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The results of Monte Carlo simulation of the spatiotemporal structure of the lidar return
component due to multiple scattering are analyzed for the case of monostatic sensing geometry. It is
shown that the instantaneous brightness body of multiply scattered radiation may have large volume, not
coinciding with the region where the single-scattering signal comes from. The main factor influencing the
spatial and brightness characteristics of this volume source are determined.

Introduction

One of the main limitations of lidar systems, as a
means for diagnostic of the optical, microphysical, and
other characteristics of scattering media is that the
theory of solution of inverse laser sensing problems! is
based on solution of the radiative transfer equation in
the single scattering approximation. For this reason, in
most cases lidar methods are only applicable to studies
of optically thin scattering media and they may become
inefficient in interpreting lidar returns from the media
that are far from the lidar system (for instance in
sensing the near-ground layer from space?).

In other words, the lidar sensing instruments are
only applicable for diagnostics of thin, closest to the
lidar receiver, boundary layer of a turbid media,
characterized by the optical depths T < 2. This is true
because the relative contribution of multiply scattered
radiation to the return signal increases as the laser
beam penetrates deeper and deeper into an optically
dense medium, eventually becoming comparable with,
or even larger than, the signal (by which we usually
mean the radiation singly scattered toward a receiver
and falling within its field of view (FOV)).

For a wider use of lidar sensing techniques in
diagnostics of optically dense scattering media, it is
necessary to develop a new theory of solving the inverse
problems3 of laser sensing (in which total recorded
signal would have been the useful one). Also helpful
could be creation of reliable methods of extracting the
lidar return component due to single scattering from
the total signal for its subsequent interpretation by
traditional methods. Progress in both of these research
areas of development of the theory of laser sensing of
scattering media will make it possible to address a
wider scope of problems in remote diagnostics of dense
scattering media with 1T = 2 (fogs, clouds, smoke plumes
in the atmosphere, polydisperse systems in biological
substances, etc.).

In this paper, we present the results of analysis of
spatiotemporal structure of the lidar return component
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due to multiple scattering in sensing of optically dense
scattering media. This work was initiated by scientific
seminars at the Institute of Atmospheric Optics in 1999
and devoted to the problems of multiple scattering,
new methods of sensing of optically dense media, and
interpretation of laser return signals in sensing
geometry with variable-FOV receivers.

Problem formulation

In the theory of inverse problems of laser sensing,
which is based on the lidar equation written in the
single scattering approximation,! the term “depth of
beam penetration” into the scattering medium is quite
common. This notion is frequently associated with the
spatial region in the neighborhood of the point M
located at a distance r from the lidar receiver at its
optical axis; at this point, the characteristics of the
medium are retrieved from a lidar return A(¢) at the
time ¢t = 2r/c (where ¢ is the speed of light; and for
simplicity, monostatic or coaxial viewing geometry is
assumed).

The pulsed response of the sensing channel,4 for
the case of sensing the spatially bounded scattering
layers with the thickness L, has the duration T > 2L /¢
(if time is counted from the moment ¢5= 2ry/c,
where 7y is the distance between the source and the
layer boundary closest to it). In this case, the question
on spatially referencing the retrieved results for the
moments in time ¢ > 2L /c remains open. Let us turn to
Fig. 1, which presents the results of statistical
simulation of the pulsed response %(¢) of a monostatic
sensing channel for the case of sensing a remote
cloud layer, in which the extinction coefficient
increases with the increasing depth into the cloud.
Arrow shows time ¢ > 2L /¢, corresponding to the
fictitious depths of beam penetration to the cloud.
This follows from the model assuming no cloud
particles and scattering interactions at » > L, and,
hence, no photons coming to the receiver from this
region of space.
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Fig. 1. Family of pulsed responses of inhomogeneous channel
of cloud sensing. Calculations were made for the receiver’s
FOVs of 10" (curve 1), 30" (curve 2), 1° (curve 3), and
3° (curve 4) and for T = 4.

Suppose that there is some procedure or operator
E by which, using any rules, the value of 2(¢) at a time
t is converted to the optical characteristic K in a
certain region R of the medium sensed

E[h()] = K(R).

The region R is uniquely related, by the lidar
equation, to time ¢ of recording the return signal and,
once the beam divergence and width have been neglected,
it degenerates to the point at » = c¢t,/2. If this procedure
of h(t) interpretation is applied to situation depicted in
Fig. 1 (for t > 2L/c), then one obviously obtains
certain nonzero values of the optical characteristics
instead of zero ones. The signal A(¢) at t > 2L/c is
formed by photons coming to the detector from the
medium in which they were multiply scattered and
traversed the path [ > 2L.

Obviously, the component due to multiple
scattering is also present in the return signal at the
measurement times ¢ < 2L /c. Moreover, its level may
exceed that of the single scattering component,4 which
rapidly (proportionally to exp(—1)/72) decays with
time that reduces the applicability of the lidar equation
to diagnostics of such media. Indeed, even if the
component due to multiple scattering is eliminated from
lidar return by any (such as polarization-sensitive)
technique, the residual signal will not exceed the
instrumental noise level. This explains why new
methods of sensing (such as those based on the
variable-FOV detectors®) and interpretation of data of
remote laser sensing of optically dense scattering media
are now being actively developed.

Of course, multiply scattered radiation bears
information on the medium it comes from, but before
extracting it, it is necessary to identify the mechanisms of
formation of this component of a signal from the medium.
This problem was addressed in many theoretical and
experimental studies, the most comprehensive, in our
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opinion, being the studies discussed in Refs. 4 and 6.
Well studied are the issues concerning the temporal
structure of the background due to multiple scattering
in the lidar returns. In particular, the influence of
different orders of multiple scattering on this
component of return signals is estimated,® and time
response of this component to variations of the optical
characteristics of the medium and parameters of
viewing geometry4 is investigated.

It is unclear, however, what is the spatiotemporal
structure of the lidar return component due to multiple
scattering (Fig. 2), i.e., which regions of the medium
contribute to this component at each particular moment
in time, and how these regions are defined by the
optical parameters and sensing geometry. In this paper
we give answers to these questions in the context of the
problem formulated as follows.

Let a monochromatic point source of radiation at
the wavelength A with the beam divergence 2v, is
located at the origin O of a Cartesian coordinate system
(Fig. 3). Let also the beam propagates along the
direction parallel to Oy-axis. We assume a coaxial
monostatic sensing geometry. The detector FOV angle
is 2vq. The scattering medium is stratified and involves
plane-parallel layers with the boundaries parallel to the
xOz plane; it is infinite in the directions n O Oy, and is
bounded by the planes y = 0 and y = L.

h(?) h(r.t)

H
1 t
Fig. 2. Illustrative formulation of the problem on determining
the spatiotemporal structure of lidar return.
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Fig. 3. Viewing geometry used in the numerical experiments.

The optical properties of the medium are determined by
the extinction Beyg(y), scattering Byi(y), and
absorption B,,(y) coefficients and by the scattering
phase function g(p) (where W is the cosine of scattering
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angle) corresponding to a cloud or aerosol spherical
polydispersions. The source is assumed to emit a d(¢)
pulses. We aim at determining the influence of the
optical and geometrical parameters of sensing on the
pulsed responses 7(t), hi(t), hy(t), h(t, r), hy(t, ),
and h(¢t, r). Here, h = hy + hy, r is the position vector
of a point in the scattering medium, and subscripts 1
and m denote quantities calculated taking first and all
but first scattering orders into account.

Method and models of medium used in
the study

The Monte Carlo estimates on straight lines are
obtained using the method of local estimates,” which in
our case is expressed by the following formula:

_ 09y, ;) exp(-T,, ;) A

ij,k =

l

21y, ”

where k is the number of the layer where a scattering
event occurred; j is the number of the narrowest
detector FOV containing the point 1 ; (see Fig. 3); A,
is the indicator of time interval (¢; — t;_1) representing
the photon “lifetime”, that is the period from photon
emission along the trajectory of travel, that passes
through the point ry ;, and ends at the detector; and
wy,; is the photon statistical weight to account for
photon absorption during travel.

During numerical experiments we controlled the
simulation error. The rms error in our calculations did
not exceed 20%. Where not burdensome, this error is
shown in Figs. 7-9 by the error bars.

The directional light scattering was modeled using
scattering phase functions of the urban aerosol and fogs of
two types (advective and radiative) at the wavelength
A=0.86 um.8 In the numerical experiments it was
assumed that the geometrical thickness L of the medium
is fixed to be 1000 m. The optical depth was varied in
the range 2<t1<8 by changing the extinction
coefficient in each layer, while keeping the single
scattering albedo constant X = Bsct(#) /Bext(y) = const.
This model of optical properties of the medium can be
used first for determining the dependence of the studied
characteristics of the medium on its optical depth
and /or asymmetry (forward peakedness) of the
scattering phase function. To see how inhomogeneity of
the optical properties of the medium influences the
component due to multiple scattering, we specified a
uniform  profile of extinction coefficient, i.e.,
Bext(y) = const (curve 7) as well as “increasing” one
(Fig. 4, curve 2).

The dependence of the component due to multiple
scattering on absorption is easier to predict because a
decrease in the single scattering albedo causes a
suppression of multiple scattering process and a
monotonic decrease of its contribution to lidar returns.
Therefore, the single scattering albedo was not varied
throughout the numerical simulation.
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The shape of the scattering phase function will be

characterized by the coefficients
1 1
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Fig. 4. Profiles of the extinction coefficient along the optical
axis of a laser beam, which were used in calculations (here 7 is
the layer number in the plane parallel model of a stratified
scattering medium).

For the g() models chosen here, the coefficient y
ranges from 0.7995 (urban aerosol) to 0.984 (radiative
fog), while the coefficient & varies from 723 (advective
fog) to 27200 (radiative fog).

In the calculations, the laser beam divergence was
taken to be constant (vy = 3'), while the detector FOV
angle ranged from 3 minutes of arc to 5°.

Results

Before proceeding to analysis of statistical
simulation results, two remarks are in order. For the
viewing geometry considered here (see Fig. 3), the single-
and multiple scattering effects on the pulsed response
h(t) of the sensing channel are most easily compared for
times t of returns from the region near far boundary of
the medium. This is because the relative level of the
component due to multiple scattering, in this case, (see,
e.g., Ref. 4) is higher than that at earlier times of
signal recording. The general features of forming the
brightness body of multiple scattering remain the same
at each moment in time ¢ < 2L /c, but at ¢ = 2L /c they
are, probably, manifest themselves most obviously.
Therefore, we will illustrate some results of numerical
experiments obtained in the interval ¢; =[2L/c — ¢,
2L /c], where € > 0.

For development of laser sensing systems with a
variable receiver’s FOV, it is necessary to know how
the component of a recorded signal due to multiple
scattering depends on vy. This dependence is presented
in Figs.5 and 6. Figure 5 shows functions
F(t;) = hy(t;) /h(t;) for aerosol model of the scattering
medium with the increasing profile of Bg.((7), for a set
of vy values and optical depths 1T = 2, 4, and 8. For all
T values, there is a tendency in the ratio F(¢;) toward
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saturation on a constant level. As T increases, the
leveling-off occurs for smaller FOVs.
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Fig. 5. Influence of the optical depth of the medium on the
dependence of the ratio F(t;) = hy(t;) /h(t;) on the receiver’s
FOV: 1 =2 (curve 1); 4 (curve 2); and 8 (curve 3). Aerosol
characteristics are for A = 0.86 pm, y = 0.7995, and & = 1637.
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Fig. 6. The dependence of multiple-scattering contribution to
pulsed response A(t;) on the receiver’'s FOV for different
models of scattering media: aerosol with y=0.7995 and
& = 1637 (curve 1); fog with y=0.945 and & = 723 (curve 2);
and fog with y=0.989, &=27200, 1=2 at A=0.86 um
(curve 3).

This is not surprising considering that in the
calculations, the increase of the optical depth of the
medium was modeled by increasing the concentration of
aerosol particles, while keeping the geometrical
thickness of the medium constant. In this case, the
larger T, the shorter the photon mean free path, and,
hence, the smaller the angular dimensions of the beam,
smeared in the medium and visible from the center of
receiver’s aperture.

The visible beam width saturates because, as the
beam penetrates into the medium and multiple
scattering effect intensifies, there also occurs an increase
of the optical depth of the region that screens the receiver
from laser radiation. It is expected, therefore, that, with
the increasing receiver’s FOV and, hence, with the

V.V. Belov and A.B. Serebrennikov

growth of the volume contributing to this process, the
number of multiply scattered photons coming back to the
receiver will increase only to a certain level, until the
amount of scattered energy increase is compensated for by
its attenuation in the volume. As a result, the increasing
FOV in excess of some fixed value, probably, will not
lead to a significant increase of A(t;).

The influence of the shape of the scattering phase
function on F(t;) is illustrated in Fig. 6, where F(¢;) is
plotted as a function of the receiver’s FOV for the
model media such as aerosol and fog (advective and
radiative) at T = 4. Again we see the tendency in the
contribution due to multiple scattering to A(¢;) to
saturate at a constant level with the increasing FOV.
This can be explained following the same argument as
in discussion of Fig. 5. The stronger the forward
peakedness of the scattering phase function, the faster
the ratio Ahy(t;) /h(t;) saturates. This is because the
stronger the forward peakedness of the scattering phase
function, the faster the beam broadening occurs
at the beam penetration into the medium. In the
limiting case when the scattering phase function
g(w, &) = 3w =+ &), where w and I are the directions
of photon travel before and after a scattering event, the
beam preserves its shape and, starting from some
vy = Vg, h(t;) does not depend on the receiver’s FOV.

Let us now turn to the structure of instantaneous
brightness body of scattered radiation, i.e., to the
spatial and energy characteristics of the region of the
medium which, in the multiple-scattering process,
becomes the source of secondary (multiply scattered)
radiation  flux, recorded during time interval
t;=[2L/c —¢€, 2L/c]. The shape and brightness
distribution of this source is well quantified by the
ratio G(n, t;) = hy(n, t;) /h(t;), where n is the number
of the layer of the medium (counted from the layer
closest to the source), from which the photons come to
the receiver with a given aperture at the time instant ¢;.
It characterizes the relative contributions of different
parts of the medium to the pulsed response %(¢;). We
note that A,(n, t;) has the meaning of the power of
multiply scattered radiation coming to the receiver from
the region defined by the receiver’s FOV cone angle
and bounding planes of the nth layer of the medium.

Figures 7a and b present the functions G(n, t;)
plotted for the aerosol model of the medium with the
increasing profile Bei(y). When optical depth is
relatively small (1 =4, see Fig. 7a), the return signal
due to multiple scattering comes largely from the
region adjacent to the region where the single scattering
signal %4(¢;) comes from. The closer the layer to the
source region, the less its contribution to the A(t;)
signal. The influence of angular aperture of the receiver
on G(n, t;) is as follows: its increase leads to (1) a
growth of contribution to A(¢;) from the regions closest
to the receiver, and (2) to a decrease of the influence of
the region closest to region where the reflected pulse
hi(t;) comes from; nonetheless the second factor
remains dominant given detector FOVs 0.5 and 1°.
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Fig. 7. Spatial structure function G(n, ;) of multiply
scattered component at the time ¢; for (a, b) aerosol layer with
y=10.7995 and & = 1637 at A = 0.86 um; and (c, d) fog layer
with y=0.98895 and & = 27200. The detector FOV is 0.5°
(curve 1), 1° (curve 2), and 5° (curve 3).
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As the optical depth of the medium increases to
T =28 (see Fig. 7b), the pattern of signal distribution
drastically changes. As the receiver’s FOV increases,
the contribution of the first layers becomes
dominant.

Changes in the brightness body G(n, t;) in
response to an increase in the forward peak of the
scattering phase function are illustrated in Figs. 7¢ and
d. These data differ from those discussed above (see
Figs. 7a and b) only in that they are calculated for a
radiative fog. From data in Figs. 7c and d it follows
that as the scattering phase function becomes more
asymmetric in the forward direction, the influence of
the receiver’s FOV on G(n, t;) increases, and
contribution from the “middle” layers of the medium
far from the receiver increases as well as from
the region where the single scattering signal comes
from. This conclusion is further confirmed by Fig. 8,
which gives G(n, t;) for the media and observation
conditions different only in the scattering phase
function.
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Fig. 8. Brightness body of the multiply scattered radiation
recorded by a detector at the time ¢; (see Fig. 2) for different
models of the medium (the same as in Fig. 6).

The influence of the profile By((y) on the shape of
the function G(n, t;) can be assessed using data
presented in Fig. 9, where the families of G(n, t;)
curves are plotted for the models of uniform and
increasing Bi.t(y) function. For an aerosol medium with
a given density and for a particular receiver’s FOV, the
shape of the instantaneous brightness body little
depends on the extinction coefficient profile PBg.(y)
(Fig. 9a). On the other hand, simulation results for
denser media and wider detector FOVs suggest that an
increase in either of these parameters leads to a larger
difference in signal layering between homogeneous and
inhomogeneous media. As seen from Fig. 95, when
scattering  phase function has strong forward
peakedness, even at the parameters as small as 1 =4
and vq = 0.5°, the functions G(n, ¢t;) for different models
of Bst(y) is substantially different. Thus, the shape of
the angular scattering pattern can also substantially
influence the difference in distribution of pulsed
response between homogeneous and inhomogeneous
media.
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Fig. 9. Comparison of the functions G(n, t;), obtained for
aerosol (@) and radiative fog (b) models of scattering medium
with uniform and increasing profiles Bey(y). Numbers near
curves indicate standard deviation in percent. Calculations
were made for T =4 and v; =0.5° assuming inhomogeneous
(curve 1) and homogeneous (curve 2) medium.

Conclusions

From analysis of results obtained by numerical
Monte Carlo method, the following preliminary (and
valid within the considered ranges of sensing parameter
values) conclusions can be drawn.

1. When the receiver’s FOV exceeds the laser
beam divergence, the lidar return from a scattering
medium with optical depth T > 1 can be determined by
the extended regions nearer to the receiver than the
region where single scattering component comes from.

2. This region constitutes a volume source of
multiply scattered radiation (recorded at the same
time), which is characterized by the brightness
variations both across the receiver’s FOV and along the
direction of laser beam propagation.

3. Brightness of particular parts of this region
significantly depends on the optical depth of the
medium and forward peakedness of the scattering phase
function. For narrow receiver’s FOV, the maximum
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contribution from multiple scattering to a lidar return
comes from rather a thin region adjacent to the region
where single-scattering signal comes from. With
increasing optical depth of the medium, the receiver’s
FOV, and asymmetry of the scattering phase function,
the spatial region making up most of the multiple
scattering signal grows in size and shifts toward the
source.

4. The inhomogeneity of the scattering properties
of a stratified medium, which depend, within some
ranges of v{ and T values, on the shape of the scattering
phase function, does not lead to serious change of the
instantaneous brightness body of the multiply scattered
radiation in the receiver’s FOV.

Summarizing the above-said, one can state that for
construction of new methods of interpretation of remote
sensing data on optically dense media, that treat the
component due to multiple scattering as a useful signal,
it is necessary to take the spatiotemporal structure of
this component into account. This would make it
possible to relate correctly the time of measurement of
lidar signal and the characteristics of spatial region
under study and, thereby, to determine the physical
meaning of the latter adequately.
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