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The problem of reconstruction of the wind velocity profile from turbulent fluctuations of
a laser beam scattered by a diffuse screen is considered. Equations are derived for the spatiotemporal
correlation function of weak intensity fluctuations in a receiving telescope and its spectrum. The
algorithm for reconstruction of the wind profile and direction is developed. Computer simulations

confirm the efficiency of the algorithm developed.

Introduction

The problem of the wind velocity measurement
from the spatiotemporal statistics of turbulent
intensity fluctuations of an optical wave is of interest
for a wide range of investigators. Measurement
methods for the path-averaged transverse wind
component were proposed and experimentally
confirmed in Ref. 1 and references therein. In recent
time, the ways to estimate the wind profile from the
spatiotemporal correlation of intensity fluctuations of
intersecting rays (SCIDAR),>® which provide for
reconstruction of the wind profile and the structure
characteristic of the refractive index with a resolution
up to several hundreds of meters, as well as
approaches based on correlation-spectral analysis of
intensity fluctuations’ " were proposed.

Analysis of intensity fluctuations of a wave
scattered by the surface of an irradiated object also
allows estimation both of the path-averaged wind
velocity'” and the wind profile."! Algorithm of the
wind profile reconstruction from intensity fluctuations
of the scattered radiation focused by an objective of a
receiving device was developed,'>"* based on the
earlier  approaches.”” This algorithm allows
reconstruction of the profile at the entire path with a
spatial resolution of several tens of meters. However,
since the image is scaled in a receiving system, the
algorithm requires the use of a receiving device with
a size of about 1 m, which is not always realizable in
practice.

This paper generalizes the approach proposed in
Ref. 14. This generalization allows the dimensions of
the receiving device to be considerably reduced due
to introduction of an additional lens (ocular).
Equations for the spatiotemporal correlation function
of intensity fluctuations and its spectrum are derived
along with basic equations for determination of the
value and direction of the transverse wind component.
Results of numerical simulation confirming the
efficiency of the proposed algorithm are presented.
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1. Formulation of the problem
and basic equations

Let laser source at the plane x = 0 irradiate a
diffuse surface in the plane x = L. The scattered
radiation in the source plane passes through an
objective and an ocular of the receiving telescope,

lying in the planes x =0 and x =— [, respectively,
and is recorded by a photodetector array (video
camera) in the plane x=—[;—1I,. To simplify the

procedure of the wind profile reconstruction, we
assume that the receiving objective and the source are
separated by some distance in the plane x=0
(Fig. 1). As is shown in Ref. 13, this allows us to
neglect correlation of the incident and reflected
waves. Information about wind on the path between
the source and the diffuse surface is obtained from
two-dimensional intensity  distributions in the
recording plane by the correlation-spectral analysis.
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Fig. 1. Geometry of the problem.

When analyzing the spatiotemporal correlation
function
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where I(p,1) is the wave intensity in the recording
plane x=—1[;— [, at the time 1, we assume that
fluctuations of the reflection coefficient are independent
of fluctuations of the air permittivity and the time
scale of correlations of the reflection coefficient is
smaller than the interval between frames. In Eq. (1)
we can use the intensity values averaged over
fluctuations of the reflection coefficient. For the
regime of weak intensity fluctuations, the consideration
can be restricted to the first significant term in the
expansion of the correlation function (1) in a series
in terms of intensity fluctuations'®:

2
KR = O far,, A(r1)A(rz)2[1m(R #2n s
x 1y (R - %Q)K], (MTQM - l‘z;T) + Iip(r I (ry) x
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where k =2n/L, A is the wavelength; A(r) is
the amplitude of the scattering coefficient; I;o(r)
and I(p,r) are intensities of the irradiating and
telescopic beams in the plane of a reflector in the
absence of permittivity fluctuations;
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are correlation functions of the intensities of the
irradiating Ii(r,t7) and telescopic I{(p,r,t) beams,
respectively.

For calculation of the correlation functions (3)
and (4), it is convenient to introduce the functions

Uip(r) = — J.dP1U0(P1)eXP{£P1 - fkrm} (6))

Uyo(r) = il J-dpzllt(P pz)exp{—kpz - frpz} (6)

2L

the squares of absolute values of which coincide with
the intensities [i(r) and Io(p,r). Here Uy(p) is the
complex amplitude of the field created by the source
in the plane x =0; the function 2(p,p,) has a
meaning of the Green’s function of the receiving
device and determines the complex amplitude of the
field induced at the point p, of the objective plane
x=+0 by a point source lying at the point p of the
recording plane x=—[; —[;. We assume that the
relative variance of intensity fluctuations is smaller
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than unity, and spatiotemporal variations of the
permittivity field can be described using the Taylor
hypothesis of frozen turbulence!:

81(.7(, pv T) = E1[x7 p— V(x) T O]v (7)

where V(x) is the wind component perpendicular to
the direction of propagation. The averaging over
permittivity fluctuations in Egs. (3) and (4) is
performed analogously to Ref. 14:
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where A=r —ry; CxXx) is the structural

characteristic of the atmospheric turbulence; ®,(x) is
the three-dimensional spectrum of the refractive
index fluctuations.'®

The function (5) entering into Eq. (8) is calculated
on the assumption that the initial source field is
Gaussian:

2 ik 2
_ 10)
Uy(p) = erxp{ oy 22 Op}

where @y, and F, are the beam radius and the
wavefront curvature radius, respectively; Uy is the
amplitude of the field on the optical axis. Substitution
of Eq. (10) in Eq. (5) yields
_1]. (11)
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We introduce the Green’s function for the

objective (j = 1) and the ocular (f = 2) [Ref. 15]:
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where the Gaussian approximation is taken for the
transmission function of the lenses; Fy, are the focal
lengths of the lenses; a5 are the effective radii. The
function 2(p, p») can be expressed through (12) as
follows:

h(pp) = [doiullpup)inopp).  (13)

Substitution of Eq. (13) in Eq. (6) allows the
integral over the objective surface to be calculated:
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The screen image in the recording plane contracts
according to the scaling coefficient

Lil,

ksdtzd Im( L j
2102y

where a? = I2|z,[ /(k?Rez,) is the square radius of
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the telescopic beam on the screen, which in the
absence of ocular (I,— 0, Fiy,— o, @i— o) transforms
into the ratio of the distance between the objective
and detector to the path length.!* Since to
reconstruct the wind profile, it is necessary to resolve
parts of the diffuse screen surface with the scales
comparable with the Fresnel radius +/L/k, the

minimal dimensions of the receiver, for example, for
a 1-km long path appear to be ~1 m. With the proper
selection of the ocular parameters, the contraction
coefficient and, consequently, the telescope dimensions
can be decreased many times.

Calculate integrals over the reflector surface in
Eq. (2) taking into account Egs. (8), (9) and (11),
(14) and assuming the exponential amplitude of the
reflection coefficient:

2
A(r) = AOeXp{_;gZ}’ a7n

T

where A, is the amplitude at the center of the diffuse
reflector; a, is the effective radius of the reflector. As
a result, we obtain the equation for the correlation
function of intensity in the recording plane

2
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which differs from the correlation function of turbulent
intensity fluctuations of the scattered wave behind
the lens'* only by the values of parameters
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2. Algorithm for wind profile
reconstruction

a, =[a1.2+atdz+

To reconstruct the wind profile, we pass, as in
Ref. 14, to the Fourier transform of the correlation
function (18) normalized to the Kolmogorov spectrum of
fluctuations of the refractive index ®,(x)=0.033x""">:

10/3
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Gi (Ot,q )= 503 5 w7 %
220,, ch K()q)n(q)

X IdR dp dtK;(R,p,Dexpli(wt + ge;p)],  (23)

where the vector of spatial frequency is directed
along one of coordinate axes q = ge; V(x)e; = V(x) is
the projection of velocity onto this axis; o = ©/q. As
it follows from the analysis in Refs. 9 and 14, each
point & of the path contributes significantly to the
spectrum of intensity fluctuations only in the vicinity
of two (the number of terms in the series in
Eq. (18)) rays a = const. Introduction of an auxiliary
function
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where 1, =B, —(a®y2/2), allows us to assign two

peaks of the absolute value of |fi(a,p)| with the
coordinates

4 2 2
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lying in the area p>0 to every point of the path.
Thus, finding the peaks of |f(a,p)| and solving
equations (25) for & and V((L), we can reconstruct
the profile of the wind velocity projection VAx) on
the axis e;. Reconstructing another component of the
transverse wind velocity in the same way, we find
the wind profile.

3. Reconstruction of the wind profile
by numerical experiments

To check the efficiency of the proposed algorithm,
we numerically simulated the laser beam propagation
in the turbulent atmosphere and its scattering on a
diffuse screen. The intensity of the wave scattered by
the diffuse screen was calculated using the approximate
algorithm.'” Propagation of the irradiating beam
through the atmosphere was simulated by the algorithm
developed in Ref. 18. Atmospheric inhomogeneities
were simulated through disturbance of the propagating
wave by equidistant random phase screens with the
Kolmogorov spectrum of phase fluctuations. Parameters
of the screens and their number were selected so that
they ensured the needed accuracy of simulation and
the regime of weak fluctuations.

The wind on the path was simulated by transverse
displacements of the positions of phase screens with
time to the distance V(x)t. The obtained realizations
of intensity in the photodetector plane were used to
calculate the Fourier-transform spectrum of the
correlation function (23), which was processed by
Eq. (24), and then the wind profile was determined
from coordinates of peaks of the functions |fi(a,p)l.

In the numerical experiment, the following values
of the simulation parameters were specified: the
path length L = 1000 m, the wavelength A = 0.5 pm,
C,z, =1.10"1n2>73, objective parameters F;; = 43.7 cm,
a,1 = 5 cm, ocular parameters Fip = 2.5 cm, a;» = 5 cm,
distance between the lenses /; = 50 cm. The photodetector
was located in the sharp-image plane. The laser beam
was taken convergent with a focal length of 2 km and
the initial radius @y =5 cm. Beam propagation in the
atmosphere (0<x <L) was simulated on a 512x512
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spatial grid with a step of 1.5 mm. In the photodetector
plane, the computational grid was scaled in so way
that its step was equal 13.5 um. The spectrum was
estimated from twenty realizations of intensity
distributions with duration equal to 256 readings in
time with a lag of 1.5ms. The results of calculation
of the spatiotemporal spectrum (23) are shown in
Fig. 2 in the logarithmic scale.

4007 15000

Fig. 2. Spatiotemporal spectrum of intensity fluctuations in
the sharp-image plane.

Every phase screen is shown as a ray, along which
the spectral density takes far higher values than in its
vicinity. Figure 3 shows the results of reconstruction
of wind profiles. Initial profiles are shown by the
solid curve, while the reconstructed ones are shown
by the dashed curve. Along the entire path, the wind
profiles are reconstructed at an error not exceeding
40 m for the coordinate and 0.1 m/s for the speed.
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Fig. 3. Initial wind profiles (solid curves, positions of the
screens are marked by circles) and profiles reconstructed
from intensity fluctuations in the sharp-image plane (dashed
curves).
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The results of the numerical experiment
demonstrate that the proposed algorithm allows the
wind profile to be reconstructed from turbulent
intensity fluctuations of laser radiation scattered by a
diffuse screen in the sharp-image plane of the receiving
telescope.

Conclusions

In this paper, we have considered the problem of
the wind profile reconstruction from intensity
fluctuations of radiation scattered by a diffuse screen
in the turbulent atmosphere. It has been shown that
under the conditions of weak optical turbulence every
point of a path represents in the spatiotemporal
intensity spectrum as two bands originating from the
origin of coordinates, whose tilt is proportional to the
wind speed at this point. The algorithm has been
developed for reconstruction of the wind profile from
the spatiotemporal spectrum of intensity fluctuations
in the sharp-image plane.

The efficiency of the algorithm was confirmed by
the results of numerical experiments on reconstruction
of the wind speed and direction from computer-
simulated random realizations of three-dimensional
intensity distributions of laser radiation scattered by
a diffuse screen.

It has been found that the use of a telescopic
unit in the receiving system does not worsen the
accuracy of reconstruction of the wind profile and
allows the dimensions of the receiving device to be
reduced to several tens of centimeters.
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