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LIDAR is one of the cornerstones in the study of the atmosphere. In recent work, we developed a
theoretical analysis of the atmosphere response to a monochromatic electromagnetic excitation,
as function of altitude, by modelling in a specific way the response of clouds. That analysis
established that the density of particles in the cloud can be adequately interpreted in terms
of the Lorentzian probability distribution. Theoretical signals thereby generated, fitted with
suitable parameters, reproduce the experimental data, making possible a characterisation of
the atmosphere with the determination of its significant macroscopic and microscopic physical
constants. In the present contribution, that study is refined by considering other relevant
distribution laws susceptible to provide a better representation of the particle density as well
as an improved model for the LIDAR response. More specifically, we use Rayleigh’s law to
express the asymmetry sometimes observed in the cloud response. Furthermore, we suggest a
theoretical reconstruction of the LIDAR signal which takes into account the influence of the
wavelength on the mean free path of photons in the atmosphere.

1 Introduction

Microphysical and optical properties of cloud particles are known to be a great source of information for the
understanding of light interactions in the atmospheric system through radiative and chemical processes,
hence of the cloud feedback on the Earth’s climate. Moreover, clouds are one of the most influential
elements in the climatic system, but also one of the most difficult to define. The radiative impact of clouds
is double. They reflect a fraction of the incidental solar radiation, thus limiting the part of radiation
absorbed by the ground and the oceans. Then, they tend to cool the atmosphere, through the so-called
parasol effect. Therefore, they absorb radiation emitted by the Earth and radiate both towards space and
back to the ground. Thus, they are involved in the greenhouse effect and contribute to the warming of
lower atmosphere layers. All these complex phenomena which contribute to modulate the temperature
that we undergo motivate the interest in research activities of the atmospheric system.

In previous work [1,2], we undertook a study of the macroscopic and microscopic physical properties
of the atmosphere by using the atmosphere response to a laser excitation generated by a LIDAR. We have
proposed a Lorentzian law to model the disturbance and clouds in a LIDAR signal, irrespective of the nature
of the atmosphere. Thus, we have inferred a relation involving microscopic parameters of particles such
as their size and density. In this contribution, we aim at proposing another model based on probability
laws which improve our previous conclusions. New results are given, taking into account simultaneous
responses of the atmosphere to various frequencies in the visible electromagnetic spectrum.
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2 Overview of the LIDAR Technique

The LIDAR (Light Detection And Ranging) technique is one of the most important optical methods used
in the study of the environment. It is a laser based system which technically functions on the same principle
as the RADAR (Radio Detection And Ranging), but their ranges of frequencies are clearly different as well
as their respective applications. The RADAR uses radio waves from a few meters to a few millimeters,
depending on the applications, whereas LIDAR is limited to the electromagnetic waves of the visible
spectrum. LIDAR and RADAR are complementary devices often used out in tandem in known scientific
satellite observatories such as CALIPSO and CLOUDSAT. For a review of various applications of LIDAR,
see Ref. [3]. Figure 1 is a schematic representation of the LIDAR system.

Figure 1. The LIDAR set-up. Figure 2. Geometric representation of a LIDAR
signal.

2.1 The LIDAR equation

The LIDAR equation expresses the light intensity (more precisely, the power) received back by the telescope
after having been scattered by an inhomogeneous medium whose local optical properties depend on the
wavelength, λ, and the altitude, z, or distance, r (see Figure 2).

Taking into account the evolution of the solid angle under which the detector is seen from the
scattering point and assuming that the scattering is simple, conservative and isotropic, we can express the
signal in the following form [2, 4],

lnS(λ, h, r) = ln
1

4
+ ln

[
∑

i

αi(λ, h, r)

]
− 2

∫ r

0

∑

i

αi(λ, h, r) dr, (1)

with,

α(λ, h, r) =
∑

i

αi(λ, h, r) =
∑

i

1

Γi(λ, h, r)
, (2)

where αi(λ, h, r) is the scattering cross section per unit volume at the scattering point and Γi the photon
mean free path between two scattering events involving particles of the species i. From this equation, we
deduce analytical relations with different laws in order to give a good representation of the mean free path
of the photon emitted by the laser in the atmosphere.

2.2 Explicit expression of the excitation wavelength

2.2.1 Classical theory

The particles in the atmosphere and the scattering particles can be studied within the framework of the
classical theory of atomic dipolar emission. Consider an electron of mass m and electric charge −e, e > 0,
in the electric field ~E = ~E0e

−jwt of the excitation electromagnetic wave of the laser. According to the
classical model, the electron, in the stationary regime, oscillates around its equilibrium position with the
same angular frequency as that of the incident light, and behaves as an oscillating dipole whose moment
is ~p = −e~r, ~r being the position vector.
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In the electromagnetic theory, the mean power radiated by a dipole is given by,

< P >=
1

4πε0

w4p2
0(w)

3c3
,

p0(w) being the maximum value of the moment at the frequency w. The dynamics of the electron is
described by the second order differential equation,

m
d2z

dt2
= −αdz

dt
− kz − eE0e

−jwt, (3)

where −αdz/dt is the force due to viscous friction and −kz is the friction electric force. With w2
0 = k/m,

w0 being the electronic eigenfrequency and α/m = 1/γ, one obtains,

d2z

dt2
+

1

γ

dz

dt
+ w2

0z = − e

m
E0e

−jwt,

of which the solution in stationary regime is written as,

z =
−eE0e

−jwt

m
[
(w2

0 − w2)− j wγ
] . (4)

It then follows that,

p⋆0(w) =
−e2E0

m
[
(w2

0 − w2)− j wγ
] , (5)

and consequently,

< P >=
1

4πε0

w4

3c3
e4E2

0

m2
[
(w2

0 − w2)2 + w2

γ2

] . (6)

By introducing the classical electron radius, R = Re = e2/(4πε0mc
2), we obtain,

< P >=
cε0E

2
0

2
σ(w), (7)

with

σ(w) =
8πR2

3

w4

[
(w2

0 − w2)2 + w2

γ2

] , (8)

the factor cε0E
2
0/2 corresponding to the power per area unit borrowed from the incident electric field;

σ(w) is the scattering cross section.

The classical theory briefly described above, in spite of its limitation, seems to be sufficient to
account for the dependence of the mean scattered power on the angular frequency of the electromagnetic
field. Formulated to describe electronic vibrations, this formalism can also be extended to atomic or ionic
vibrations, as is the case in spectroscopy. Hence, depending on the value of the atomic radius R or the mass
m, one can observe Rayleigh scattering, or resonance Rayleigh scattering, as well as Mie type scattering.

2.2.2 Various types of scattering

The angular eigenfrequency w0 =
√
k/m depends on the mass of the scattering element. The electronic

eigenfrequency is of the order of 6 · 1017 rad·s−1 while that of a particle or an atmospheric aerosol is
estimated to be 1014 rad·s−1. These values can be compared with the mean angular frequency of the
emitted laser light, w = 3 · 1015 rad·s−1 corresponding to λ = 500 nm.

144



i) For w ≪ w0, the Rayleigh scattering condition is realised. Then, the scattering cross section (8)
takes the simplified form,

σ(w) =
8πR2

3

(
w

w0

)4

. (9)

This case corresponds to scattering with electronic vibration and can be used to explain the blue
colour of the sky. Light propagates according to such a mechanism in the pure atmosphere.

ii) For w ∼= w0, the scattering is called Rayleigh resonance scattering. Then, the scattering cross section
can be expressed in the form,

σ(w) =
8πR2

3

w2

[
4(w − w0)2 + 1

γ2

] ∼= 8πR2w2
0γ

2

3
L(w), (10)

with,

L(w) =
1

1 + 4γ2(w − w0)2
.

Here, L(w) is a Lorentz frequency function, typical of a resonance. One can thus explain that the red
colour of sunset results from a greater scattering than that of the blue colour of sunlight, producing
the observation of the remaining red and orange wavelengths.

iii) For wgw0, we get Mie type scattering. The particle’s mass m becoming large, 1/γ is negligible and
the cross section can be approximated as follows,

σ(w) ∼= 8πR2

3
, (11)

which does not depend on the frequency. Rigorously, Mie theory which involves spherical series, i.e.,
infinite sums of spherical harmonics, leads, for a spherical particle of radius R and for an incident
plane wave, to,

σ(w) ∼= 10πR6

3

w4

c4
=

160π5R6

3

1

λ4
. (12)

If Rgλ (which is nothing but another way of expressing the Mie scattering condition), the wavelength
effect is negligible, and the relation (11) remains valid. The white or clear colour of clouds in the
sky can be interpreted in this framework. Indeed, the size of cloud droplets being much greater than
the visible wavelength, one has Mie type dispersion.

2.2.3 The generalized LIDAR equation

Using the general expression (8) of the cross section σ(w) leads to a laser beam angular frequency dependent
LIDAR equation. Indeed, the free mean path Γ of photons between two scatterings can be expressed as
Γ(z, w) = 1/(n(z)σ(w)), n(z) being the number of atmospheric particles per unit of volume at the altitude
z. For particles of species i one can define,

αi(z, w) =
1

Γi(z, w)
=

8πR2n(z)

3

w4

[
(w2

i − w2)2 + w2

γ2
i

] . (13)

Let us consider the case when the incident LIDAR laser beam meets, on its path, such “normal” air
molecules as the particles of an unspecified disturbance like a cloud. The number of air molecules, na(z),
per volume unit is well defined by a decreasing exponential law, na(z) = n0ae

−χz, where n0a is the density
on the ground, close to 2.7 ·1019 molecules·cm−3 and χ is a decreasing constant; 1/χ is about 6 km. These
values can vary with the place and the weather conditions. Moreover, Rayleigh’s case takes place when
the scattering is from molecular origin. One has,

α1(z, w) = αa(z, w) =
8πR2

en0a

3
e−χz

w4

w4
a

=
e−χz

Γ0a(w)

w4

w4
a

=
e−χz

Γatm(w)
, (14)
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with
1

Γ0a
=

8πR2
en0a

3
, Γatm(w) = Γ0a(w)

w4
a

w4
.

On the contrary, in the case of a disturbance, even when assuming that the particles are identical, their
distribution np(z) is not known a priori . Let us set np(z) = n0f(z), n0 being the maximum density, so
that the resulting analytical signal may be as much as is possible in agreement with the experimental
LIDAR signal. The particles being then larger, the Rayleigh approximation is not longer applicable and
we have to take α2 = αp such that,

αp(z, w) =
f(z)

Γp

w4

[
(w2

p − w2)2 + w2

γ2
p

] , (15)

with
1

Γp
=

8πR2n0

3
.

Integrating and taking into account that z = h+ r cos θ, (1) becomes,

ln[S(z, w)] = ln

(
1

4

)
+ ln


 e−χz

Γatm(w)
+
f(z)

Γp

w4

[(w2
p − w2)2 + w2

γ2
p
]




+
2

Γatm(w)χ cos θ
[e−χz − e−χh]

− 2

cos θ


 w4

[(w2
p − w2)2 + w2

γ2
p
]

1

Γp

∫ z

h

f(u) du


 , (16)

where z stands for the altitude. In the case of multiple disturbances, we have,

ln[S(z, w)] = ln(
1

4
) + ln


 e−χz

Γatm(w)
+
∑

i

fi(z)

Γpi

w4

[(w2
pi − w2)2 + w2

γ2
pi

]




+
2

Γatm(w)χ cos θ
[e−χz − e−χh]

− 2

cos θ

∑

i


 w4

[(w2
pi − w2)2 + w2

γ2
pi

]

1

Γpi

∫ z

h

fi(u) du


 . (17)

These new relations which include the angular frequency of the emitted wave are appropriate for the
description of the atmosphere response to any frequencies. It is then sufficient to give the particle dis-
tribution law, n(z), in the disturbance or cloud, and to integrate as done in our previous work [2] where
it was shown that the Lorentz law is very efficient in most cases. However, some experimental signals
differ slightly from this law and display an asymmetrical backscattered peak. Hence the necessity to use
new laws of probability in order to improve on the results. Given that purpose in mind, we supplement
the Lorentzian law by two symmetrical laws, i.e, the Gauss and Student laws. For asymmetrical cases,
we choose the Rayleigh, Weibull and extreme value laws. The following results concern the case of a
standard atmosphere containing only one disturbance (or cloud), in which all the particles are assumed to
be identical. In each case, the integral

∫ z
h
f(u)/Γp du is computed explicitly and then substituted in (16).

In the Figures hereafter, as matter of convenience, illustrations are given with S(z, w) instead of
lnS(z, w), since by doing so it proves to be easier to fit parameters with the experimental signals. Figures
are obtained for an average altitude of the cloud equal to z0 = 8 km, which corresponds to a maximum
density of the particles, n0 = 15 particles per cubic centimeter, with a density decreasing coefficient of
τ = 2 km−1. Moreover, the LIDAR is located at the altitude h = 1.65 km and the laser beam is assumed
to be vertical, θ = 0.
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The other numerical values used are as follows.

• Pure atmosphere: 1/χ = 6.75 km, Γatm(w) = 20 km for w = 5 · 1015 rad·s−1 or λ = 350 nm (violet)
with

Γatm(λ1)

Γatm(λ2)
=

(
λ1

λ2

)4

=

(
w2

w1

)4

.

• Cloud particles: R = 1 µm, wp = 2 · 1014 rad·s−1, γp = 10−14 s, Γp = 8 km at z = z0.

For all the simulated signals, we note that the cloud response corresponding to the red has a greater
amplitude than that of the violet. This is explained by the fact that the red frequency is closer to the
eigenfrequency of the particle than the violet. It results in that red influences more strongly the particle
than any other frequency. On the contrary, the purely molecular response outside the cloud is larger in
the violet than at other frequencies since the molecular eigenfrequency is just at the upper limit of the
violet frequency range, hence is closer to the violet than the red. The same conclusions are confirmed by
the experimental LIDAR signals.

3 Lorentzian (or Cauchy) Law for the Particle Distribution n(z)

In this model, the particle density can be expressed as,

n(z) = n0
1

1 + (z − z0)2τ2
, (18)

where n0 is the maximum density of the particles in the cloud corresponding to the altitude z0, and τ is a
constant, parametrising the decrease in the density around z0. The density behaviour is shown in Figure 3.
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Figure 3: Particle density distribution in a cloud versus the altitude, for a Lorentzian law.

The expression for the integral

∫ z

h

f(u)

Γp
du =

8πR2

3

n0

τ
[tan−1(τ(z − z0))− tan−1(τ(h− z0))], (19)

inserted into (16), and taking into account (18), yields the analytical signals S(z, w) illustrated in Figures 4
and 5.
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Figure 4. Analytical LIDAR response, S(z), for
a Lorentzian law distribution of the particles, at
the two wavelengths of 350 and 700 nm.
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Figure 5. Analytical LIDAR response, S(z, w),
for a Lorentzian law distribution of the particles,
in the entire visible spectrum.

4 Gauss Law for the Particle Distribution n(z)

In the case of the Gaussian law distribution, displayed in Figure 6, the density can be written,

n(z) = n0 e
−(z−z0)2τ2

, (20)

and we obtain,
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Figure 6: Particle density distribution in a cloud versus the altitude, for a Gaussian law.

∫ z

h

f(u)

Γp
du =

8πR2

3

√
π

2

n0

τ
[erf(τ(z − z0))− erf(τ(h − z0))], (21)

erf(x) being the error function. Analytical signals are shown in Figures 7 and 8.
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Figure 7. Analytical LIDAR response, S(z), for
a Gaussian law distribution of the particles, at
the two wavelengths of 350 and 700 nm.
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Figure 8. Analytical LIDAR response, S(z, w),
for a Gaussian law distribution of the particles,
in the entire visible spectrum.
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5 Student Law for the Particle Distribution n(z)

The case of a Student law distribution corresponds to the relation,

n(z) = n0
1

[
1 + (z−z0)2τ2

ν

] ν+1
2

, (22)

where ν represents the degree of freedom for the Student law distribution, represented in Figure 9.
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Figure 9: Particle density distribution in a cloud versus the altitude, for the Student law, with ν = 2.

One then obtains,

∫ z

h

f(u)

Γp
du =

8πR2

3

n0

τ

[
(z − z0)τF

(
1

2
,
ν + 1

2
,
3

2
;− (z − z0)2τ2

ν

)

− (h− z0)τF
(

1

2
,
ν + 1

2
,
3

2
;− (h− z0)2τ2

ν

)]
, (23)

F being the hypergeometric function defined by,

F (a, b, c;x) =
Γ(c)

Γ(a)Γ(b)

+∞∑

k=0

Γ(a+ k)Γ(b+ k)

Γ(c+ k)

xk

k!
,

while Γ(a) is the Euler Gamma function. Figures 10 and 11 illustrate the corresponding analytical signals.
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Figure 10. Analytical LIDAR response, S(z),
for a Student distribution law of the particles,
with ν = 2, at the two wavelengths of 350 and
700 nm.
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Figure 11. Analytical LIDAR response, S(z, w),
for a Student distribution law of the particles,
with ν = 2, in the entire visible spectrum.
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6 Asymmetric Rayleigh Law for the Particle Distribution n(z)

6.1 When the density is larger below than above the cloud center

Using the following model,

n(z) =





n0 [1− (z − z0)τ ] e− 1
2 (z−z0)2τ2+(z−z0)τ , for z ≤ z0 + 1

τ ,

0, for z ≥ z0 + 1
τ ,

(24)

corresponding to the distribution represented in Figure 12, one obtains,
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Figure 12: Particle density distribution in an asymmetric cloud bottom versus the altitude, in the case of
the Rayleigh law.

∫ z

h

f(u)

Γp
du =





8πR2

3
n0

τ [e−
1
2 (z−z0)2τ2+(z−z0)τ − e− 1

2 (h−z0)2τ2+(h−z0)τ ], for z ≤ z0 + 1
τ ,

8πR2

3
n0

τ [e
1
2 − e− 1

2 (h−z0)2τ2+(h−z0)τ ], for z ≥ z0 + 1
τ .

(25)

The analytical signals are illustrated in Figures 13 and 14.
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Figure 13. Analytical LIDAR response, S(z),
for an asymmetric cloud bottom with the
Rayleigh distribution law of the particles, at the
two wavelengths of 350 and 700 nm.
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Figure 14. Analytical LIDAR response, S(z, w),
for an asymmetric cloud bottom with the
Rayleigh distribution law of the particles, in the
entire visible spectrum.

6.2 When the density is larger above than below the cloud center

In this case, we have, for a distribution shown in Figure 15,

n(z) =





n0 [1 + (z − z0)τ ] e− 1
2 (z−z0)2τ2−(z−z0)τ , for z ≥ z0 − 1

τ ,

0, for z ≤ z0 − 1
τ ,

(26)
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Figure 15: Particle density distribution for the Rayleigh law in an asymmetric cloud top versus the altitude.

One then obtains,

∫ z

h

f(u)

Γp
du =





8πR2

3
n0

τ [e
1
2 − e− 1

2 (z−z0)2τ2−(z−z0)τ ], for z ≥ z0 − 1
τ ,

0, for z ≤ z0 − 1
τ .

(27)

The corresponding analytical signals are illustrated in Figures 16 and 17.
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Figure 16. Analytical LIDAR response, S(z),
for an asymmetric cloud top with the Rayleigh
distribution law of the particles, at the two
wavelengths of 350 and 700 nm.
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Figure 17. Analytical LIDAR response, S(z, w),
for an asymmetric cloud top with the Rayleigh
distribution law of the particles, in the entire
visible spectrum.

7 Asymmetric Weibull Law for the Particle Distribution n(z)

7.1 When the density is larger below than above the cloud center

The coefficient B, introduced hereafter, characterises the shape of the cloud response.

7.1.1 When 1 ≤ B ≤ 3

Under this condition we have,

n(z) =





n0
e1−

1
B

(1− 1
B )1−

1
B

[(1− 1
B )

1
B − (z − z0)τ ](B−1) e−[(1− 1

B )
1
B −(z−z0)τ ]B , for z ≤ z0 +

(1− 1
B )

1
B

τ ,

0, for z ≥ z0 +
(1− 1

B )
1
B

τ .

(28)
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in which case one finds,

∫ z

h

f(u)

Γp
du =





8πR2

3
n0

τ
e1−

1
B

B(1− 1
B )1−

1
B

×[e−[(1− 1
B )

1
B −(z−z0)τ ]B − e−[(1− 1

B )
1
B −(h−z0)τ ]B ], for z ≤ z0 +

(1− 1
B )

1
B

τ ,

8πR2

3
n0

τ
e1−

1
B

B(1− 1
B )1−

1
B

[1− e−[(1− 1
B )

1
B −(h−z0)τ ]B ], for z ≥ z0 +

(1− 1
B )

1
B

τ .

(29)

7.1.2 When B ≥ 4

Under this condition we have, as displayed in Figure 18,

n(z) =





n0
e1−

1
B

(1− 1
B )1−

1
B

[(1 − 1
B )

1
B + (z − z0)τ ](B−1) × e−[(1− 1

B )
1
B +(z−z0)τ ]B , for z ≥ z0 − (1− 1

B )
1
B

τ ,

0, for z ≤ z0 − (1− 1
B )

1
B

τ .

(30)
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Figure 18: Particle density distribution in an asymmetric cloud bottom versus the altitude, in the case of
the Weibull law, with B = 5.

One obtains,

∫ z

h

f(u)

Γp
du =





8πR2

3
n0

τ
e1−

1
B

B(1− 1
B )1−

1
B
× [1− e−[(1− 1

B )
1
B +(z−z0)τ ]B ], for z ≥ z0 − (1− 1

B )
1
B

τ

0, for z ≥ z0 − (1− 1
B )

1
B

τ .

(31)

The analytical signals are illustrated in Figures 19 and 20.
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Figure 19. Analytical LIDAR response, S(z),
for an asymmetric cloud bottom with the
Weibull distribution law of the particles, with
B = 5, at the two wavelengths of 350 and 700
nm.
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Figure 20. Analytical LIDAR response, S(z, w),
for an asymmetric cloud bottom with the
Weibull distribution law of the particles, with
B = 5, in the entire visible spectrum.
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7.2 When the density is larger above than below the cloud center

7.2.1 When 1 ≤ B ≤ 3

We then have,

n(z) =





n0
e1−

1
B

(1− 1
B )1−

1
B

[(1 − 1
B )

1
B + (z − z0)τ ](B−1) × e−[(1− 1

B )
1
B +(z−z0)τ ]B , for z ≥ z0 − (1− 1

B )
1
B

τ ,

0, for z ≤ z0 − (1− 1
B )

1
B

, τ

(32)

and

∫ z

h

f(u)

Γp
du =





8πR2

3
n0

τ
e1−

1
B

B(1− 1
B )1−

1
B
× [1− e−[(1− 1

B )
1
B +(z−z0)τ ]B ], for z ≥ z0 − (1− 1

B )
1
B

τ ,

0, for z ≤ z0 − (1− 1
B )

1
B

τ .

(33)

7.2.2 When B ≥ 4

This case corresponds to, as displayed in Figure 21,

n(z) =





n0
e1−

1
B

(1− 1
B )1−

1
B

[(1− 1
B )

1
B − (z − z0)τ ](B−1) × e−[(1− 1

B )
1
B −(z−z0)τ ]B , for z ≤ z0 +

(1− 1
B )

1
B

τ ,

0, for z ≥ z0 +
(1− 1

B )
1
B

τ .

(34)
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Figure 21: Particle density distribution for the Weibull law in an asymmetric cloud top versus the altitude,
with B = 5.

One obtains,

∫ z

h

f(u)

Γp
du =





8πR2

3
n0

τ
e1−

1
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B(1− 1
B )1−

1
B

×[e−[(1− 1
B )

1
B −(z−z0)τ ]B − e−[(1− 1

B )
1
B −(h−z0)τ ]B ], for z ≤ z0 +

(1− 1
B )

1
B

τ ,

8πR2

3
n0

τ
e1−

1
B

B(1− 1
B )1−

1
B
× [1− e−[(1− 1

B )
1
B −(h−z0)τ ]B ], for z ≥ z0 +

(1− 1
B )

1
B

τ .

(35)

The corresponding analytical signals are illustrated in Figures 22 and 23.
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Figure 22. Analytical LIDAR response, S(z),
for the Weibull distribution law of the particles,
with B = 5, in an asymmetric cloud top, at the
two wavelengths of 350 and 700 nm.
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Figure 23. Analytical LIDAR response, S(z, w),
for the Weibull distribution law of the particles,
with B = 5, in an asymmetric cloud top, in the
entire visible spectrum.

8 Extreme Value Law for the Particle Distribution n(z)

8.1 When the density is larger below than above the cloud center

Given the distribution, illustrated in Figure 24,

n(z) = n0 e
1+(z−z0)τe−e

(z−z0)τ

, (36)
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Figure 24: Particle density distribution in an asymmetric cloud bottom versus the altitude, for the extreme
value law.

one obtains, as illustrated in Figures 25 and 26 for the corresponding analytical signals,
∫ z

h

f(u)

Γp
du =

8πR2

3

n0

τ
e1
[
e−e

(h−z0)τ − e−e(z−z0)τ
]
. (37)
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Figure 25. Analytical LIDAR response, S(z),
for the extreme value law distribution of the par-
ticles, in an asymmetric cloud bottom, at the
two wavelengths of 350 and 700 nm.
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Figure 26. Analytical LIDAR response, S(z, w),
for the extreme value law distribution of the par-
ticles, in an asymmetric cloud bottom, in the
entire visible spectrum.
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8.2 When the density is larger above than below the cloud center

Given the distribution, illustrated in Figure 27,

n(z) = n0e
1−(z−z0)τe−e

−(z−z0)τ

, (38)
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Figure 27: Particle density distribution in an asymmetric cloud top versus the altitude, for the extreme
value law.

one obtains,

∫ z

h

f(u)

Γp
du =

8πR2

3

n0

τ
e1
[
e−e

−(z−z0)τ − e−e−(h−z0)τ
]
. (39)

The corresponding analytical signals are illustrated in Figures 28 and 29.
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Figure 28. Analytical LIDAR response, S(z),
for the extreme value distribution law of par-
ticles, in an asymmetric cloud top, at the two
wavelengths of 350 and 700 nm.
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Figure 29. Analytical LIDAR response, S(z, w),
for the extreme value distribution law of the par-
ticles, in an asymmetric cloud top, in the entire
visible spectrum.

9 Application to Real Signals

A significant number of experimental signals obtained at the Thémis site close to Perpignan (France) are
available since the research activity of one of the authors (GD) has been in relation to the International
CAT and CELESTE Collaborations for the detection of gamma radiation coming from extra-galactic
sources [5]. These activities came to an end in 2003. The signals were devoted to identify and quantify
the atmosphere quality for gamma ray detection. They correspond to two wavelengths, 355 nm (violet)
and 532 nm (green), emitted simultaneously by the laser. Here, in order to test our results and to fit
experimental parameters, we consider two typical signals and investigate the particle distribution laws as
well as the wavelength influence on the corresponding data. The LIDAR equation established in (17) is
used for the analysis.
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Although we do not theoretically specify disturbance constraints, we specify the “base” and the
“top” of the cloud to correspond to a vanishing slope for the curve fitting the signal. In practice, these
base and top define the region of space in which the density of the cloud particles is significant and their
difference can represent the cloud thickness. The determination of the mean free path of photons on the
ground level is relevant as it gives an idea of the quality of air. Indeed, humid air gives a smaller mean
free path than dry air. The dependence of the photon mean free path on the ground level versus the
wavelength (in the Rayleigh case) agrees well with the experiments,

Γatm(violet)

Γatm(green)
=

(
λ(violet)

λ(green)

)4

.

The characteristic decreasing constant, χ, of the molecules in the atmosphere is also in good relation
with the air quality. It represents the slope of the linear form of the signal, and its value is sensitive to
the humidity or the air pollution. Moreover, the nonlinearity of the curve lnS(z) reveals the presence of
disturbances and clouds in the considered atmosphere.

The constants related to the cloud depend on the altitude, z, and on the time, t (see (3)). We know
from the classical theory that 1/γ = β/m = 2Rw2

0/(3c). Thus, knowing γ and w0 makes it possible to
deduce the particle radius R. Then, by using the relation 1/Γp = 8πR2n0/3, we deduce the maximum
density of the particles as well as their distribution from a given probability law.

The fitted parameters from experimental signals are given for each of the two wavelengths of the
laser. The first wavelength, referred to as 01100110, corresponding to a disturbed sky containing three
cloud layers, is treated by using the Lorentzian law. See Figures 30 and 31. Table 1 shows the values of
the fitted parameters.
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Figure 30. Experimental signal 01100110 (vio-
let), corresponding to a very cloudy atmosphere
and analytical signal fitted with the Lorentzian
law.
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Figure 31. Experimental signal 01100110
(green), corresponding to a very cloudy atmo-
sphere and analytical signal fitted with the
Lorentzian law.

The second signal, referred to 05050154, corresponds to a very asymmetric cloud. The signal is analysed
with the Rayleigh law. See Figures 32 and 33 and Table 2 for the results.
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Figure 32. Experimental signal 05050154 (vio-
let), corresponding to a very cloudy atmosphere
and analytical signal fitted with the Rayleigh
law.
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Figure 33. Experimental signal 05050154
(green), corresponding to a very cloudy at-
mosphere and analytical signal fitted with the
Rayleigh law.
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10 Concluding Remarks

The obtained results are in good agreement with data known in the literature [6]. The distance dependent
parameters are given with a satisfactory accuracy (about 6%). The frequency dependence has been difficult
to simulate as the cloud particles are relatively large, thus giving rise to a scattering close to one of the
Mie type. Indeed, the computed cross section does not vary too much with the frequency and the fitting
of the corresponding parameters is difficult to perform; the green signal gives the best evaluation. The
accuracy on the parameter determination is estimated to be 15%; it is about 20% for particle radius and
density determinations. These results, far from being only qualitative, are relevant for the analysis of real
data.

For the signal 01100110, we have determined the particle mean radii in three successive clouds.
Apparently, these radii slightly increase with altitude. On the contrary, the mean density of the particles
in each cloud center clearly decreases with altitude, a conclusion which is consistent with the height of the
signal peaks.

The cloud signal 05050154 is composed of the largest particles, practically with a radius ten times
greater than the preceding cloud radii, and with a higher density. These results explain the extremely
intense reflection peak that is observed.

On the whole, we have obtained by this method of processing the LIDAR signal detailed information
on the atmosphere parameters. This method of the particle radii and density determination by remote
sensing is new. However, it is useful to emphasize that this entire study is performed under the assumption
that particles are identical and spherical. Such a condition is not realistic for the scattering in clouds
containing different species of particles like aerosols, microscopic water drops or crystallites of ice. As
suggested in Ref. [7], the distribution of the particle radii in a cloud could also be analysed within the
framework of a formalism based on probability laws similar to those used here for the particle density
evolution. Such an investigation will be addressed in a forthcoming paper.
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