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The Monte Carlo method has been used to obtain the temporal and amplitude
characteristics (TAC) of pulsed radiation transmitted through a cloudy layer in the case
of perpendicular incidence of a wide unidirectional beam. TAC for the radiation intensity
as a function of the angle of observation and for the radiation power with different angles
of reception for optical thicknesses © < 50 are obtained. The character of these de-
pendences is mainly determined by the presence of two components of radiation — diffuse
and small-angle, which have different temporal scales and angular dependences.

When optical pulsed radiation propagates in a
cloudy medium its scattering and absorption by the
particles of the medium result in a distortion of the
pulse envelope and change in its temporal-amplitude
characteristics (TAC). Quite a few papers are devoted
to an’ investigation of this problem, the results of
which are presented, for example, in Refs. 1-3.
However, a complete picture of the effect of the
scattering medium on the TAC of pulsed radiation has
not been yet developed. Only the cases of extremely
large and relatively small (the small-angle approxima-
tion) optical thicknesses of the medium have been
studied with the help of approximate methods for
solving the transfer equation. With the small-angle
approximation some assumptions about the scattering
phase function and the angular dependence of the ra-
diation intensity in the medium?® are usually introduced,
the effect of which on the results is difficult to evaluate.
Therefore, numerical simulation by the Monte Carlo
method' must be used together with the development of
approximate methods. A number of prior results ob-
tained by the Monte Carlo method pertain to the par-
ticular case of recording the irradiance when the detector
is placed on the boundary of the medium.?®

In this paper an analysis of the TAC for pulsed
radiation transmitted through a cloudy layer, as a’
function of the angle of observation and field of view
of the receiver, was performed using the Monte Carlo
method. The case of perpendicular incidence of a wide
unidirectional beam is considered. In fact, this cor-
responds, for example, to an experimental setup in
which a radiation source of small dimensions is situ-
ated above a cloudy layer quite far from its upper
boundary and the receiver is located on the Earth’s
surface. The temporal dependences of the intensity
I(u) were calculated (where u = oct is dimensionless
time, o is the attenuation coefficient of the cloudy
medium, c¢ is the velocity of light, and ¢ Is the time
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for observations made at am angle ¢ with respect to
the normal to the layer and also of the power P(u),
which was recorded with the help of the receiver
with the field-of-view angle 2¢, located at a distance
Ry from the boundary of the layer (or 1y = Ry & in
dimensionless units) with its optical axis perpen-
dicular to the layer boundary.

The time u was reckoned from the moment of
arrival of the direct beam at the point where the
receiver was located. The calculations were per-
formed for the scattering phase function corre-
sponding to the Deirmendjian C-1 cloud model” at
the wavelength A = 0.45 um. The probability of
survival of the photon was assumed to be equal to 1.

The following TAC for the pulsed radiation were
chosen for analysis: the maximum value (the ampli-
tude of the pulses I,, and P,,), the pulse duration at

half maximum Ag s, and the rms width &, = vu® — >,

An estimate of the pulsewidth at some level with
respect to the maximum (in this case the 0.5 level was
taken) is widely used in experimental research. The
value 8, appears quite often in approximate techniques
as an estimate of the pulsewidth.?

In the solution of this problem it is necessary to
take account of a peculiarity in the intensity of the
scattered radiation I(u) for ¢ = 0 as u— 0 (Ref. 8)
which takes place when the temporal behavior of the
source can be characterized by a 8-function. The results
obtained in Ref. 8 show that the above-mentioned
peculiarity results in the logarithmic spreading of the
power of the scattered radiation Py(u) as u— 0, hence,
the amplitudes I, and Py, for ¢ = 0 have a finite value
only when the initial pulse has a finite width. At the
same time, for ¢ # 0 the value I, remains finite even for
an initial 8-function pulse. In the stationary case the
peculiarity in the intensity for ¢ = 0 is absent.
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Taking into account the above-mentioned fact, we
obtained a value of P, for a pulse of finite width
incident on the medium. In this paper as well as in
Ref. 1 the envelope of the initial pulse is assumed to be
described by the function

fg(ul = %y exp(-xu). (1)

The initial pulsewidth at half maximum described
by Eq. (1) is 8, = 2.447x~'. For the widely used
Q-switched laser sources the value §, lies in the range
of 0.1—0.5 If we take the values of o typical for
stratified clouds in calculating the dimensionless time.

In the Monte Carlo calculations P(u) was de-
termined for ¢, > 5° by the direct simulation method
for the propagating radiation. To determine P(u) for
¢ < 5° and to find I(x) for any ¢ the local estimate
(for angular variables) was employed. The maiximum
number of trajectories which were averaged was
~ 5 - 10°. The error in the estimate of the amplitude
parameters did not exceed 15% while for the temporal
parameters it was < 30%.

Let us now analyze the calculated results. Fig-
ure 1 shows the dependence of the intensity I(u) for
the observation angle ¢ = 5° fort = 4, 10, 15, 20, and
25 (solid curves 1—5). It can be seen from Fig. 1 that
the dependence I(u) for © > 15 takes on a bimodal
character. In addition, the first mode is formed with
rather small (u < 0.1) time delays as compared with .
For t £ 10 the second mode is not formed, however, a
delayed decay of the intensity (following approxi-
mately a power-law function) the tail of the pulse is
observed for 0.05 < u < 1.
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FIG. 1. Temporal behavior of the intensity [ of

the radiation transmitted through the cloudy layer.

To clarify the nature of the bimodal temporal
structure, test calculations of the scattering phase
function truncated at some sufficiently small scat-
tering angle y, were performed. In this case in the
numerical simulation the photon trajectory was broken
off when scattering occurred at an angle y > v,. The
calculations for y, = 10° are shown in Fig. 1 (dashed
lines). This figure shows that for the truncated scat-
tering phase function only the first maximum is re-
produced, after which I(«) drops sharply. Hence, the
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first maximum is caused only by small-angle scat-
tering. In the formation of the second maximum all the
scattering angles contribute. Two components of the
scattering field, namely, the small-angle and diffuse,
correspond to these two maxima. With increase of t
the value of the temporal shift of the maxima of these
two components increases at a different rate, which
results in their separation in time and the formation of
the bimodal temporal structure.
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FIG. 2. The amplitude I, (a) and the pulse width
Aos (b) versus the angle of observation .

Figure 2 shows the TAC as a function of angle for
the pulses with intensity I(u) for different values of ©
(the values t are identical to those in Fig. 1). For
comparison, the dependence of the intensity for the
stationary radiation (dashed lines) is also plotted in
Fig. 2a.

One can see from Fig. 2 that for small T < 10
there exists a well-pronounced angular dependence of
the quantities I,, and Ags: they change by several
orders of magnitude as ¢ increases from 1 to 50*. This
is associated with the strong anisotropy of the scat-
tering phase function of the cloud.

For t > 15 the character of the angular dependence
changes as a result of the appearance of the bimodal
structure of the pulses. In addition, calculations show
that for sufficiently small ¢ the amplitude of the first
maximum is greater than in the second case and the
angular dependence of the TAC is determined by the
small-angle component. As for larger values of ¢, the
angular dependence of the TAC is determined by the
diffuse component. In accordance with this, Fig. 2
shows the TAC of the first mode for ¢ < 5° and TAC of
the second mode for ¢ > 5°. The jump corresponds to the
transition from the first to the second mode at ¢ = 5*.

As can be seen from Fig. 2,” the smooth de-
pendence of I,,(¢) corresponds to the diffuse compo-
nent. The small-angle peak stands out against the
background of this dependence. Its magnitude de-
creases as t increases at 1 = 25 it becomes comparable
to I,, because of the diffuse component. The analogous
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peak is also fixed for stationary radiation (dashed
lines), however, it disappears already at 1 = 15.

The angular dependence of the temporal char-
acteristic Ags (Fig. 2b) is also different for the
small-angle and diffuse components. The discontinues
increase in Ags by several orders of magnitude in a
narrow angle (¢) interval in the transition from the
small-angle to the diffuse component of the scattered
field should be noted.

Let us now turn our attention to the shape of the
pulses P(u) observed a finite angle of reception. The
characteristic feature of the shape of the pulses P(u) as
well as of the pulses I(u) is the existence of two maxima
observed for sufficiently small ¢, in the interval
10 < 1 < 25. Figure 3 plots the dependence of P(u) at
v = 20and ¢; = 2.5° (curves 1 and 1'), 5° (2 and 2'),10°
(3), 20° (4), and 90° (5). The error in the estimate of
P(u) in the region of the maxima does not exceed 15%,
and in the region of minima it is < 30%. Curves 1—5
correspond to §, = 0.2, and 1’ and 2’ to §, = 0.01.
Figure 3 shows that the bimodal temporal dependence
appears when ¢; = 2.5°, 5°, and 10°. The position of the
first mode and the ratio of the amplitudes of the two
modes for a given value of ¢, are determined by the value
3. As follows from Fig. 3, the amplitude of the first
mode drops as §, increases and the distance between the
modes diminishes, finally resulting in the disappearance
of the bimodal structure.

|
=3 -2 -1 o

1 ]
7 !?”
FIG. 3. Temporal behavior of the radiation power
P transmitted through the cloudy layer.
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FIG. 4. Dependence of the amplitude (a) and the
temporal (b) characteristics of the power P(u) of

the pulse on the optical thickness t of the layer.
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Figure 4 plots the TAC versus 1. Figure 4a plots
the ratio P,,/P,,, where P,, is the amplitude of the
incident pulse. The solid lines are for &, = 0.2 and
correspond to @4 = 2.5°(1), 10°(2), and 90°(3). The
parameter 7y is equal to 33.33. The dot-dash lines
represent the dependence of the ratio P/P, for the
stationary case. The dashed straight line is given for
comparison and corresponds to the variation of
P,,/P,, according to the Bouguer law exp(—t). It
follows from Fig. 4a that for small values of ¢; = 2.5°
and 10° the plotted curves have two regions which
differ by the slope of the curves. The transition from
one region to the other occurs for t = 15—20 for initial
pulses with §, = 0.2 and t = 10—15 for the stationary
case as well. In the first region of the curve, where the
small-angle component predominates in accordance
with the above-mentioned behavior, the variation of
P, is approximately exponential although the expo-
nential coefficient is less than in the Bouguer law. In
the second region the diffuse component predominates
and the decay of P,, versus 71 is delayed.

From Fig. 4a it can be seen that the attenuation
of the amplitude of a pulsed signal takes place faster in
comparison with the power In the stationary case. In
addition, the pulse energy is obviously diminished,
analogous to the power for the stationary case. Ad-
ditional decrease of the amplitude is associated with
temporal blooming of the pulse.

The behavior of the temporal parameters versus t is
plotted in Fig. 4b. The solid lines correspond to the
same values of the parameters as in Fig. 4a. These lines
show the variation of Ags(t). The dot-dash lines cor-
respond to the rms width &; for §, = 0 (in general case

8, = /87 +0.3348> ). Figure 4b shows that as t in-

creases, Ao s at first remains constant
(Ags = const = §,). The constancy of Agsis attributed
to the fact that for small 1 the additional blooming of the
pulse is small compared to §,. After that the value of Ag 5
increases sharply with 1. Here the bimodal structure
exists and the value of A5 is taken for the mode whose
amplitude is greater. From here on the diffuse compo-
nent predominates and the rate of growth of Ays is
slowed down.

The rms width §;, as Fig. 4(b) shows, sustantially
exceeds the value of Ay 5 in that region of T where the
amplitude of the pulses is determined by the
small-angle component. Analysis shows that this fact
can be attributed to the existence of slowly decreasing
tail which increases the value of #* and, correspond-
ingly, 81, but does not affect the value of Aq 5. This fact
must be taken into account when approximate methods
are employed. In these methods the estimate of the
pulse width is based on the temporal moments® of the
pulse. In the region of diffuse propagation at t > 30
the values of the widths &; and Aqs, the calculations
show, become close in value.

Conclusions. The calculations performed for a
wide unidirectional incident beam in the region
0 < t < 50 for the observation angles ¢ > 1° reveal a
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rather complicated picture of the transformation of the
temporal-amplitude characteristics of pulses trans-
mitted through a cloudy layer with the change of t and
the observation angle ¢ (or the reception angle 2¢4).
This can be explained by the existence of two compo-
nents of the scattered radiation — a small-angle com-
ponent and a diffuse component, which have different
time scales and angular structure (the two-scale nature
of the temporal structure was noted earlier®).

The small-angle peak existing up tot = 25 in the
region ¢ > 1 becomes pronounced against the back-
ground of the smooth dependence of the intensity of
the diffuse component. At the same time, this peak
disappears under the condition of a stationary radia-
tion already prior to t = 15.

The amplitude of the pulses and their shapes in
the vicinity of the maximum during recording with a
finite reception angle 2¢, are determined by the
small-angle component while the second temporal
moment is determined by the diffuse component.

Within the transient region © = 15—25 both
components are present simultaneously and yield the
bimodal pulse shape when the reception angles
¢, < 10. If © > 25 the TAC of the pulses are deter-
mined by the diffuse component.
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