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Peculiarities of statistical modeling of the transspectral processes used in laser sensing of
meteorological parameters of the atmosphere are analyzed. The necessity of using rigorous Monte
Carlo technique appears in the case of operation of the corresponding meteorological lidars under
cloudy conditions in the atmosphere, when the contribution of multiply scattered radiation to lidar
return signal becomes significant. Principal attention in this paper is paid to peculiarities of
constructing the algorithms for modeling the processes of the radiation transfer. An important role of
the proper choice of the model of elastic and inelastic scattering is demonstrated. In particular, when
modeling the angles of photon scattering in the process of the Markov wandering, the scattering
phase function shape must be chosen adequate to conditions of the Raman excitation. Results of
methodical calculations are presented in comparison with data of other authors. Based on the results
obtained, some peculiarities in the formation of multiple scattering background in the Raman sensing
channels have been found.

Introduction
Remote laser sounding is now one of the
methods providing prompt information about
violation of normal operation of an ecological system.
Traditional laser sounding technique is based on
interpretation of spatially resolved signal of elastic
scattering from the medium under study at one or
several frequencies in the optical wavelength range.1
The regular tendency has been formed in recent
decade of using a wide spectrum of linear and nonlinear processes resulting in re-emission of radiation
by the matter of the medium under study at another
frequencies, the so-called transspectral proceses.2,3
The phenomena of spontaneous Raman scattering4–6
and laser-induced fluorescence6,7 are the most
significant among the linear processes, which will be
considered in this paper. One relates some
perspectives with the use of Brillouin molecular
scattering8 and hyper-Rayleigh scattering.9 The
account for Ring effect10 and resonance Raman
scattering6 is important in the systems of passive
optical sounding including the operated orbital
systems ENVISAT, etc.
In the first part of the paper, we concentrate
our attention on the analysis of potential capabilities
of the optical laser radars (Raman lidars) intended
for use in sounding the atmosphere. The Raman lidar,
when being effectively used, is capable of obtaining
regular data on the spatial distribution of the
majority of the basic parameters of the atmosphere
necessary for analysis and forecast of the state of the
air basin up to the level of cirrus clouds.
Results of systematic observations have been
accumulated and analyzed in the frameworks of the
European aerosol lidar network (EARLINET)11 and
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Siberian Lidar Station.12 These results are related,
first of all, to the study of long-term time series of
the vertical profiles of humidity, temperature, and
ozone concentration. Analysis of these data allows
one to judge on the effect of the dynamics of strong
emissions
of
volcanic
atmospheric
fronts,13
eruptions,14 emissions of industrial origin,15 and other
anomalous impacts destroying equilibrium of the
ecological system.
Combination of the Raman lidar with multiallows
frequency
elastic
scattering
lidars16,17
obtaining data on the vertical variations of
microstructure of atmospheric aerosol of both
background and anthropogenic origin. A particular
class of the inverse problems of optical sounding of
the atmosphere arises at Raman diagnostics of the
aforementioned parameters under conditions of
cloudy atmosphere. Continuous cloudiness of lower
level does not promise any success in application of
lidars for this purpose. At the same time, optically
thin cirrus clouds are the subjects of increasing
interest of specialists in the field of both passive and
active sounding.18 The reason is that cirrus clouds,
even invisible, play an important role in the
formation of radiation budget of the planet19 and, on
the other hand, they are the source of active
interference for spaceborne optical sounding tools.

Method of solution
Correct statement of the direct problem of lidar
sounding implies solving non-stationary radiation
transfer equation under complicated boundary
conditions representing real experiment. The
Boltzmann equation for the radiation transfer process
including inelastic scattering takes the form:
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∂I(r, Ω, t, λ)
+ Ω∇I(r, Ω, t, λ) = −σ(r, λ) I(r, Ω, t, λ) +
∂t

+1/ 4π

∫∫
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and means the density of the photon collisions. Then,
in Eq. (4)
k(x′, x) =

G(r, Ω′, Ω, λ′)I(r, Ω′, t, λ′)dΩ′dλ′ + S(r, Ω, λ);

L 4π

G(r, Ω′, Ω, λ′) = GM (r, Ω′, Ω, λ′ = λ) +

∫

(2)

where S(r, Ω, λ) is the source function, I(r, Ω, t, λ) =
= I(x) is the intensity at the wavelength λ at the point
r in the direction Ω at the time moment t; x =
= (r, Ω, t, λ) is the point of the phase space x ∈ X ,

= {(a, b, c) ∈ R3 : a2 + b2 + c2 = 1}, t ∈ T, λ ∈ L}

or X = Q × W × T × Λ is the eight-dimension phase
space; GM(r, Ω, Ω′, λ) is the volume coefficient of
the directed elastic light scattering, mainly the Mie
scattering, in the direction (Ω, Ω′); GR(r, Ω, Ω′, λ′)
is the volume coefficient of the directed inelastic
scattering (Raman in this case) of the photon with
the wavelength λ′ accompanied by the transspectral
transition (λ′ → λ); σ(r, λ) is the total extinction
coefficient at the wavelength λ, i.e.
(3)

where σa(r, λ) is the absorption coefficient of the
disperse medium, σS(r, λ) and σR(r, λ) are,
respectively, the scattering coefficients of elastic and
inelastic interaction. Usually in scalar case GM and
GR depend only on the scattering angle ϑ between
the directions Ω′ and Ω, i.e., ϑ = (Ω′, Ω).
The radiation transfer equation (1) is written in
the scalar approximation, i.e. without the account of
polarization effects. Nevertheless, its accurate
analytic solution has not yet been reached. The
Monte Carlo method21 is the most rational among the
numerical methods. Although this method does not
require accurate form of the transfer equation,22
construction of the effective weight algorithms of the
method23 is based on transformations of the integral
transfer equation adequate to the initial problem.
Transformation of the Eq. (1) containing the spectral
dependence of the functionals to be estimated in the
integral form, is presented, for example, in Ref. 23.
It is shown that it keeps its canonic form of the 2ndkind Fredholm equation:

∫ k(x′, x)f (x′)dx′ + ψ(x)

 
 r′ − r  
′
 δ t − t +  c   ,


 

(7)

where

is the single scattering albedo, and
g(µ, r′, λ) =

σS (r′, λ)gM (µ, r′, λ) + σR (r′, λ)gR (µ, r′, λ)
σ(r′, λ)

is the mean weighted scattering phase function;
µ = cos(ϑ); gM and gR are scattering phase functions
of the elastic and inelastic scattering normalized to
unit;

X = {(r, Ω, t, λ) : r ∈ Q ⊂ R3, Ω ∈ W =

f (x) =

×

Λ (r′, λ) = σS (r′, λ) + σR (r′, λ → λ′)  / σ(r′, λ)

L

σ(r, λ) = σa (r, λ) + σS (r, λ) + σR (r, λ′ → λ),

2π r − r′


r − r′
× δ  Ω −
r − r′


(1)

+ GR (r, Ω′, Ω, λ′) dλ′,

Λ (r′, λ) g(µ, r′, λ) exp −τ(r′, r, λ) 

(4)

X

or
f = Kf + ψ,

(5)

f (x) = σ(x)I(x)

(6)

l

τ(r′, r; λ) =

∫ σ(λ, r, l′)dl′
0

is the optical length of the segment l = r′ − r ;

ψ (x) = p(r0 ) p(Ω0 ) p(t0 ) p(λ0 )
is the multiplicative density of the external sources,
where p(m0) are the partial densities of the
corresponding initial coordinates m0; naturally

∫ p(m )dm = 1.
0

R

Rationality of the Monte-Carlo method lies in
the fact that it allows obtaining the estimate of both
radiation fluxes and linear functionals of the form
Iλ = (f , ϕ) =

∫

f (x)ϕ(x)dx

(8)

D⊂ X

over a preset domain of the phase space D ⊂ X, (ϕ(x)
is the characteristic function). Integration over the
variables in Eq. (7) is realized during modeling, that
essentially optimizes the calculation process. The
index λ in Eq. (8) shows that the spectral behavior
of the backscattered signal in the area of hypothetic
detector is of interest for this problem. It is
impossible to detect insignificant variations of the
signal δIλ within the limits of a fine spectral
structures of Raman scattering in the frame of analog
modeling. In such cases one should use one of the
weight methods22,24 related to the correlated sample
(method of independent tests).22 Briefly, the idea of
the method is as follows.
Let the kernel of the integral equation (4) and
the functions ψ, ϕ depend on some parameter, the
wavelength λ in the case under consideration. Then,
following Ref. 22, we have for the statistical estimate
of the functional

G.M. Krekov and M.M. Krekova


Iλ = (fλ , ϕλ ) = M
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∑ Q (λ)ϕ(x , λ),
n

n

(9)

n =1

where {xn} is the physical chain of collisions, Qn is
the statistical weight of the photon, M is the sign of
mathematical expectation. After each transition
x′ → x the weight of the particle at some basic
wavelength λ0 is transformed to another wavelength
λ or the set of wavelengths by the formula
Q(λ j ) = Q(λ0 )

kλ j (x′, x)
kλ0 (x′, x)

.

(10)

One can assume because of the relatively small
length of the spectral interval including the Raman
scattering lines, that the spectral properties of the
atmosphere are determined only by the behavior of
σ(λ), G(λ) = G(λ0). Then the transformation (10) is
essentially simplified:

Q(λ j ) = Q(λ0 )

σ(r, λ j )
σ(r, λ0 )

exp[ − (τ(r, r′, λ) − τ(r, r′, λ j ))].

(11)
Another one weight method determining the
basis of the whole algorithm is the method of “local
estimate” in the version formulated in Ref. 25. The
estimate of the Raman-lidar return intensity, as it
follows from statistical modeling, is
Ii,k (λ) = 1/ c∆tk

∫ ∫ ∫ I(r, Ω,t, λ)drdΩdt

(12)

∆r* ∆Ω*i ∆tk

in the vicinity of a given detector D. The detector is
determined by the set of the field-of-view angles
∆Ωi* = sin ϑdi dϑdϕ, the spatial volume ∆r* = πRd and

the grid of temporal resolution ∆lk = ∆tkc, where c is
the light speed.

Model of the medium

the optical arrangement of monostatic ground-based
and spaceborne lidars. The satellite lidar is at the
height H0 = 700 km from the Earth’s surface. It is
assumed that the source emits a δ-pulse in the
direction cone 2π(1 – cosϕi), where ϕi = 0.2 mrad is
the total divergence angle of the source. The return
optical signal is collected with a receiver in the
angular cones 2π(1 − cos ϕdi ) , where ϕdi is the set of
the total receiving angles: 0.2; 0.4; 0.6, and 1 mrad.
The optical characteristics of the atmosphere are
the step functions of the height h. The atmosphere is
divided into nh homogeneous layers with the irregular
step ∆hi = hi+1 – hi, i = 1, 2, ..., nh. The model
values of the interaction coefficients and the
scattering phase function are set in each layer ∆hi.
The characteristics of the following types of
interactions are included into the initial database
under conditions of the cloudy atmosphere: molecular
scattering (Cabannes–Rayleigh and Raman), aerosol
absorption taking into account the single scattering
albedo Λ(h), aerosol scattering, and scattering on
cloud droplets and crystals.

Modeling of the Raman scattering
From the standpoint of the molecular-statistic
theory of light scattering,26 there is no strictly
coherent scattering in nature. Indeed, the so-called
Rayleigh scattering is the sum of the rotational
Raman spectral (RRS) lines and the central Cabannes
line. The Cabannes line at fine spectral resolution
and certain conditions of detection is divided to the
Brillouin line doublet around the Landau-Placzek
line. None of these processes is completely coherent.
The diagram of the spectral structure of the
molecular backscattering from the atmosphere is
shown in Fig. 1. Nevertheless, let us assume in the
numerical experiment that scattering in the
generalized Cabannes line is coherent, and let us
model the inelastic scattering in the vibrationalrotational Raman spectrum.

Relative intensity

Solution of the transfer equation is sought under
the initial and boundary conditions corresponding to

747

Fig. 1. Spectral structure of molecular backscattering of laser radiation at the wavelength λ = 532 nm, according to the data
of Ref. 27. Intensity of the RRS lines is calculated for T = 300 K and the water vapor mixing ratio ωH2O = 1%.
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First attempts of statistically modeling the
rotational Raman scattering were undertaken by
G. Kattavar et al.28,29 in the problem of quantitative
interpretation of so-called Ring effect. Following
Ref. 29, let us assume that when a photon has
undergone molecular scattering at the carrier
frequency ν0 at one of the stages of Markovian chain
of collisions in a multi-component scattering medium,
a part of its “weight,” let it be q0, remains in the
limits of the Cabannes line. The rest, 1 – q0, weight
goes to one of the frequencies ν′ of the rotational or
vibrational-rotational Raman spectrum (VRS). The
intensity of radiation redistributed to the Raman
frequencies depends on the mean polarizability of
molecules α and the anisotropy of the polarizability δ.
For the diatomic molecules we have

180 + 13ε(λ) + 180 + ε(λ) cos2 ϑ
,
q0 = 
180 + 52ε(λ)  + 180 + 4ε(λ)  cos2 ϑ
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bJ→J′ is the Placzek-Teller coefficient. For Stokes and
anti-Stokes lines, respectively, they take the form

(14)

α

= (n − 1)

/ 4πN02 ,

(15)

where n is the refractive index, N0 = 2.687 ⋅ 1015 cm–3
is the Loschmidt number. Thus, the intensities of the
rotational Raman lines of N2 and O2 molecules are
related by the following relationship:
R
R
IR = ηN2 IN
+ ηO2 IO
2
2

1 − qN2

1 − qO2

,

(16)

where ηN2 and ηO2 are, respectively, the mixture ratio
of nitrogen and oxygen in the atmosphere.
The relative intensity of lines of the normalized
RRS is determined as26:
IR (J, T) = ν 4J qJ

Bhc
bJ → J′ exp(EJ / kT),
kT

bJ → J − 2 =

3 J (J − 1)
.
2(2 J + 1)(2 J − 1)

(19)

R(T) =

As is known, the mean polarizability is determined as
2

(18)

(13)

where ϑ is the scattering angle, and ε = (δ/α) . As is
shown,30 the value 1 – q0 weakly changes along the
spectrum for the molecules N2 and O2, and in the UV
and near IR wavelength ranges it lies within the
limits 0.035–0.025. In order to avoid unpleasant
procedure of selecting the conditional density
p(q0/ϑ), one can use the method of statistical
averaging22 and take the mean value over a solid
angle

2

3(J + 1)(J + 2)
,
2(2 J + 1)(2 J + 3)

The constants B0, qJ for the molecules N2, O2,
and CO2 are presented, for example, in Ref. 31. It
follows from Eq. (17) that the intensity of the RRS
lines depends on temperature. This fact is used in the
problems of laser sounding. Indeed, if Eq. (17) is
written for two allowed transitions J1 and J2 their
ratio represents the functional dependence on
temperature:

2

q0 = (18 + ε) /(18 + 4ε) .

bJ → J + 2 =

(17)

where J, J′ are the rotational quantum numbers of
the initial and final states, respectively, T is the
temperature ν J = ν0 ± 4B0 (J + 3 / 2) is the frequency
of the RRS lines, B0 is the rotational constant of the
molecule, qJ is the statistical weight caused by the
nuclear spin, ÅJ is the rotational energy
approximated by the formula EJ = J(J + 1)hcB0;

IR (J1, T)
= exp(γ / T + β) ,
IR (J2, T)

(20)

where

γ =  EJ (J2 ) − E(J1) / k; β = ln(bJ → J1 / bJ → J2 ) .
In
specific
of the
written

modeling the Raman scattering angle, some
peculiarities appear. The angular dependence
intensity of molecular scattering can be
in the form26:

I(ϑ) = I(π / 2) 1 + χn,p cos2 (ϑ)  ,



(21)

where, for natural light, χn = (1 – ρ)/(1 + ρ), and
for linearly polarized χp = –(1 – ρ). The degree of
depolarization is the function of all three invariants
of the scattering tensor. Using the known formulas
for ρ, it is easy to obtain the relationships for the
scattering phase function g(ϑ). For the frequencyunshifted Cabannes line at excitation by natural light
180 + ε 2 

gS (ϑ) = KnC  1 +
µ ,
180 + 13ε 


(22)

by linearly polarized light
180 − ε 2 

gS (ϑ) = KpC  1 −
µ ,
180 + 7ε 


(23)

for the shifted spectrum of Raman radiation at
excitation by natural light
1 2

gR (ϑ) = KnR  1 +
µ 
13 


(24)

and by linearly polarized light
1 

gR (ϑ) = KpR  1 − µ2  , µ = cos(ϑ).
7 


(25)
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Here Knp
are the normalization constants leading

Eqs. (22)–(25) to the form of the probability density.
According to the data,28 the anisotropy factor of the
scattering molecule in the Earth’s atmosphere
ε ≈ 0.222. Taking into account the obtained
relationships, the logical scheme of modeling the
Raman scattering is determined as follows. When
realizing the next ith part of the Markovian chain of
random collisions of the photon k(xn–1, λ0 → xn, λ0),
the type of physical interaction is determined on the
basis of the weighting relationships of the coefficients
in Eq. (3). In the considered model they are the
possible variants of scattering of the photon on
aerosol or cloudy particles, or on the molecular
density fluctuations of the medium. The probability
of Raman scattering is not included in the random
process of selection because of relatively small value
of σR << σS. So, in the case of molecular scattering,
further process of random walk bifurcates; radiation
appears at the regular set of lines of rotational and
vibrational Raman spectrum (see Fig. 1) in addition
to the secondary radiation at the frequency λ0 of
incident radiation.
We select the lines of the set of lines of RRS
and VRS, which are of practical interest in laser
sounding of meteorological parameters of the
atmosphere. In the considered numerical experiment
they are two lines of RRS and lines of VRS of
nitrogen, ozone, and water vapor. Including the
determined act of appearance of photons of Raman
frequency into the stochastic procedure of selection
leads to the shift of the estimate, which is
compensated for by the weight method taking into
account small probabilities of these events according
to Eq. (14). In the examples presented below this
value is q0 ≈ 0.036. After break of the Raman
trajectories, the process returns to the point (xn, λ0)
and continues following the traditional way.
As was mentioned above, one should take into
account that, according to expressions (22)–(25), the
molecular scattering phase function depends on the
photon polarization. In this case, we assumed that
laser radiation is linearly polarized. Hence, if the act
of molecular scattering has been first (n = 1), in
modeling the scattering angle, it is necessary to use
the formulas (23), (25). If contrary (n > 1), the
formulas (22), (24) should be used, and it is
inessential,
which
physical
character
was
characteristic of the preceding collisions.

Results of the model calculations
Calculations of the Raman signal under
conditions of a cloudy atmosphere taking into
account multiple scattering are very few,32–35 and the
results are discrepant. A number of known estimates
are presented in Fig. 2 in the form of the relative
contribution of the multiple scattering

FM (h) = PMS (h) / PSS (h),

(26)
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SS

where P (h) is the signal of single inelastic Raman
MS
scattering, P (h) is the multiply scattered
component of the signal caused by all types of
interaction.

140

FM(τ), %

120
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3
6
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2
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7

20

4
0

0.5

1

1.5

τ

Fig. 2. Comparison of the test calculations of the factor of
multiple scattering FM(h) with the data of other authors:
(1, 2) are the results from Ref. 32 and our calculations for
the C1 cloud model at the height of 5 km (λ0 = 308 nm,
σS =10 km–1); (3, 4, 5) are the results from Refs. 33 and 35
and our calculations for the same cloudiness model
(λ0 = 532 nm), (6, 7) are the results from Ref. 34 and our
calculations for the model of crystal cloud at the height of
h = 7–10 km (λ0 = 355 nm, σS = 0.6 km–1).

Then, let us call the characteristic FM(h) the
factor of multiple scattering. The majority of
calculations, including our own, were performed for a
ground-based lidar with the source divergence angle
of ϕi = 0.1 mrad and the full angle of receiving
ϕd = 0.4 mrad. The estimates were obtained for the
generally used Ñ1 cloud model36 at the height
h0 = 5 km, having the thickness ∆h = 200 m and the
total scattering coefficient σ = 10 km–1.
It is seen from Fig. 2 that, according to
different estimates, the factor FM(h) varied within
quite wide limits. The maximum values (curve 1) are
obtained using the approximate analytical method32
for λ = 308 nm. The lowest values of FM(h) are
obtained in calculations33 by the Monte Carlo method
(curve 4) for the wavelength λ = 532 nm, the relative
addition of multiple scattering does not exceed 2%
along the entire sounding path. Our estimates are
intermediate. Curves 2 and 5 are calculated,
respectively, for λ = 308 and 532 nm, quantitative
behavior of the dependences FM(h) we obtained does
not go out of the limits of similar calculations in
Ref. 37, as well as that obtained by different authors
for the case of elastic scattering and generalized in
Ref. 38. The results by Reichardt34 (curve 6)
obtained for the model of crystal cloud at
λ = 532 nm are the most close to our estimates
(curve 7).
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One of the possible reasons of the discrepancy of
the results shown in Fig. 2 is the fact that many
authors did not take into account the differences
between Rayleigh and Raman scattering phase
functions. To illustrate this moment, Figure 3 shows
the vertical behavior of the factor of multiple
scattering for two models of the scattering phase
function g(µ), (23) and (25), respectively.
h, km
20
3
3′
2
15

4′

2′

4
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The reason why we have such situation will be clear
if we consider the known analytical estimate22,25 of
the local flux in the detector domain D:

ξ∼

g(µ*)exp[−τ(r, r*)]
2π r − r*

2

,

(27)

where µ* = (r* – r)/r* – r, r* ∈ D, r (x, y, z) is the
current point of the scattering event. The value of
the normalized scattering phase function g(µ) is
involved in Eq. (27) in explicit form. In acts of
single scattering determining the statistical estimate
SS
which
is
in
the
denominator
of
P (h),
expression (26), the value gR(π ± ∆µ) > gM(π ± ∆µ),
where ∆µ ≤ cos(ϕd/2) is the small value, and the
index M is related to the case of Mie particles. Then
the conditions of formation of the multiply scattered
component of the signal in the channels of elastic and
inelastic scattering are approximately equivalent.

1

10

0

FM(h), %

40

1′

30

60

90

120 FM(h), %

Fig. 3. Vertical profile FM(h) for two models of the
molecular scattering phase functions: Raman (solid lines)
and Rayleigh (doted lines). Curves 1–4 are calculations for
the receiving angles ϕd = 0.2; 0.4; 0.6; 1 mrad. The model
used is a layer of crystal cloud with τ = 0.5 at the height of
10 km, λ0 = 532 nm.

The estimates are presented for the case of
sounding a homogeneous crystal cloud in the height
range h = 10–12 km at the frequency of rotational
spectrum of N2, λ = 532 nm. The model profiles of
aerosol and molecular scattering here and below
correspond to the mean-cyclic model,39 and the
optical characteristics of cloud consisting of
chaotically oriented hexagonal columns of mean size
are presented in Ref. 40. Comparison of the
curves 1–4 with 1′–4′ calculated with the Raman
scattering phase function gR(µ) and molecular gm(µ),
respectively, shows that the false choice of model of
the Raman scattering phase function can lead to the
noticeable shift of the results on the estimated
FM(h). Besides, the behavior of the curves in Fig. 3
demonstrates strong effect of the receiving aperture
ϕd on the level of FM(h). Insignificant expansion of
the receiving angle in the limits ϕd = 0.2–1.0 mrad
leads to the increase of the factor of multiple
scattering by more than 100%. Let us note some
qualitative peculiarities of the behavior of FM(h)
with respect to the problem of elastic scattering.
First, the relative level of multiple scattering in
the Raman channel is a few lower than that in the
channel of elastic scattering at the exciting frequency,
in contrast to the results from, for example, Ref. 32.
Comparison made for the same problem of sounding of
a C1 cloud is shown in Fig. 4.

2

30

20

1
1′

2′
10

0

5

5.04

5.08

5.12

5.16 h, km

Fig. 4. Comparative level of FM(h) in the lidar signals of
elastic (1, 2) and inelastic (1′, 2′) scattering. Curves 1, 1′
and 2, 2′ are calculations for the receiving angles ϕd = 0.2
and 0.4 mrad. Model is C1 cloud, h0 = 5 km, λ0 = 532 nm.

Second, the repeatedly noted effect of
asymmetry of the scattering phase function is kept. It
is related mainly to the fact that at scattering on
molecules, different from Mie particles, directions of
motion of the photons forward and back are
equiprobable. And the contribution of secondary
scattered trajectories of the photons in the direction
toward the source at high asymmetry of g(µ) is
proportional to g(µ ∼ 1). The increase of the factor
FM(h) as asymmetry of gM(µ) increases can be noted
when comparing curves 5 and 6 in Fig. 2, obtained
for a liquid-droplet cloud with mean particle radius
∼ 5 µm and a crystal cloud with hexagonal columns
of the height ∼ 50 µm. The effect is also seen at less
differences in gM(µ). The results of calculation of
FM(h) for the test problem “cloud C1” are shown in
Fig. 5, with the scattering phase function at the
wavelengths of λ1 = 308 nm (curves 3, 4), λ2 =
= 532 nm (curves 1, 2), and λ3 = 1060 nm (curve 5).
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The values of the normalized scattering phase
functions at the wavelengths λ1 and λ2 in the
directions ϑ ∼ 0° differ from that at λ3 by
approximately 8 and 4 times, respectively.
Third, the effect of long-term “afteraction” of
the cloud on the shape of the lidar return signal is
qualitatively new. As follows from the comparative
analysis of the curves FM(h) in Fig. 3, the effect of
the background formed in the cloud layer of the
finite length ∆h = 10–12 km is kept at the distances
exceeding the cloud thickness. Under certain
conditions the position of the maximum of FM(h) is
far out of the upper boundary of the cloud.

60

h, km
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30
25
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Fig. 5. The effect of asymmetry of the scattering phase
function on the level of FM(h) in the channel of Raman
(RRS) scattering calculated at the wavelengths of
λ = 532 nm (1, 2), 308 nm (3, 4), and 1060 nm (5) and the
receiving angles ϕd = 0.2 mrad (1, 3) and 0.4 mrad (2, 4,
5). The model used is a C1 cloud at the height of
h0 = 5 km.

Then, comparing curves 1–3 in Fig. 3, we see
that it is shifted along the depth as the receiving
aperture ϕd increases. In the case of elastic
scattering38,41 such an effect is observed, especially in
the case of sounding from a satellite,38 but not to a
significant degree.
We assume that the reason for this lies in
screening of the single Raman scattering signal by
extinction of the incident radiation by more dense
cloudy layer according to Bouguer law and extremely
low probability of the secondary Raman scattering.
The screening effect of the cloudy layers of
different optical thickness is illustrated in Fig. 6. It
shows the Raman lidar return PR(h) recorded within
the angular aperture ϕd = 0.4 mrad depending on the
depth of the sounded volume in the medium.
Calculations are presented for two sounding
diagrams: ground-based (a) and satellite (b).
Curves 1 are calculated for clear atmosphere, i.e., in
the absence of a cloudy layer. Curves 2 and 3
correspond to the presence of cloudy layers of the
optical thickness τ = 0.5 and 1.

15
1

10
2

3
5

10–11

PR(h), rel. units

b
Fig. 6. The effect of screening of the Raman return signal
depending on the optical thickness of the cloudy layer for
two cases of the lidar sounding – ground-based lidar (a)
and satellite-borne (b). Curves 1, 2, and 3 present results
calculated for the optical densities of the cloudy layer
τ = 0, 0.5 and 1, respectively, the receiving angle
ϕd = 0.4 mrad. The model used is a crystal cloud at the
heights h0 from 10 to 12 km above the Earth’s surface,
λ0 = 532 nm.

As is seen, the screening effect of the cloudy
R
layer at the level P (h) increases as the optical
thickness of the cloudy layer increases.

Conclusion
The peculiarities of statistical modeling of transspectral processes accompanying propagation of the
laser signal, in particular Raman scattering, require
certain modification of the traditional algorithms.
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Spectral closeness of the Raman channels of sounding
makes it necessary to use correlated sampling; some
difficulties appear at modeling of the Cabannes and
Raman scattering phase functions due to their
ambiguous dependence on the conditions of
excitation. The tests of the developed algorithms
have shown that the obtained estimates do not
contradict the few known data calculated by other
authors.
The performed technical calculations allow one
to draw preliminary conclusions about some
peculiarities in the formation of the background in
the channels of inelastic Raman scattering. In
particular, the strong effect is observed of afteraction
of the cloudy layer on the temporal behavior of the
signal. The problem of the effect of multiply
scattered component of the Raman-lidar return signal
on the accuracy of reconstruction of the specific
meteorological parameters (temperature, humidity,
etc.) will be considered in the second part of the
paper.
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