction coefficient and transmittance of

three types of fog

4 Conclusions

The extinction characteristic of laser transmitted
in fog is an important issue that must be considered for
applications in laser engineering. To solve the problem
of extinction of laser transmitted in fog, absorbing and
scattering by air molecules and fog particles are studied
in this paper. Compared with the extinction by fog
particles, the extinction by air molecules could be
neglected as analyzed in section two. Based on the
methods  of single  scattering

Kruse  model,

approximation and Monte-Carlo simulation, the
extinction coefficient and transmittance of laser with
the wavelength of 0. 86 um are calculated in different
visibilities. By comparing the results from different
methods with each other, we come to the following
conclusion that Kruse model is not applicable to
calculate the extinction coefficient when the visibility is
lower than 0. 5 km. The extinction coefficient from
single scattering approximation is larger than that from
Monte-Carlo simulation in the same visibility, which
means a lower transmission at the same distance. The
influence of particle size distribution of fog on
extinction characteristic is not obvious from the fact
that the extinction coefficient and transmittance of
three types of fog are nearly the same in the same
visibility. These results are beneficial to evaluate the
extinction effect of fog on laser transmission, which
will promote the application of laser radar, laser
communication systems and laser-guided weapons, etc.

References

[1] ZHANG He, ZHANG Xiang-jin. Theory and technology of
near field target detection based on pulse laser[ M]. Beijing:
Science Press, 2013: 1-9.

[2] QIANG Xi-wen, ZHANG Hui, TU Qinfen., et al.
Atmospheric attenuation effects of ladar signals[J]. Journal
of Applied Optics, 2000, 21(4);21-25.

[3] LIU Xichuan, Gao Tai-chang, LIU Zhi-tian. Effect of
atmospheric aerosols on laser transmission attenuation [ ] ].
Journal of Atmospheric and Environmental Optics, 2012, 7
(3):181-190.

[4] WANG Hong-Xia, ZHU You-zhang, TIAN Tao, et al.
Characteristics of laser transmission in different types of
aerosols [J]. Acta Physica Sinica, 2013, 62(2); 024214,

[5] CHEN Zhong-wei, LIANG Xin-gang., XU Xiang-hua, et al.
Infrared attenuation analysis of lognormal distribution water
mist in the atmosphere windows [C]. SPIE, 7383.

[6] SHEN Na, ZHANG Xiang-jin. GUO Jing. Attenuation of
laser fuse through fog [J]. Optics and Precision Engineering .
2013, 21(4) . 864-869.

[7] REN Xiao-hong.
propagation near earth in atmosphere [ D]. Xian: Xidian
University: 2007 :12-30.

[8] KAI Liu, ZHAN Zhong-cui. Influence of atmospheric aerosol

single backscattering on waveform of target-reflected signal in

Research on characteristic of laser

incoherent  frequency-modulation  continuous-wave  short-

distance laser detection [J]. Optical Engineering, 2001, 50

1101001-6



REN Hong-guang, et al; Extinction Characteristic of Laser Transmitted in Fog

9]

(10]

[11]

[12]

[13]

[14]

(1): 014301.
ZHAO Zhen-wei, LIN Le-ke, DONG Qing-sheng,
Radar backscattering characteristics of fog[ J]. Chinese Journal
of Radio Science, 2001, 16(4): 498-502.
GEBHART M., LEITGEB E, MUHAMMAD S S, et al.
Measurement of Light attenuation in dense fog conditions for
FSO applications[ C]. SPIE, 2005, 5891.
YANG Rui-ke, MA Chun-lin, HAN Xiang-e, et al. Study of

the attenuation characteristics of laser propagation in the

et al.

atmosphere[ ] 1. Infrared and Laser Engineering, 2007, 36
Supplement: 415-418.

HINKLEY E D. Laser monitoring of the atmosphere[ M.
Berlin-Heidelberg: Springer Press, 1976 89-90.

ROY N, REID F.
areas [J]. Optical Engineering . 2013, 47(8): 086002.
KRUSE P W. Elements of infrared technology: generation,

Off-axis laser detection model in coastal

[15]

[16]

[17]

[18]

1101001-7

transmission and detection [ M]. John Wiley and Sons Inc,
1962.

WEK M. Vision through the atmosphere [M]. Toronto; U.
of Toronto Press, 1952.

WEI Pei-feng, ZHAO Yong-qiang, LIANG Yang, et al.
Monte carlo simulations of polarized transport in multi-
layered scattering medial J]. Acta Photonica Sinica, 2009,
38(10): 26347Z-2639Z.

JIA Hong-hui, CHANG Sheng-li, YANG Jian-kun, et al.
Monte carlo simulation of atmospheric transmisssion
characteristics in non-line-of-sight ultraviolet communication
[J]. Acta Photonica Sinica, 2007, 36(5): 955-960.
HUANG Chao-jun, WU Zhen-sen, LIU Ya-feng, et al.
Numerical calculation of phase function of atmospheric aerosol
particles[ J ]. Infrared and Laser Engineering. 2012, 41

(3): 580-585.



