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Numerical simulation of laser radiation propagation in rain
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The model of phase screen for numerical simulation of laser propagation in rain is suggested.
Since the optical radiation scattering on rain drops is considered within the diffraction approximation
for the scattering phase function, the spectrum of correlation function of water drop dielectric
permeability fluctuations in the atmosphere has a Gaussian form. The simulation results are compared
with known theoretical estimates. The averaging effect of the receiver on measured parameters of

laser radiation is investigated.

Introduction

Laser beams, propagating in the atmosphere, are
distorted due to fluctuations of the medium dielectric
permeability. These fluctuations are concerned not
only with turbulent inhomogeneity of air density, but
with the discrete component of the atmosphere, i.e.,
aerosol particles, fog, atmospheric precipitations.'™
Laser radiation scattering on rain drops results in
beam broadening and intensity fluctuations inside it,
like in the turbulent atmosphere.® In addition,
radiation attenuates due to absorption by discrete
scatterers.

Statistical characteristics of the laser beam filed
propagating in rain have been experimentally and
theoretically investigated in Refs. 4—12. Laser beam
propagation in rain, like in the turbulent atmosphere,
can be described to parabolic approximation.'®

In this work, we suggest a phase screen
model, "% considering scattering on discrete scatterers
in a turbulent medium. Based on the exponential law
of water-drop size distribution, accounting for the
rain rate dependence,' equations are obtained for the
correlation function spectrum of fluctuations of the
effective dielectric permeability of discrete atmospheric
component in rain. For the turbulent component, the
Karman model is accepted, taking into account the
influence of the inner scale of inhomogeneities.!” The
results of numerical simulation of laser beam
propagation along a path in turbulent atmosphere
with rain are presented and compared with known
theoretical estimates. The averaging effect of the
receiving aperture on the measured parameters of
radiation, passing through the atmospheric layer with
rain, is studied.

1. Phase screen model for describing
radiation scattering in rain
Sizes of rain drops @, are larger than the
wavelength A, @,>>); hence, the only forward

scattering can Dbe taken into account,'® and the
parabolic equation
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can be used to describe laser radiation propagation in
rain.*1%'7 Here U(r) is the complex amplitude of the
field E(r) = U(r)e’*?; r = (x,4,2), z is the coordinate
towards propagation; k = 2n/) is the wave number;
(x,y) = p are the transversal coordinates;
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is the dielectric permeability of the atmosphere without
precipitations; &p(r) is its turbulent fluctuations;
g,(r) = (¢,(r)) + £,(r) is the dielectric permeability of
atmosphere with water drops, (e,(r)) is its mean
value, and £,(r) is its fluctuations caused by random
distribution of drops within air volume and of the
drop number over radii and sizes.

When describing rains, the Low—Parsons size
distribution'™ of the drop numbers versus rain rate is
widely used:

p(aprj) = NO(J)eXp[_A(J)CZD],
No(J) = 4.382 - 10670112 ;4
ACJ) = 59320182 1 o

where J is the rain rate, mm/h; g, is the drop radius,
m. In view of this distribution, the spectrum of
correlation function of fluctuations &,(r) depends on

the rain rate, i.e., ®. = CD;:I)(K, J), and has the form'
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where k are the spectral coordinates; fy(x, a,) is the
amplitude of wave scattering on an individual particle
of a, radius. Since water drops are larger in comparison
with A, the diffraction component of the scattering
amplitude can represent it>?; and equation (3) can be
approximated to the square-law exponent
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®;, (6, J) = A,C3(Dexp[—ay, /4], (4)

where C 12)(] ) is the constant similar to the structural
characteristic of turbulent fluctuations of the dielectric

permeability c?
C2(J) = 1.28 10712 ] 152 2 -

In this approximation, the real part Ree(r) = g;(r)
turns out to be connected with turbulent fluctuations,
and the imaginary one Ime(r) = g,(r) — with discrete
scatterers (rain drops).

The parameter a, in Eq. (4) is the scale of
inhomogeneities of a continuum medium equivalent
to a discrete scattering medium with the characteristic
drop scale a,. It is possible to show (Fig. 1) that
approximation (4) is the best square-exponent
approximation of spectrum (3), where the volume
median radius of rain drops’® (Fig. 1, curve 4) is
chosen as the characteristic scale ay,:

111 - 6 19 10 4.[0 182 (6)

The spectra with mean (curve 2) and mean-square
radii (curve 3) are shown in Fig. 1 for comparison.
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Fig. 1. The normalized spectrum of correlation function of
fluctuations of effective dielectric permeability of a discrete
scattering medium with the Low—Parsons size distribution
of particles: exact value (7) (Eq. (3)); approximation for
mean (2), mean-square (3), and median (Eq. (6)) (4) drop
radii.

The mean value (g(r)) determines the total
radiation attenuation in rain

T = kz(e, (1)) = 2.638 -10 12/, (7)

The constant A, in Eq. (4) can be defined as the
correlation factor between Cp(] ) and the variance of
plane wave intensity fluctuations o7(t) to the first

approximation of the method of smooth perturbations
(MSP), t1<<1:
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where L is the length of laser radiation propagation
path in the atmosphere with precipitations. Thus,
Cx(J) correlates with the amplitude of spectrum (4)
with the rain rate J, while A, — with conditions on
propagation path.

Representing atmospheric precipitations as an
equivalent continuum medium with the characteristic
scale a,,, where radiation scattering is accompanied
by its attenuation, laser beam propagation in turbulent
atmosphere with precipitations can be considered as
similar to those in a continuum medium with three
characteristic scales (outer and inner scales of
turbulent inhomogeneities; as well as rain drop scale
a,); and the splitting technique'® can be applied to
Eq. (1). Within this technique, the length Az of each
path layer should satisfy the condition

w(Az)<<1. 9

In the middle of each layer, a thin screen is located,
determining distortions of the field, passed through
the layer

U(Az,p) = U(0,p) exp { s

Z‘L‘(Z) } Wi (p) - ¥y (p) 10)

where U(0,p) is the incident field; U(Az,p) is the
field passed through the layer; W{(p) is the random

phase incursion when scattering on turbulent

inhomogeneities; e »® s the random variation of

field amplitude caused by a discrete scatterer. The

quantity
w(2)dz 1(A2)
exp{—2 6[ s } exp{— 5 } (11)

defines the field attenuation by the medium discrete
scattering component. Thus, the influence of the
discrete component of a random medium on a laser
beam, passed through the layer Az, is defined by the
amplitude screen

e*r(Az)/zf Pp(p) (12)

As is seen from Egs. (10) and (12), a thin screen
is to be amplitude-phase. However, the solution of
the equation for the second moment of the field

Iz, py, p2) with replacing the factor e T ® by the

phase screen e'*¢® (¥,(p) is the random phase

incursion, acquired by the wave while passing through
the layer, coincides with the rigorous solution of this
equation to the Markov approximation.'? Using this
fact, consider only the field phase fluctuations,
performing the above factor replacing in Eq. (12).

Since 1(Az) is independent of transversal
coordinates, total attenuation of a laser beam passed
a path of L in length can be defined by the factor
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e ™2 after executing all the steps Az along the

path, consisting in sequential multiplication of the
field by the phase screen and free field diffraction
between screens.

A two-dimensional
generated by the equation

N x N phase screen is

N N
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where Ax and Ay are the distances between nodes;
(&> Cum) are the independent random sequence
with zero mean and unit variance. The spectrum of
correlation phase function ®4(x,,J) is related with
the spectrum of correlation function of dielectric

permeability fluctuations as'*~!6:
kA
Pyl ) = = 0i(x,0.)). (14)

Here ®:(x,0,J) is the total spectrum of correlation

function of fluctuations of the air dielectric

permeability and water drops,
®§(KL7 K, = 07 J) =
= Oy(ky,x, = 0) + D (k ,x, =0,/), (15)

@;, (x,,k, = 0) is the Karman spectrum."’

Now determine step and size of the numerical
grid in a transverse plane, the length Az of the path
layer L for a given radiation parameters of the
source, and such medium parameters as radiation
wavelength A, rain rate J, turbulence parameter Cg.
The beam radius ¢y and wave front curvature F are
to be chosen so that to satisfy the listed below
conditions. First, the grid size in the transverse plane
is to exceed the beam diameter and the drop
diffraction radius at far end of a path of the length
z=1L:

hrz
NAx > max| 2hay, ——— |, (16)
Ill']X( 0 am(‘])J

the parameter /£ is an integer-number resolution
common for all scales. The relation between beam and
drop radii is defined in comparison with the Fresnel
radius:

ha,(J)=~Nz/k, ay=hJz/k. a7

Finally, the transverse resolution is determined from
the relation between characteristic scales of medium
dielectric permeability fluctuations and the wave
front curvature of the beam field F:
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Ax < min(pT(Cf,z)/h,am/h,; /TmNFJ, (18)

where pr(C%2) = (0.3C?k*2)™'5 is the coherence
radius of a plane wave in a turbulent medium.
According to Eq. (17), the beam radius is larger than
the drop one; hence, there is no need in using the
variable @, in Eq. (18) to determine the grid step Ax.

2. Simulation results

The above algorithm was tested for a plane wave
(Fig. 2) and a Gaussian beam (Fig. 3) in the mode of
weak fluctuations of the radiation intensity. The

variance of plane wave intensity fluctuations G%pw at
small optical depths t1<<1 is determined by t (see
Flg 2)7,9,11,12:

(Y%,pw =1, 1<<1. (19)

At 1>1, G%pw is comparable with unity and tends

to 1 at the further increase of the optical depth
7 >>1 (see Fig. 2)'"!%

67 pw =1, T>>1. (20)
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Fig. 2. Relative variance of plan wave intensity fluctuations:
calculation to the first approximation of MSP (1),
simulation (2).

An addition effect of the turbulence on the
variance of rain-propagating radiation intensity
fluctuations manifests itself as displacement of the
above 1 dependence along X-axis. For a rain-
propagating Gaussian beam, the variance of intensity
fluctuations on its axis to the first approximation of
MSP is determined by the equation®'*:

G%(Z) ~ Tkﬂoﬂm [(1 _ H)Z + 962 %

2z

x arctan{zz2 {(1 —w?+ QOQ}_“Q}, 1)

Ay,
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2
where u = z/F; Q, = kay is the Fresnel number. As
z

is seen from Fig. 3, the simulation results coincide
with the variance o7 calculated by Eq. (21) within
the domain < 0.5.

2

0.71 07 .

5.
0.6 / .
+2 +
o // 7

0.4

0.3

0.2

0.1

0 0.2 0.4 0.6 0.8 T

Fig. 3. Relative variance of intensity fluctuations of the
collimated beam @y =3 cm (the Fresnel number Q,=57) in
the atmosphere with precipitations: rain in the homogeneous
atmosphere  (simulation and calculation to MSP
approximation) (7 and 3); turbulent atmosphere with

precipitations, plane wave scintillation index Bﬁ,pw =0.31C?
R"61176 = 0.1 (simulation and MSP) (2 and 4); rain in the
homogeneous atmosphere, plane wave, MSP (5).

In practice, when measuring the variances of
intensity fluctuations, the size of the receiver aperture
a, and different diaphragms, used in the experiment,
make an averaging effect on the measured parameters
(mean intensity, variance of intensity fluctuations)
because the signal in the receiver is, in fact, the power

pP-= J.I(p)d(p), (22)
S

where S is the receiver’s area, and the division of P
by the receiver area yields the intensity averaged over
S area

I=[I(p)d(p)/S. (23)
S

Therefore, the parameter, measured in the experiment,
can be, for example, the variance of radiation flux
fluctuations

o2 =(I)/(I) —1 (24)

instead of the variance of intensity fluctuations.
Figure 4 shows the variances of received radiation

flux fluctuations as functions of the receiver

apertures (¢, =0.04, 0.24, and 0.95 mm). Note, that

G% decreases by 2—3 times at t~ 0.1 already at

a,~0.5+0.7 mm.
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Fig. 4. Variance of the received radiation flux fluctuations
(plane wave) as a function of optical depth and receiver size
to the MSP approximation (/) and at a, = 0.04 (2),
0.24 (3), and 0.95 mm (4).

Hence, for the chosen receiver size, there is a
limiting value of optical depth, for which o] is still
measurable (see Fig. 4). For @, = 0.95 mm, the variance
of intensity fluctuations tends not to 1, like at
a, = 0.4 mm, but to a level significantly less than
unity.

Conclusion

The model of phase screen is suggested and
verified for numerical simulation of laser propagation
in the atmosphere with precipitations. The model is
based on the diffraction approximation of the
scattering phase function; the phase screen has the
Gaussian profile of the correlation function of effective
dielectric permeability fluctuations. The spectrum
scale is determined by the volume median radius of
water drops.

The averaging effect of the receiver aperture on
the variation of intensity fluctuations has been
studied. The results of numerical simulations of laser
beam propagation in rain and turbulent atmosphere
with precipitations by the method of phase screen are
presented. The simulation results agree with the well-
known theoretical estimates of the variance of beam
intensity fluctuations to the MSP approximation for
both components of atmosphere with precipitations.

It is shown that for the chosen receiver size there
is a limiting value of the optical depth, for which the
variation of intensity fluctuations is still measurable.

References

1. E. McCartney, Optics of the Atmosphere. Light
Scattering on Molecules and Particles (Mir, Moscow,
1979), 424 pp.

2. H.C. van de Hulst, Light Scattering by Small Particles
(Wiley, New York, 1957), 536 pp.

3. R. Newton, Scattering Theory of Waves and Particles
(Springer-Verlag, New York, 1982), 607 pp.

4. A. Isimaru, Wave Propagation and Scattering in
Random Media (Academic Press, New York, 1978), 320 pp.



660 Atmos. Oceanic Opt. /September 2008/ Vol. 21, No. 9

5. A.S. Dolin, Izv. Vyssh. Uchebn. Zaved. SSSR, Ser.
Radiofiz. 7, No. 12, 380—382 (1964).

6. A.S. Gurvich and VI.V. Pokasov, Izv. Akad. Nauk
SSSR, Fiz. Atmos. Okeana 8, No. 8, 878—879 (1972).

7. Wang Ting-T and S.F. Cliffordm, J. Opt. Soc. Am. 63,
No. 8, 927—937 (1975).

8. V.N. Galakhov, A.V. Efremov, A.F. Zhukov, V.V. Reino,
and R.Sh. Tsvyk, Izv. Akad. Nauk SSSR, Fiz. Atmos.
Okeana 12, No. 12, 1251—1260 (1976).

9. L.P. Lukin, Sov. J. Quant. Electron. 9, No. 8, 1033—1035
(1979).

10.1.P. Lukin, Izv. Vyssh. Uchebn. Zaved. SSSR, Ser.
Radiofiz. 24, No. 2, 144—150 (1981).

11. A.G. Borovoi, Izv. Vyssh. Uchebn. Zaved. SSSR, Ser.
Radiofiz. 25, No. 4, 391—400 (1982).

I.P. Lukin et al.

12.V.L. Mironov and S.I. Tuzova, Izv. Vyssh. Uchebn.
Zaved. SSSR, Ser. Radiofiz. 27, No. 4, 535—537 (1984).
13. G.C. Mooradian, M. Geller, L.B. Stotts, D.H. Stephens,
and R.A. Krautwald, Appl. Opt. 18, No. 4, 429—441 (1979).
14. Wm.A. Coles, J.P. Filice, R.G. Frehlich, and
M. Yadlowsky, Appl. Opt. 34, No. 12, 2089—2101 (1995).
15.V.P. Kandidov, Usp. Fiz. Nauk 166, No. 12, 1309—1338
(1996).

16.R.G. Frehlich, Appl. Opt. 39, No. 3, 393—397 (2000).
17.V.E. Zuev, V.A. Banakh, and V.V. Pokasov, Optics of
Turbulent Atmosphere (Gidrometeoizdat, Leningrad, 1988),
272 pp.

18.V.P. Kandidov, = V.O. Militsin, = A.V. Bykov, and
A.V. Priezzhev, Quant. Electron. 36, No. 11, 1003—1008
(2006).



