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Abstract.  We consider the algorithms that implement a broadband 
(‘multiwave’) radiative transfer with allowance for multiple (aero-
sol) scattering and absorption by main atmospheric gases. In the 
spectral range of 0.6 – 1 mm, a closed numerical simulation of mod-
ifications of the supercontinuum component of a probing femtosec-
ond pulse is performed. In the framework of the algorithms for solv-
ing the inverse atmospheric-optics problems with the help of a 
genetic algorithm, we give an interpretation of the experimental 
backscattered spectrum of the supercontinuum. An adequate recon-
struction of the distribution mode for the particles of artificial aero-
sol with the narrow-modal distributions in a size range of 0.5 – 2 mm 
and a step of 0.5 mm is obtained. 

Keywords: radiation, atmosphere, transfer, aerosol, lidar, femto-
second laser, supercontinuum, inverse problem, genetic algorithm, 
Monte Carlo method.

1. Introduction

Currently, one of developing directions of atmospheric optics 
and lidar sensing is the use of pulsed laser sources of femto-
second duration. Propagation of a high-power femtosecond 
(FS) pulse in the atmosphere is accompanied by a number of 
different processes, including ionisation, single and multipho-
ton  absorption,  and  Rayleigh,  Raman  and  hyper-Raman 
scattering.  The  greatest  interest  for  the  problems  of  atmo-
spheric sensing  is  the use of supercontinuum (SC) radiation 
arising  during  filamentation  of  a  high-power  FS  probing 
pulse: a fraction of the pulse energy is distributed over a wide 
(relative  to  the  laser wavelength)  spectral  range both  in  the 
Stokes and anti-Stokes spectral regions. Generally accepted is 
the  following  [1 – 11]:  if  the  pulse  power  exceeds  a  certain 
threshold  (3 – 3.5  GW  for  air),  a  nonlinear  addition  to  the 
refractive index of a propagation medium becomes essential. 
The pulse enters into the self-focusing conditions, the inten-
sity  increases,  the processes of multiphoton absorption and 
tunnelling  ionisation  become  implemented  and  a  plasma  is 
formed at the pulse forefront. The incoming pulse, interacting 
with the plasma formation, is partly dissipated, but remains 

under  the  self-focusing  conditions  as  long  as  the  ‘excess’ 
energy is not exhausted. Filamentation is observed: the pulse 
path  is  visually  registered  in  the  form  of  a  bright  glowing 
thread (filament). At the same time, generation of conical SC 
emission occurs –  the spectral energy, predominantly  in  the 
anti-Stokes region, is distributed within the cones, the apexes 
of which  are  located  in  the  filamentation  zone,  and with  a 
clearly expressed angular distribution according to the rule: 
the shorter the wavelength, the greater the angle at the cone 
apex. In the Stokes region of the spectrum, the energy is con-
centrated  in  the  paraxial  zone  of  the  spatially  compressed 
pulse. These effects can be widely used for quantitative and 
qualitative assessment of atmospheric parameters. Examples 
are the results of the international research project Teramobile, 
which  uses  a  mobile  femtosecond  lidar  system  of  terawatt 
power [1 – 7].

Along  with  the  development  of  methods  for  atmo-
spheric  sensing  by  means  of  ultrashort  pulses  (USPs), 
methods  for  solving  the  inverse  problems  of  FS  atmo-
spheric  optics  are  being  developed,  among which we  can 
distinguish the methods for numerical simulation of propa-
gation of FS pulses. A separate task is the interpretation of 
atmospheric  sensing  by  those  pulses,  which  have  experi-
enced filamentation, with the use of SC radiation. Without 
claiming for completeness of our review, we point out that 
in the last ten years the scientific teams of the institutes of 
Russian  Academy  of  Sciences  have  made  a  sufficiently 
large contribution to this area. The authors of [8 – 15] con-
sider typical results of experimental and numerical studies 
on FS radiation propagation in the atmosphere and aero-
sol  cloud.  In  Refs  [8,  9]  the  authors  formulate  the  lidar 
equation describing the atmospheric sensing by FS pulses; 
herewith  the  sensing  path  is  conventionally  divided  into 
linear  and  nonlinear  parts.  The  effect  of  splitting  of  FS 
pulses  in  the  linear  transfer  regime  has  been  numerically 
investigated, and the effectiveness of the use of white light 
lidars for sensing the optical and microphysical parameters 
of an aerosol cloud have been analysed. The methodology 
of modelling the propagation of a signal with a wide spec-
trum and of  solving  the  inverse problems of  atmospheric 
optics as applied to FS atmospheric optics is presented in 
[16 – 20].  Numerical  studies  on  the  possibility  of  using 
white light lidars on short atmospheric paths in the prob-
lems  of  reconstruction  of  particle  size  distribution  func-
tions have been carried out. The reconstruction and model-
ling methods that have been suggested previously are gen-
erally  related  to  the  separate  (four)  wavelengths  falling 
into  the  transparency window of  the atmosphere, but  the 
results have not been supported by full-scale experiments.
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This paper describes the algorithms that are based on the 
Monte  Carlo method  and  implement  a  broadband  (‘multi-
wave’) radiative transfer with allowance for multiple (aerosol) 
scattering and absorption by main atmospheric gases. As an 
example of interpretation of the experimental results on aero-
sol  sensing,  a problem of  reconstruction of  the distribution 
mode of aerosol particles in sizes using a genetic algorithm is 
being solved. For this purpose, an aerosol generator (ethylene 
glycol)  with  a  known  narrow-mode  original  distribution  is 
used in a full-scale experiment. The artificial aerosol cloud is 
exposed to SC radiation arising in propagation of a FS pulse 
along the atmospheric path.

2. Full-scale experiment

A full-scale experiment on lidar sensing of the artificial aero-
sol cloud on a short (85 m) atmospheric path was performed 
using a femtosecond stand at the Institute of Applied Physics 
(Nizhnii Novgorod) [21] with the following FS system param-
eters: radiation wavelength of 800 nm, pulse duration about 
50 fs, pulse energy of 10 – 14 mJ and pulse repetition rate of 
1 kHz. The origin of pulse filamentation was located at a dis-
tance of 5 – 7 m from the output mirror of the laser system.

Engineering characteristics of the receiving optical sys-
tem are as follows: Newtonian telescope (parabolic mirror 
with a diameter of 200 mm and a  focal  length of 70 cm), 
field diaphragm (single-wire optical fibre designed to trans-
mit  the  radiation  spectrum  into  the  spectrometer  with  a 
diameter  of  1000 mm). As  a  recorder  use was made  of  a 
miniature high-speed high-resolution HR4000 spectrome-
ter (Ocean Optics). The time of accumulation of photoelec-
trons was synchronised with the repetition rate of probing 
pulses.

As  a  source  of  artificial  aerosol,  a  generator  of  aerosol 
particles based on ethylene glycol with a modal particle diam-
eter of 1 mm and a small width of the mode of the particle size 
distribution  function was  used. The  refractive  index of  this 
substance  in  the  wavelength  range  of  400 – 1000  nm  varied 
from  1.5  to  1.4,  which  best  corresponds  to  the  fraction  of 
aerosol based on sea-salt particles.

Due  to  the  specific  character  of  the  problem of  aerosol 
formation sensing on a short (horizontal) atmospheric path, a 
biaxial  lidar  scheme  with  the  following  characteristics  was 
chosen:  lidar base  (the distance between  the optical axes of 
the transmitter and receiver) – 8.2 m, scattering angle  (with 
regard to the distance to the point of sensing equal to 85 m) 
–  approximately  174.5°.  This  excluded  the  possibility  of 
recording high-intensity signals both from pre-filamentation 
and filamentation regions. The scheme of sensing is presented 
in Fig. 1.

In  this  experiment,  the  nonlinearity  of  a  propagation 
medium (the atmosphere) is manifested: the conical SC emis-
sion  is  generated  in  the  air  on  initial  part  of  the  path. The 
image of coloured rings on the screen located perpendicular 
to the axis of radiation propagation is recorded with a digital 
video camera. According  to  the  results of processing of  the 
images  of  the  angular  distribution  of  SC  radiation  on  the 
screen (Fig. 2a), the divergence angles of SC spectral compo-
nents (Fig. 2b) and the position of the point of its generation 
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Figure 1. Scheme  of  the  experiment  carried  out  at  the  stand  of  the 
Institute of Applied Physics, RAS. Path markings: 5 m is the zone of 
self-focusing, filamentation and SC generation; 85 m is the zone of SC 
propagation; 174.5° is the scattering angle. 
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Figure 2. (a) Spectral-angular distribution of  the  radiation of  conical 
emission and  (b)  spectral SC characteristics  calculated according  this 
distribution.
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Figure 3. Spectra of backscattered signals of supercontinuum (distance 
to the point of scattering is 85 m, scattering angle is 174.5°): the average 
over  100  spectra of SC backscattering  signals  ( 1 )  and maximum  ( 2 ) 
and minimum ( 3 ) energy transfer into SC by a single pulse.
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on the path are estimated. The data obtained coincide basi-
cally with the data from [11, 12].

The SC radiation was recorded by a spectrometer at the 
path  end  (hereinafter,  ‘SC  spectrum’)  and  at  the  point  of 
receiving the backscattered radiation of the SC. As a result of 
the experiment conducted with the use of a lidar layout (see 
Fig.  1),  the  signals  of  backscattered  SC  radiation  from  the 
artificial aerosol (ethylene glycol) with a particle diameter of 
1 mm were received (Fig. 3).

3. Processing of the results of a full-scale 
experiment and numerical simulation 
of the experiment

In order to obtain information about the size distribution of 
aerosol particles, real spectra of the backscattered SC signals 
were processed. In the simulation, we assumed that, after tak-
ing into account the energy losses, filamentation, SC genera-
tion and related effects, the result of sensing of the path sec-
tions located behind the filamentation region can be described 
in terms of the linear equations of sensing with the use of the 
methodology  developed  for  multi-frequency  lidar  sensing 
[22]. In solving the problem of reconstruction of the parame-
ters of particle size distribution in the scattering volume, con-
comitant experimental data were used. 

The  linear  propagation  of  radiation  in  a  medium  is 
described by the nonstationary integro-differential Boltzmann 
equation,  which  in  three-dimensional  space  can  be  repre-
sented as follows:
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I(r, w, t, l)  is  the  radiation  intensity  with  a  wavelength  l  at 
point  r  in  the  direction  w(a, b, c)  at  the  time  moment  t; 
I0(r, w, t, l) is the function of sources; u is the absolute velocity 
of particles in a medium; GM(r, w’, w, t, l' = l) is the volumetric 
ratio  of  the  directional monochromatic  elastic  scattering  in 
the direction J = w’ w; GR(r, w’, w, t, l' ) is the volumetric coef-
ficient of the broadband elastic and inelastic scattering; and 
s(r, t, l) = sa(r, t, l) + ss(r, t, l) + amol(r, t, l)  is  the absorption 
coefficient (sa), the scattering coefficient (ss) of a dispersion 
medium and the coefficient amol of molecular absorption.

Various methods for obtaining the analytical solution of 
this transfer equation exist, and the Monte Carlo method can 
be attributed to rather effective ones. Besides, this approach 
has  been  consistently  developed  in  our  previous  papers 
[8, 9, 14, 16 – 20]. 

Among  numerous  modifications  of  the  Monte  Carlo 
method,  the  method  of  local  evaluation  is  effective  in  the 
problems  of  optical  location.  In  the  framework  of  this 

method, the expression for statistical evaluation of the radia-
tion flux in the detector region Dij = WiTj and within the spec-
tral range  takes the form [23]
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Here, g( m*, r, l) is the generalised indicatrix of scattering, nor-
malised  to  unity; Di(s*)  and Dj(t*)  are  the  indicators  of  the 
regions Wi  and Tj; qn  is  the  statistical weight of  the photon 
that compensates for the fictitious character of the transitions  
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is the transmittance function; and tmol is the optical thickness 
conditioned by molecular absorption. 

In  this  case,  the canonical algorithm of  local  evaluation 
for the monochromatic regime is complemented by the factor 
(3) that requires additional calculations. Spectral absorption 
in the range of the photon path between the successive ran-
dom  collisions  {rn},  n  =  0, 1, 2, ...  is  taken  into  account  by 
transformation of the statistical weights

( , , )q q P r rn n
n

n n1 1 lD= lD+ + , n = 0, 1, 2, ...,  (4)

where

( , , ) ( ) ( , )' 'exp d dP r r r r
| |

mol
n

n n

r r

1
1

0

n n1

l l a l lD D= -l
l

D
D

+
-

-+

; Eyy .  (5)

The  optical  aerosol  model  includes  the  coefficients  of 
optical interaction for ethylene glycol calculated by Mie the-
ory with allowance for the refractive indices of the substance 
in the linear regime of SC radiation propagation. It is assumed 
that the scattering coefficient of aerosol is 2 – 10 times greater 
than the background values (0.05 – 0.1 km–1).

The data on molecular absorption were obtained from the 
HITRAN database. In the ultraviolet and visible wavelength 
regions, the absorption cross sections for O3, Cl2, NO2, SO2 
and the parameters of absorption lines were used to calculate 
the absorption coefficients in the approximation of the Voigt 
line shape. We have taken into account the following factors: 
absorption of H2O in the ranges of 410 – 450 and 960 – 980 nm 
and in the region of 770 nm; absorption of NO2 in the range 
of 300 – 600 nm (though the absorption of background con-
centrations in NO2 can be considered insignificant for short 
paths, NO2  concentration  in  urban  conditions  significantly 
increases); and absorption of O3 in a region less than 350 nm 
and in the range of 500 – 700 nm (this absorption may become 
noticeable  with  a  possible  increase  in  the  concentration  of 
O3).

As a model describing the distribution of gas components, 
we  have  chosen  the  model  developed  at  the  Institute  of 
Atmospheric Optics, Siberian Branch of the RAS [24] and the 
updated gas model of the atmosphere [25], which is separated 
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into three layers: lower troposphere (0 – 5 km), upper tropo-
sphere  (up  to  12  km)  and  stratosphere  (12 – 35  km).  The 
experiment we analyse here was carried out in the conditions 
of  lower  troposphere.  The  aerosol  background  model  was 
formed on the basis of papers [26 – 29] as a model of oceanic 
aerosols with coarsely dispersed (sea salt and mineral parti-
cles),  accumulative  (mineral particles  and  soil  aerosol),  and 
transitive (water-soluble and mineral particles, soot) fractions 
[28]. As  particle  size  distribution  functions we  consider  the 
lognormal  distribution  functions  and  the  fractions  given  in 
Table 1. 

In this case, the boundary atmospheric layer is only con-
sidered; therefore, we omit here the description of the altitude 
distribution of the particle concentration. 

The numerical experiment in the framework of the Monte 
Carlo  method  represents  modelling  of  the  biaxial  lidar 
scheme. In accordance with the scheme of the full-scale exper-
iment,  Krekov’s  aerosol  optical  model  that  had  been  used 
previously  was  complemented  by  the  scattering  angle  of 
174.5° with allowance for the indicatrices of scattering for the 
molecular and aerosol atmosphere.

The  coefficients  of  optical  interaction  were  calculated 
using Mie  theory. Scattering  indicatrices and coefficients of 
scattering  and  attenuation  played  the  role  of  calculated 
parameters.  The  size  distribution  of  particles  of  the  back-
ground aerosol was described in terms of the lognormal dis-
tribution with the parameters taken from Table 1:
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where rm i is the modal radius of the particle distribution; Ni is 
the concentration of the ith fraction; and si is the rms devia-
tion. 

The optical model of an artificial aerosol cloud was calcu-
lated  using  a  Gaussian  distribution  so  that  the  scattering 
according  to  the  background  model  was  exceeded  by  2 – 5 
times. The distribution mode  for different  cases  constituted 
0.5 – 2 mm, with the half-width of the mode equal to 0.005 mm.

4. Inverse problem solution

In our case, we consider the problem of seeking the size distri-
bution functions of particles as applied to the artificial aero-
sol  formation.  It  is  assumed  that  the  majority  of  particles 
have an approximately equal radius. The problem is reduced 
to optimisation of a functional representing an implementa-
tion of the method of least squares, and thus to minimisation 
of  the difference between the spectrum of backscattered SC 

radiation, obtained experimentally, and the model spectrum 
relevant to a given particle size distribution obtained via the 
genetic algorithm:
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where Iexp(lj) is the experimental spectrum and aImod(lj) is the 
model spectrum multiplied by a scaling factor.

It should be noted that, in order to test the results of mod-
elling based on the use of the genetic algorithm, we used as 
Iexp(lj)  the  spectrum  obtained  in  modelling  by  the  Monte 
Carlo method. The model representation of the signal takes 
into  account  only  single  scattering  of  photons  and,  with 
allowance made for parameters of full-scale experiment, takes 
the form
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Here, Dlj is the transmittance of the receiving channel at the 
wavelength lj; A is the receiving aperture area; G(h) is the geo-
metric factor; R85 is the distance from the receiver to the aero-
sol cloud; I(lj)  is the radiation intensity of the conical emis-
sion at the wavelength  lj; b174.5(lj, h) is the coefficient of scat-
tering at the angle 174.5° in the receiver direction, conditioned 
by artificial aerosol and molecular atmosphere;  ext

a mb + (lj, h) is 
the molecular and aerosol attenuation on the path; D  is  the 
depth of the aerosol cloud; and I(lj) is the original SC spec-
trum.

The coefficients of scattering and attenuation at the angle 
of 174.5° can be represented as follows:
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where b(lj, h, r) and b174.5(lj, h, r) are the coefficients of attenu-
ation and  scattering at  the  angle of  174.5°  for  a particle of 
radius r;
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is the size distribution function of particles, represented as a 
sum of two Gaussian functions normalised by the coefficients 
a Î [0, 1] and M (normalisation factor of the distribution den-
sity per unity).

To solve problem (7), the genetic algorithm [16, 19, 20] is 
applied.  The  generally  recognised  disadvantage  of  genetic 
algorithms is slow convergence to the solution and large time 
of operation, which is caused by the need of multiple calcula-

Table 1. Main aerosol fractions.

Aerosol fraction N/cm–3  rm/mm s

Insoluble soil and 
organic aerosols 

0 – 2 0.471 2.51

Water-soluble aerosol 0 – 28000 0.0212 2.24

Soot particles 0 – 100000 0.0118 2

Transitive fraction 0 – 270 0.07 1.95

Accumulative fraction 0 – 30 0.39 2.0

Coarsely dispersed fraction 0 – 0.14 1.9 2.15

Fine particles of sea salt 0 – 150 0.209 2.03

Large particles of sea salt 0 – 0.04 1.75 2.03
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tions  of  the  selection  function.  With  some  simplifications, 
functional  (7)  is  transformed into a fitness  function;  in par-
ticular,  it  is  assumed  that  the  coefficients  of  scattering  and 
attenuation  do  not  change  along  the  sensing  path,  and  the 
geometrical factor is equal to 1:

( ) ( ) ( )f X I aIbr scj j
i

n

1

l l= -
=

'/

	 ´ 
r2

( , , , , ) ( , ) ( )' 'db r M r g r r. .
a m

j
r

j174 5
1

174 5j a b l b l+ +r r; Ey  

	 ´ 
( )

[1 ( 2 ( ) )]exp
2
1

j
jb l

b l D- -; E

	 ´ 
85 5

( , ) ( , )exp d dh h h h2 ext
a m

ext
a m

j j
0 0

2
b l b l- ++ +; E1y y

	 ´ [ ( ) ]I 2 1
br jl - ,  (11)

where f (X) is the fitness function dependent on the vector of 
the sought-for parameters X = [a, b, a, D, r , g ]; a  is the scale 
parameter of the signal; b is the coefficient of contribution to 
artificial aerosol scattering at the angle of 174.5°, which actu-
ally takes into account both relative contribution of the atmo-
spheric  component  in  comparison  with  the  molecular  and 
aerosol components, and the concentration of ethylene glycol 
particles; r , g  are the vectors of modes and half-widths of the 
Gaussian density distribution; M is the normalisation factor 
of the density distribution per unity; b174.5(r, lj) is the coeffi-
cient  of  scattering  at  the  appropriate  angle  for  an  ethylene 
glycol particle with radius r;  1 .

a m
74 5b + (lj) is the coefficient of total 

scattering by aerosol and molecular atmosphere;  ext
a mb + (lj, h) 

is the attenuation coefficient; 
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is the attenuation in the cloud; Isc(lj) and Ibr(lj) are the SC and 
backscattered signal spectra with the transmittance taken into 
account; and batm(lj) is the atmospheric background attenua-
tion.

The  experimental  spectrum obtained  at  the  path  end  at 
the distance of 85 m from the source was taken as an original 
SC spectrum, which was then corrected with regard to model 
transmittance along the path and used to obtain the probabil-
ity of propagation of a hypothetical photon at a given wave-
length. 

The  effect  of  conical  SC  emission  generation was  taken 
into account in modelling. Angular divergences of the spec-
tral  components were obtained  from the analysis of  experi-
mental  coloured  images of  the  spectral-angular distribution 
of radiation of conical emission (Fig. 2). The values of angu-
lar divergences were used to estimate the position of the SC 
generation point on the path and to determine the propaga-
tion direction of an initiating hypothetical photon at a given 
wavelength. 

The Gaussian distribution is chosen as the original parti-
cle size distribution because rather narrow single-mode spec-
tra are considered. Because the calculation of such a function 
is  time-consuming,  the  dependences  of  scattering  on  the 
wavelength and particle radius were calculated beforehand to 
speed up the calculation process. Besides, the integral of aver-
aging  over  the  distribution  function  was  calculated  in  the 

mode vicinity only. As a  result,  the  calculation  time on  the 
modern processors without parallelisation was reduced to 1 h.

The model values of optical coefficients are used for the 
coefficients of atmospheric attenuation and scattering at the 
angle of 174.5°. It is herewith assumed that the behaviour of 
these  coefficients  changes  in  scale  (through  the  use  of  the 
coefficients b and a), rather than over the spectrum. The value 
(2b(lj))–1[1 – exp(–2b(lj))D] is almost constant over the spec-
trum in the range of 400 – 1000 nm, but, in order to take this 
value into account, the D parameter is taken between 0.1 – 2 m.

The model backscattering spectra for the conditions cor-
responding to the actual experiment were obtained using the 
Monte Carlo method  and  genetic  algorithm.  In  the  genetic 
algorithm, in order to reconstruct the parameters of the par-
ticle size distribution, representation (8) was used as a model 
signal  spectrum  in  the  single-scattering approximation. The 
backscattering  spectra  of  SC  radiation  for  a  given  set  of 
parameters of the particle size distribution were monitored on 
the  basis  of  best  convergence  either  to  the model  spectrum 
obtained by the Monte Carlo method, or to the experimental 
spectrum. After positive evaluation of the results obtained for 
the signals with a wide spectrum on the basis of the genetic 
algorithm, the particle size distribution was reconstructed by 
means of the  interpretation of experimental results with the 
use of a priori  information about  the distribution mode.  In 
this case, the genetic algorithm enables a wider and more flex-
ible change of the conditions of solving the inverse problem 
compared to other methods.

Below  we  compare  the  model  spectra  obtained  by  the 
Monte Carlo method and genetic algorithm for the particles 
of  different  sizes.  In  solving problem  (7),  the backscattered 
signal spectra in the range of 0.65 – 0.77 mm and 0.85 – 0.96 mm 
were taken into account. These limitations are due to the fact 
that, in the experimental spectra obtained, the signals have a 
too large signal-to-noise ratio in the vicinity of the laser radia-
tion wavelength, whilst this ratio is too small at the edges of 
the supercontinuum glow. 

The  continuous  dark  line  in  Fig.  4  shows  the  spectrum 
reconstructed according to the genetic algorithm by fitting the 
parameters  of  the  vector X  =  [a, b, a, D, r , g ]  to  the  model 
spectrum obtained by the Monte Carlo method for different 
modal particle sizes (in Fig. 4 this spectrum is represented by 
the tone line and is noisy). It can be seen that the spectrum 
obtained using the genetic algorithm exactly reproduces the 
shape  of  the  model  signal  obtained  by  the  Monte  Carlo 
method. In this case, the noises in the model spectrum (at a 
given  noise  level)  do  not  greatly  affect  the  reconstruction 
accuracy  of  the  ‘narrow’  (0.5 – 2  mm)  mode.  Vertical  lines 
restrict the spectral range of modelling: as stated above, the 
spectral ranges with a too large and too small signal-to-noise 
ratio in the experimental spectra are excluded from the calcu-
lations. In average over the spectrum, this ratio was equal to 
30 at the minimum value 0.5. 

In Figs 4c and 4d, a spectrum of the original signal irradi-
ating the aerosol formation (SC spectrum) is added. One can 
see  the way  the  spectra  incident and  scattered  from clouds, 
recorded  in  the  experiment,  are  transformed.  The  absolute 
amplitude of these spectra are normalised so that it is possible 
to put them on one and the same drawing. 

It should be noted that, for the particles of 2 mm radius, 
the main difference in the shapes of the spectra obtained by 
two methods is observed at long wavelengths. The shapes of 
the  spectra  for  the  particles  of  0.5  mm  radius  are  virtually 
unchanged, and this quite correlates with spectral behaviour 
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of the backscattering coefficient for the medium with the par-
ticles of 0.5 and 2 mm radius (Fig. 5). 

The curves in Fig. 5 vividly illustrate the backscatter coef-
ficient  variation  in  the  wavelength  range  of  0.6 – 1  mm:  it 
changes two-fold for the particles of 0.5 mm radius, and five-
fold for the particles of 2 mm radius (at equal concentration of 
particles).

In  Fig.  6,  the  experimental  backscattering  spectra  are 
compared with the results of modelling. The scattering spec-
tra of SC radiation are obtained with  the use of  the above-
discussed genetic algorithm, and, following the minimisation 
condition (7), these spectra are compared with the experimen-
tal spectra of SC backscattering, which allows reconstruction 
of the particle size distribution function for aerosol.

In the first case (Fig. 6а), a satisfactory solution is obtained 
for the mode of 0.498 mm radius, in the second case (Fig. 6b) 
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Figure 4. Fitting of the scattering spectra obtained by the genetic algorithm to the model spectra obtained by the Monte Carlo method for modal 
particles with the radius (a) 1, (b) 1.5, (c) 0.5 and (d) 2 mm.
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Figure 6. Comparison of experimental spectra of the backscattered sig-
nal with model spectra (fitting with the use of the genetic algorithm).
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the modes with radiuses of 0.27 and 0.6 mm are reconstructed. 
We should remind that the modal size of aerosol particles in 
the experiment was 1 mm. 

In the first case, in reconstruction of the distribution func-
tion, we used as the SC spectrum a spectrum recorded at the 
path end and relevant to this experiment. A rather good result 
was obtained  for  the  case when one mode  is  reconstructed, 
whilst the weight of the other one is close to zero. In the sec-
ond case, a spectrum averaged over multiple realisations was 
used as the SC spectrum. An attempt was made to take into 
account simultaneously the half-width of the particle size dis-
tribution  function  and  the  background  disturbances  condi-
tioned by scattering of SC spectral components in the atmo-
sphere up to the volume of aerosol scattering. Certain errors 
arise in reconstruction of the original spectrum of the particle 
size distribution: two modes are reconstructed in the particle 
distribution,  with  the  most  probable  particle  radius  value 
shifted to 0.6 mm.

5. Discussion of results

An  example  is  given  of  the  possibility  of  using  the  genetic 
algorithm  in  the problem of  reconstructing  the distribution 
modes with  a  half-width  up  to  0.01 mm  for  the  analysis  of 
lidar signals with a wide spectrum. Such narrow distributions 
correspond to the artificial aerosol sources. Testing the results 
obtained  by  means  of  the  genetic  algorithm  has  been  per-
formed using the data of numerical experiment on solving the 
direct problem by the Monte Carlo method. 

The genetic algorithm was used to solve the inverse prob-
lem of  reconstruction  of  the  particle  size  distribution  func-
tions with the particle radius of 0.5, 1, 1.5 and 2 mm, on the 
basis of experimental results of lidar sensing of artificial aero-
sol formation on a short atmospheric path.

Reconstruction of the distribution function mode on the 
basis of the genetic algorithm using the experimental spectra 
of backscattered SC radiation gives satisfactory results  –  it is 
accurate enough in model problems, the signal-to-noise ratio 
on average in the spectrum range is equal to 30. In some cases 
this ratio reaches a minimum of 0.5 at an insignificant (about 
0.001 – 0.01 mm) deviation of the radius of the reconstructed 
mode from a true value.

It  is  worth  mentioning  the  case  of  reconstruction  of 
bimodal distribution of aerosol particles in sizes instead of the 
expected  single-modal  one.  This  result  is  a  consequence  of 
incorrect consideration of the experiment specifics. From our 
viewpoint, we observe here a manifestation of the influence of 
the angular dependence in spectral distribution of SC radia-
tion on the geometrical form-factor (the relation between the 
divergence angles of probe radiation and the field-of-view of 
the  telescope),  the  magnitude  of  which,  provided  that  the 
field-of-view  of  the  telescope  is  constant,  depends  on  the 
wavelength and position of the point of filamentation on the 
sensing path. Recall that the position of the point of filamen-
tation  and,  consequently,  of  the  point  of  generation  of  the 
conical SC emission was not fixed on the real path in this full-
scale experiment and was varied from experiment to experi-
ment. Additional numerical experiments have shown that the 
selection of a  lidar scheme requires  taking  into account not 
only the endoatmospheric position of the source of spectral 
signals of sensing (i.e. positioning of the point of filamenta-
tion [8]), but also the spectral dependence of the form-factor 
of the receiving telescope. 

In our subsequent studies, we plan to investigate the pos-
sibility of reconstructing the spectra of size distributions for 
real  atmospheric  aerosol  formations  (lightweight,  advective 
and radiative fogs). It is also necessary to carry out a series of 
experimental studies as to the effect on reconstruction accu-
racy of various sources of background and noise components 
and to study the conditions of controlling the positioning of 
the point of filamentation and, consequently, the point of SC 
generation  on  the  sensing  path.  It  is  obvious  that  such  an 
effect would result from taking into account the signals from 
molecular  components  of  atmosphere,  background  aerosol 
and  its  characteristics,  and  engineering  parameters  of  the 
sensing system. 

This numerical experiment can be used for further devel-
opment of methods and tools in solving urgent problems of 
environmental monitoring by means of a femtosecond lidar, 
and in particular, for measuring and analysis of factory emis-
sions and other pollutants.
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