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OF OPTICAL RADIATION THROUGH A CLOUD LAYER
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The problem of the impulse response of a system consisting of a point isotropic
source of optical radiation, located between a cloud layer andthe underlyingsurface of
the earth, and a remote photodetector was studied.

The problem is solved analytically for the first time in an approximate model in
which the underlying surface is replaced by a diffusely scattering Lambertian surface
and the cloud layer is replaced by a thin diffusely scattering screen with a Lambertian
scattering function. The dependence on the altitude of the source and the layer, the
albedo of the surface, and the zenith angle of observation is obtained. A general ex-
pression for any number of scattering screens is derived.

1. The problem of the propagation of narrow-
directed beams of optical radiation from stationary
and nonstationary sources through a layer of clouds
has been studied In great detail in the literature.'”’
The distortion of the form of the signal for nonsta-
tionary sources of such radiation is caused by multi-
ple scattering of photons by ihomogeneities of the
medium. The associated broadening of the pulses is
equal to fractions of or several microseconds.'

The effect of the scattering layers on signals
from an isotropic radiating source has not been stud-
ied as well. Here the significantly larger effect of
the spread in the trajectories of the light rays, ema-
nating from an isotropic radiating source in different
directions and converging once again on the director
after being scattered in the cloud layer, is super-
posed on the multiple scattering effects. The pulse
broadening in this case is much larger than for
sources with a narrow directional pattern. It depends
on the altitude of the cloud cover and can reach tens
of microseconds.

In this paper we construct a model of the
propagation path of signals from an isotropic source
of optical radiation to a detector which is located at
a large distance from the source. This model is suit-
able for problems involving the remote sensing of
the earth’s surface through a dense cloud layer. We
also derive on the basis of this model analytical ex-
pressions for the impulse response and the transfer
function of the path.

The model is constructed based on the optical-
geometric scheme shown in Fig. 1 The clouds are
represented by a thin, diffusely scattering, screen S,
located above the source S and the underlying sur-
face P at distances /; and & > hy, respectively. The
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detector D is placed above the screen at an angle ©
to the vertical and at a distance much greater than
the altitude of the cloud cover /4. The model can be
extended to the case when the stratified cloud layer
is represented by several separate screens. The
screens and the underlying surface, which reflected
radiation incident on them, are regarded as secon-
dary, Lambertian sources of radiation — their
brightness does not depend on the observation angle
O and the flux densities are proportional to cos®.
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FIG. 1. The optical-geometrical scheme of the
system: S is the source; P is the underlying sur-
face; Sy are the scattering screens.

In constructing the model we employ system
methods, which are well know in optics and radio
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electronics, to characterize the signals and transfor-
mations. Using these methods we shall regard the
propagation path of the signals through a space with
scattering layers as a linear stationary (invariant
with respect to shifts in time) system, characterized
by the impulse response and the transfer function. In
the general case we should talk about the point-
impulse response p(x, t) and the space-time transfer

function of the system'!
Plv, w) = JJJ p(%, t) exp[t(u? + wt)] dxdt,

X = (x, v). 1)

However we shall confine our analysis to the funct
ion

f(t) = H p(X. t) dx dy ®)

and

L]
Flw) = F‘{f(t)} = J f(t) expliwt) dt,
LS (3)

which characterize the temporal properties of the
system and describe its response to an impulse 8(¢)
and a harmonic disturbance exp(iwt) at the input.
Here F{...} denotes the Fourier transform of the en-
closed function and 8(¢) is the Dirac & function.

The requirement that the detector be far away,
which is an important restriction for problems of
this class, means that the radiation at the input to
the detector can be approximated by a plane-parallel
beam.

2. We shall determine the impulse response f(t)
of the system represented schematically in Fig. 1.
We shall write in the following form the primary
pulse generated by the radiation source:

ll"o(t) = 8(t). (4)

At first we shall neglect the effect of the underlying
surface by setting the albedo A of the surface equal
to zero.

The problem is divided into three parts:

1) find the Intensity of illumination of the layer
by the radiation pulse (4), describing it in the coor-
dinate system of the source by the distribution func-
tion [I,(%, ¢); transform I,(%,¢) into a form corre-
sponding to the spatiotemporal distribution of the
intensity of illumination of the upper boundary of
the layer in the coordinate system of the detector;
and, 3) calculate the integral

Fe) =k ” I(x, y, t)dxdy, 5)
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which determines the power of the signal detected
by the detector at the time ¢. The coefficient & in
Eq. (5) depends on the properties of the scattering
layer, the angle of observation ®, and the aperture
angle of the detector AQ. For the model, under con-
sideration, with a Lambertian source of secondary
radiation and a remote detector

k= A Q cosB/m. (6)

We shall find the distribution I,(%, t) by using

the cos’p law for the scattering function of the layer
for an isotropic point source of incoherent radia-
tion.'? In accordance with this law the distribution
of the radiation intensity on the surface of the screen
with A = 0 is given by

Ry f.a 22
I vi h) = 5% [h.1 + r] . -

where r = \Jx* + y* is the distance from the observa-

tion point on the surface of the screen to the center
of the bright region and

4 21/2
1*r'h] = cosg
[ / €);

is the cosine of the angle ¢ between the normal to
the screen and the direction from the source S to the
point of the screen with coordinates x, y (Fig. 1).
The factor 4;/4n on the right side of Eq. (7) was
chosen from the condition that I(x, y; k) be nor-
malized to unit radiation energy in the pulse, since
only half of the radiation from the source is scat-
tered by the screen:

=
. hd - hl rdr =1
Io[x' vi |] xdy = 5 2 2)as2 2
RS+ r
[+]

! (9)

Radiation from the source arrives at the point (x, y)
with a time delay

/. 2 2 2
T hy + x"+y/c.

o

(10)

The spatiotemporal distribution of the intensity of
illumination of the screen can be written in the form

hi . 2132
1,0 vo t: ) = &= [hl - r] X
xa[t - h? + rz/c] ;

In accordance with the thin-screen model chosen
the intensity of illumination of the upper boundary
of the layer differs from the intensity given in
Eq. (11) only by the factor

1)
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5 = 1= Rl (12)

where 1y is the transmittance and R; is the reflec-
tance of the layer. In the coordinate system tied to
the detector the distribution of the intensity of the
illumination assumes the form

h) (2 5 -3s2
I[.‘(. V. t. hl] = ni—a-i‘ lh - r] *

/hf + ;-2 - hlcose - x sin@

<8 t - - == e

13)

In writing down this expression we displaced the
origin of the time coordinate with respect to the
moment the source flashes by an amount L/¢, where
L = L + hycos® is the distance from the source S to
the detector D along the line of sight SD, and c is
the velocity of light. The time delay for different
trajectories of the signal through the scattering
screen is determined in Eq. (13) by the expression

L.I - x sin@®

T =71 L I ——r—
0 c

o

(14)

By substituting Eq. (13) into Eq. (5) we can
calculate the response of the system fi(¢) neglecting
the underlying surface.

Simple but unwieldy transformations give the
expression

F0t) =k o il
t - n —: ¢
1 1 2 2. 2.43/2
2 (p° tsin 8)

t20, t =hjfc, p=t+tcose.

15)

This expression satisfies the normalization condition

t

kn kn
f,(a)d:-—ll—_‘__. R

P —_—] t—- ™
\/pz + czsinze

° (16)

Figure 2 shows a family of normalized curves fi(¢),
calculated using the formula (15), for angles 8 from
0 to 80°.

3. In order to take into account the effect of the
underlying surface on the impulse response of the
path it is necessary to know, in addition to the ex-
pression (15) found above, the impulse response of
the system without the underlying surface fi(¢) to a
Lambertian point source located at a distance % from
the screen. The response fi(t) is calculated by the
same method as for fi(¢), with the only difference
being that the scattering function of the layer of free
space for a Lambertian source depends on the angle
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¢ as the fourth power, rather than third power, of
the cosine.'?
The results can be written in the form

!. C C
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FIG. 2. The normalized impulse response for

A= 0. = 2 km, and W0 = £ [ s

We shall employ below the normalized functions

t, p
filts B) = —= @ * tzs,nae)sfz
o (18a)
and
c c,
£ (t, h) = - 2 + )
=1 sz

(p° + tsin’e) (> + gin“ef“'z(mb)
which differs from fi(¢) and fi(¢) by the normaliza-
tion factor kny; and by including the parameter %

explicitly in the designation of the function. In
Egs. (18)

b hic, p= 1 + tocosa. t 0.

19)

4. The effect of the underlying surface on the
impulse response of the system is determined by the
contribution of the radiation reflected from the sur-
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face to the luminosity of the screen. Neglecting the
reflection of waves between the screen and the under-
lying surface. this contribution is given by the formula

h—h1

Illx. v ti h; k) = W=

2 2 2172
x”dx'dy'[th-hll + x' +y‘] X

-2
x[h’+ (x - x4 (y - y'l"’] x

2
R .
A

x8[t- wlx, y; x', y')] ., (20)

where

/lh - h‘)2 e x'2 y‘a
= ¢

T +

1

——.(21)

/hz*{x-x'}?'* Iy-y'}a—tslne-hc‘ose
) g A =
c

It is convenient to rewrite the last expression in the
form

r=1’{x'.'_\."l'tz(x-x'.y-}."l*h.

(22)
where
N Rk
T c
) x'sin@® + [h -hl] cos8 _
= :
T_/bzoix x'}z*(y \.«lz_,
2 c
(x - x') sin® + h cos@ |
c d (23)

A= Z[h - h‘J cosB/c.

The contribution of the underlying surface to
the impulse response of the system can be written,
according to Egs. (5) and (20) in the form

£,(t) = kn'Afl[t - 4; h- h1] * £t h) (24)

and the impulse response itself can be written in the
form

fle) = ku‘[fl[t; hl] +

sAf (t -8 h-h)" £t h)]. 25)
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where the simple * denotes the convolution of the
functions with respect to the variable t; fi(t — A;
h — hy) denotes the function

to
t > A

1, [( - A; h - hl] = 2 [pz . tESIDZB]:Va '
0, t <A
(26)

p=t-A8+¢tcose t =(h-h]f.

In deriving Eq. (24) we employed the identity’
(e - -v,-8) =8t -x -8) 3 -7)Q27)

The reduction of the calculation of the integral
(5) from the function (20) to the convolution (24) of
two impulse functions fi(t — A; b — hy) and fi(¢; h)
is made possible by the fact that after substituting
the formula (2) the integrand factorizes with respect
to the variables (x, y) and (x', y').

The contribution of reflection of waves between
the screen and the underlying surface to the impulse
response of the system can be calculated using the
same scheme. When these effects are taken into ac-
count the impulse response f(t) is obtained by con-
volving the expression (25) with the function

L]
S(t) = &(t) + ¢ (¢t - kA ; h).
, PRACRERR o

where ®,(¢; 1) is the convolution of k identical func-
tions ®(¢; /) of the form
®(t; h) =AR1fl((; h) '!l[t; h); (29)

Ay is the time delay of the reflected pulse and is
given by the formula

A| = 2h cosB/c. (30)

The family of curves f(t), constructed from the for-
mula (25) taking into account the reflection of
waves between the screen and the underlying sur-
face, is presented in Fig. 3.

The effect of additional cloud layers, approxi-
mated by screens, can be taken into account simi-
larly. The impulse response of a system of N scatter-
ing screens (Fig. 1), taking into account reflection of
waves between the first screen and the underlying
surface, can be written in the form

F(t) = kemS(t) * S‘(tl . Szitl, (31)

here
s(t) = f“(t; h‘l + nf’(: -4 h~- hll . f‘[:; hl:(32)

Si(t) is given by Eq. (28); Sx(t) is given by the for-
mula
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S,(t) = £,(t; h) o ... *f(t; h),

(33)
where 71, is the distance between the first and the ith

additional screens (i =2, 3, ..., N); and, n is the
resulting transmittance of N layers

T (34)

t usec

1 1
0 5 70 75

FIG. 3. The normalized impulse response for
A=0.35 h=3km, and h;y = 1 km.

5. The transfer function F(w®) is determined as
the Fourier transform of the impulse response f(t)
(see the formula (3)). The transfer into the fre-
quency domain simplifies the analytical description
of the system, and makes it possible simpler opera-
tion of multiplying the Fourier transform,”

r{ AR ATY }- r{ £,(0) }r{ fz(:)}

and to use the formula for a geometric progression to
sum the series:
n 1-r 1

2
+ + * ... * = —_ . < 1.
1 r r r l‘l"n—ﬂli"rr 1

(35)

Using Egs. (34) and (35) we obtain from Eq. (31)
the following expression for the transfer function of
the path:

N
kn Fl (u: hl)
Flw) = el = x
1 - RIA [Fl(u; h) exp [m gcase]]
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x {F' (@ h) +4F(w h-h)Fcuw h) x

h-h
xexp[tzu[ : ] cosel}.
c (36)

where Fi(w; #); and F(o; i) are the Fourier trans-
form of the functions (18). The form of these func-
tions is presented in Figs. 4 and 5.
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FIG. 4. The transfer function Fi(f). Re and Im
denote the real and imaginary parts, respec-
tively, and f = o/2m.
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FIG. 5. The transfer function Fi(f). Re and Im
denote the real and imaginary parts, respec-
tively, and f = o/ 2.
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6. The model constructed in this paper for the
path is based on replacing the real cloud layer by a
thin diffusely scattering screen, together with the
upper boundary of the layer, or a series of such
screens, representing a layered cloud structure. It is
assumed that the brightness of the screens does not
depend on the observation angle, and that in each
sufficiently small region it is proportional to the
intensity of illumination of the screen by the
sources. It is also assumed that the time dependences
of the input signal are identical everywhere on the
screen. The spread of the photons along each ray
direction separately, which always exists owing to
multiple scattering, is neglected.

These assumption agree poorly with another.
The assumption that the screen a Lambertian surface
is justified if the optical thickness of the cloud layer
simulated by the screen is large. But, for large opti-
cal thickness of the layer it is not obvious that the
spread of the photon path along separate ray trajec-
tories can be neglected. The applicability of the as-
sumptions made can be checked in each specific case
only by a physical experiment under natural condi-
tions or by the methods of computer simulation.

The model can be improved by using known solu-
tions of the problem of radiation transfer through an
optically thick medium with anisotropic scattering.
The strong elongation of the scattering phase function
of water droplets in a cloud layer makes it possible to
use the small-angle approximation of the theory of
radiation transfer. However a different, phenomenol-
ogical (or engineering) approach to constructing a real-
istic model of the path can also be used. It consists of
introducing into the formulas derived above the possi-
ble deviation of the characteristics of the screen from
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the characteristics of a Lambertian radiator and possi-
ble spreading of the pulse on each ray trajectory sepa-
rately, and then estimating the numerical values of
these parameters from the experimental results.

REFERENCES

1. A. Ishimari, Wave Propagation and Scattering
in Randomly Inhomogeneous Media [Russian trans-
lation], Mir, Moscow (1981), Vol. 1 and 2.

2. V.M. Golubitskii and I.M. Levin, Izv. Akad.
Nauk SSSR, Ser. FAO 16, No. 10, 1051—1058
(1980).

3. L.S. Dolin, Izv. Akad. Nauk SSSR. Ser. FAO 16,
No. 1, 55—64 (1980).

4. S. Ito, Radio Science 15, No. 5, 893—901 (1980).
5. Y. Kuga and A. Ishimaru, Appl. Opt. 23, No. 23,
4382—4385 (1986).

6. P.L. Walker, Appl. Opt. 26, No. 3, 524—528
(1987).

7. AN. Valentjuk, Izv. Akad.Nauk SSSR. Ser. FAO
23, No. 8, 839—850 (1987).

8. I.S. Gonorovskii, Radio-Electronic Circuits and
Signals [in Russian], Sovet. Radio, Moscow (1977)..
9. A. Papoulis, Theory of Systems and Transforma-
tions in Optics [Russian translation], Mir, Moscow
(1971).

10. A. Papoulis, Circuits and Systems. A Modern
Approach, (N. Y. , 1980).

11. L. Levi, Appl. Opt. 22, No. 24, 4038—4041
(1983).

12. D.S. Goodman, Appl. Opt. 24, No. 19, 3240—
3248 (1985).



