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Influence of Single Scattering Albedo on
Reflected and Transmitted Light from Clouds

GILBERT N. PLASS and GEORGE W. KATTAWAR

Abstract

The dependence of the reflected and transmitted light from clouds
on the single scattering albedo W is studied. The multiply scattered
path of the photon in the cloud is accurately simulated by Monte Carlo
techniques. When the cloud is thin and the surface albedo A = 0, the
reflected and transmitted radiances vary nearly as g for fixed angles
of incidence and observation and they depend strongly on the value of
A. As W becomes small and for thick clouds, the reflected radiance
approaches more closely the value calculated from the single scattering
phase function. As the absorption increases the transmitted radiance
at the zenith becomes larger relative to the value near the horizon.
Also as the optical thickness increases, the maximum of the transmitted
radiance moves from the incident direction toward the zenith. The variations

in the flux and the mean optical path are also discussed.

The authors are with the Southwest Center for Advanced Studies,

Dallas, Texas 75230.



Introduction

The reflected and transmitted radiance from clouds depends on a
number of parameters. Some of the important factors include the number
and size distribution of the water droplets, the wavelength of the light,
the single scattering albedo, the albedo of the planetary surface,
the angle of the incoming solar radiation, and the optical thickness
of the cloud together with its shape. In order to understand the com-
plex phenomenon of multiple scattering from clouds it is important
to study the influence of variations in just one of these parameters

at a time while assuming realistic values for the remainder.

This paper is concerned only with variations in the single scattering

photons. At wavelengths in the visible water is so weakly absorbing
that it can be neglected for all practical purposes for the water
amounts which occur in clouds. However, water has a number of strong
absorption bands beginning in the near infrared. Some of these are
so strong that more than half the incident radiation is absorbed by a
single water droplet of the typical size which occurs in clouds.

The reflected and transmitted radiance is calculated as a function
of the albedo for single scattering by a Monte Carlo method. This
computer program has already been described in detail in the literaturel.
Briefly it calculates the radiance and flux at a number of detectors
placed throughout the cloud for various surface albedos. A single

scattering phase function is obtained from the Mie theory by integration

over the particle size distribution. The probability of scattering



at any angle is accurately calculated including the sharp and strong
forward peak of the distribution. Thus the calculation simulates
accurately the numerous small angle scattering collisions which occur.
Although there are necessarily fluctuations in any Monte Carlo
result, these can be reduced to acceptable levels when a sufficient
number of photons are used. The Monte Carlo method appears to offer
the only practical way to obtain data for a wide range of conditions
including strong forward scattering, inhomogenities in the atmosphere,

and the occurrence of several different processes which absorb and scatter

the photon.
Fritz?s3 and Twomey et al" have calculated the effects of light
scattering from clouds by other methods and obtained very interesting
results. The Monte Carlo method has been discussed by Hammersley and
Handscomb® and has been applied to atmospheric problems by Collins and
Wells®. However, all of these authors have considered only the case

of pure scattering and have not included any absorption by the water

droplets.

Cloud Model
The size distribution for the water droplets in a cumulous cloud

chosen for this calculation is

n(r) = 2.373 r® exp(-1.5r) , (L)
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where the radius r is expressed in microns and the concentration n

is expressed in cm™® u”l. This is the distribution function used by

Deirmendjian7. The single scattering phase function was calculated

from the Mie theory by averaging over this distributionl. A wavelength
of 0.7u for the incident light and a real index of refraction of 1.33

for the water droplets was assumed for this calculation. This particular
single scattering phase function was used for all of the calculations

in this paper as we wished to study the effect of variations in the

single scattering albedo alone. A more realistic calculation would

have changed both the wavelength and index of refraction to agree with

the assumed single scattering albedo. However, the changes would then
have been due to two causes which could not be separated. Furthermore,
separate calculations showed that changes in the radiance due to variations
in the single scattering phase function are considerably smaller and often
negligible compared to those due to changes in the single scattering
albedo.

The single scattering phase function was calculated at 0.25°
intervals in the forward direction near the strong forward scattering
maximum and at 2° intervals in the backward direction where the functions
undergoes several oscillations. The cumulative probability for scattering
as a function of angle was obtained from interpolation between these
calculated points. This large number of calculated points was found
to be necessary in order to determine the single scattering phase
function accurately. An integration of this quantity over the unit

sphere was performed in order to check the accuracy of the volume



averaged phase function. This integral has the value of unity when
there is no absorption. The results of the integration are always
within a few hundredths of one percent of unity.

All calculations reported here assume reflection from a Lambert's
surface as representative of the planetary surface. Results are reported
for a surface albedo A of 0 and 1. The albedo for single scattering
W, is varied in order to determine the influence of strong absorption
on the radiance. The optical thickness T of the cloud is defined in
terms of the total cross section including the contributions from both

scattering and absorption.

Reflected Radiance

The calculated reflected radiance from thin clouds (Tt = 0.1) is
shown in Figs. 1-3 for various values of the cosine of the polar angle
of the incident beam (uo = -1.0, -0.5, -0.1). When the incident beam
is in the vertical direction (uo = -1.0), the reflected radiance for
A = 0 follows closely the value calculated from single scattering
except near the horizon!. The reflected radiance for a particle value
of the cosine of the scattering angle u varies directly as Wy since the
number of effective scattering centers in a particular direction of
observation is also proportiocnal to W This decrease in the reflected
radiance in proportion to W, is accurately valid for u > 0.6 (u is the
cosine of the angle of reflected beam) and is approximately true for

smaller values of u. The actual values are smaller than those predicted

from this relationship for angles near the horizon. This is because



the photon has an increased probability of being absorbed before it
escapes from the cloud.

The reflected radiances for © = 0.1 and A = 0 are shown in Figs. 2
and 3 for Wy = 0.5 and -0.1 respectively. The curves for different
values of w are very similar. The radiance decreases approximately
as w_ with a slightly greater decrease near the horizon.

The reflected radiance for a thin cloud depends critically upon
the surface albedo as is shown in Fig. 1. When A = 1 the reflected
radiance which now includes the radiation reflected from the ground
is nearly constant with angle. It decreases slightly as W decreases,
especially near the horizon. The results for Hy 7 -0.5 and -0.1 and A = 1
(not shown here) indicate that these variations become larger as the
incident beam approaches the horizon. When Wy = -0.5 the reflected
radiance for wy = 0.1 is only 22% of its value for w, = 1 when W is
near the horizon (the corresponding figure is 6.7% when Hy B -0.1).
The differences are less near the zenith. For uo 8 -0.1 and wo = 0.1
the reflected radiance is 0.0135 on the near horizon, then nearly
constant at 0.0115 until it starts decreasing at the far horizon to
a value of 0.00381.

The reflected radiance for a cloud of intermediate thickness is
shown in Fig. 4 (1 = 1.0, M, = -1.0). The curves for A = 0 are higher
than those shown in Fig. 1 for t = 0.1. There is appreciable multiple
scattering for T @ 1. Thus the reflected radiance decreases by more

than a factor w, as w_ decreases, since the number of photons is reduced



by the factor w, at each collision. For the smaller values of W the
reflected radiance is largest near the zenith. The photons can escape
near the zenith while undergoing few collisions because of the maxima
in the single scattering phase function in the backward direction.
With significant absorption only the photons that make a relatively
small number of collisions contribute appreciably to the radiance.
When A = 1 there is a pronounced decrease in the radiance away from the
zenith. This is because very little radiation reflected from the surface
can reach the top of the cloud at a small value of p when the cloud is
strongly absorbing.
The reflected radiance for a cloud of large thickness is shown in
Fig. 5 (v = 10, M, = -1.0). The magnitude of the radiance is appreciably
higher when N > 0.9 for v 8 10 than for T = 1 because of the large
number of multiple scatterings undergone by a typical photon. This also
smooths the curves so that there is less variation with u. When there is
appreciable absorption the radiance has a tendency to develop a more
marked variation with p with a maximum near the zenith. Especially for
the w, = 0.1 curve, the lower values near the horizon are somewhat
poorly defined due to a larger statistical error in the calculation of
these smaller radiance values. The curves for surface albedo A = 1
are very similar to those for A = 0, since relatively little radiation
can penetrate these thick clouds and be reflected back to the surface.
The reflected radiance for 7 = 10 and My = -0.5 and o = -0.1
are shown in Figs. 6 and 7 respectively. As the absorption becomes

stronger (wo becomes smaller), the reflected radiance approaches the curve



expected for single scattering from the phase function. This occurs
even for thick clouds since only singly scattered photons can make an
appreciable contribution to the intensity when Wy is small. This effect
is clearly visible in Figs. 6 and 7. For W B -0.1 and W, o= 0.1 the
reflected radiance is 200 times smaller near the zenith than near the

horizon.

Transmitted Radiance

The transmitted radiance for a thin cloud (t = 0.1) is shown in
Figs. 8-10 for o= -1.0, -0.5, and -0.1. When absorption is present,
the transmitted radiance for uo = -1.0 is in most cases equal to wo
multiplied by the transmitted radiance for wo = 1. Near the horizon
the computed value is somewhat less than would be predicted by this
equation because of multiple scattering. For other angles of incidence
the transmitted radiance decreases in general slightly more rapidly
than is predicted from the W rule. However, the general shape of the
curves 1s remarkably constant as Wy varies.

When uo = -0.5 and -0.1 and A = 1, all the values for the transmitted
radiance are increased over those for A = 0, particularly near the minima
of the curves. However, the general shape of the curves remains the sane.

The transmitted radiance for T = 1 and Hy = -1.0 is shown in Fig. 11.
When A = 0 the radiance has a strong maximum around the zenith for all
Wy because of the numerous small angle scattering events which occur.

The radiance decreases toward the horizon. This decrease is much more
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rapid as the absorption increases. When A = 1 the radiance increases
toward both the zenith and the horizon. The radiance near the horizon
is increased significantly for all W because of the backscattering
from the reflected photons. Actually most of this radiance is contributed
by photons that are reflected into a solid angle near the horizon and
then are scattered through a relatively small angle into a downward
direction.

The transmitted radiance for thick clouds (v = 10) is shown in Figs. 12-1u4.
For Hy g -1.0 and A @ 0 the radiance is always greater at the zenith
than at the horizon. This difference greatly increases as the absorption
increases until the zenith radiance is 260 times greater than the horizon
radiance when w, = 0.1. When A = 1 the horizon radiance is increased
significantly for all w, over the value for A = 0, whereas the zenith
radiance 1s increased only for the cases where W is near 1.

The shape of the transmitted radiance curves for the same W
values is very similar for Mo = -0.5 and Hy = -0.1. All information
as to the direction of the original beam is essentially lost through
the multiple collisions required to reach the bottom of the cloud. The
maximum value for the radiance is always found near the zenith. The
magnitude of the radiance values decreases as H approaches the horizon
since more of the photons are reflected out of the cloud after a few
collisions by the forward maximum of the phase function. The expected
increase in the statistical fluctuations of the result occurs when the

radiance values are numerically small compared to unity.
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Flux

The radiant flux which emerges from the cloud at its lower boundary
when A = 0 is given in Table I for a number of different values of the
parameters. When 1 and W, are held fixed and the single scattering
albedo W is varied, the flux at the lower boundary always increases
as w increases. When 1 = 0.1 or 1 the flux increases by an order of
magnitude when W increases from 0.1 to 1. However, the corresponding
change for a thick cloud (1 @ 10 or 30) is many orders of magnitude.
Obviously when there is appreciable absorption, very few photons can

survive many collisions and penetrate a thick cloud.

Mean Optical Path

The mean optical path for both the reflected and transmitted photons
is shown in Table I. When 1 = 0.1, the mean optical path varies only
slightly with W since the majority of the photons undergo only a single
scattering in this case.

When 1 = 1 the mean optical path of the reflected photens decreases
as w_ decreases since the photons which can survive multiple collisions
when there is considerable absorption stay nearer the upper surface on
the average. Similarly the transmitted photons follow a shorter path
on the average when the absorption is high. These effects are much
more pronounced when T 2 10 and 30. For example when T = 30, the mean
optical path for the reflected photons is 10.9 when W, = 0.1 and 59.89
for w, = 1. The transmitted mean optical path for this same cloud is

30.7 when wo = 0.1 and 81.9 when wo = 1. The value for wo = 0.1 is
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quite remarkable since the cloud has an optical thickness of 30. Thus
with this high absorption the only photons that can penetrate the
cloud are those that pass through with only slight deviations from the
original vertical direction. Obviously only a minute fraction of the
photons can pass through a thick cloud in this manner as is shown

by the very small value for the flux of 5.3 x 10”13,
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Table I.

Mean Optical Path and Flux at Lower Boundary for A = O.

Reflected
mean optical

uo wo path
0.1 0.1 1.32
0.1 0.5 1.35
0.1 1 1.34
0.5 0.1 0.808
0.5 0.5 0.892
0.5 1 0.850
1 0.1 0.320
1 0.5 0.408
1 0.9 0.441
1 1 0.u454
1 0.1 2.68
1 0.5 3.41
1 0.9 3.70
1 1 3.75
0.1 0.1 4,91
0.1 0.5 8.86
0.1 0.9 11.3
0.1 1 12.9
0.5 0.1 8.u43
0.5 0.5 14.3
0.5 0.9 18.4
0.5 1 20.8

1 0.1 10.6

1 0.5 15.5

1 0.9 22.1

1 0.99 25.1

1 1 24,2

1 0.1 10.9

1 0.5 17.4

1 0.9 37.3

1 0.99 55.7

1 1 59.9

Transmitted
mean optical

path

OO WWHEFHFFHFHEFEFNOOMNNDNEFERENDNRNOND
HOHFHRFOOUWOWORFEREF FNNJOOLO O
=

FEFEP R OOO0O0O0 0O

O N0 ~NO £

WWFOINO O

.06
.06
. O
.270
.286
.286
.113
<115
.11o6
.119

R o
w O U w

Flux at
Lower
Boundary

.0322
.184

452
.01u7
.0768
.163
.00862

. 0440
.0810
.0905
.0349
.215

.493

.584

.95 x 10~
.04 x 107°
0254

.201

.50 x 107°
.29 x 107"
.0517

.362

.42 x 107°
.48 x 1073
.136

472

.534

.3 X lO'13
.51 x 1079
.31 x 1073
.113

.227

COFRPFEFTUVNOOONFOONIDODTOOFFOOOODODOODOODOOOOOO
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Legends for Figures
Fig. 1. Reflected radiance as a function of u, the cosine of the
zenith angle. The curves on the left and right portion
of the figure are for A (surface albedo) = 0 and 1 respectively.

The optical depth of the cloud ¢

0.1. The sunlight is
incident vertically, My (cosine of incident zenith angle) = -1.0.
The single scattering albedo is w, - The incident intensity
is normalized to unity.
Fig. 2. Reflected radiance for Ho g -0.5, 1 = 0.1, and A ® 0 as a function
of usthe cosine of the zenith angle. The left hand portion
of the graph refers to values averaged over the azimuthal
angle for 90° on both sides of the original beam. The values
on the right portion of the graph are for values averaged
over the remaining azimuthal angles. Thus one intensity
curve from left to right shows the variation from one horizon
to the zenith and back to the other horizon averaged over the

At ad ] ootk ~
indaicated azimuthal angles.

Fig. 3. Reflected radiance for Ho o -0,1, vt = 0.1, and A 0 as a
function of u. See caption for Fig. 2.

Fig. 4. Reflected radiance for My = -1.0, T = 1.0, and A = 0 and 1
as a function of u. See caption for Fig. 1.

Fig. 5. Reflected radiance for o = -1.0, Tt = 10, and A 8 0 and 1
as a function of u. See caption for Fig. 1.

Fig. 6. Reflected radiance for W= -0.5, 1 = 10, and A = 0 as

a function of u. See caption for Fig. 2.
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Fig. 7. Reflected radiance for Wy = -0.1, T = 10, and A = 0 as
a function of u. See caption for Fig. 2.

Fig. 8. Transmitted radiance for o o -0.,1, t = 0.1, and A = 0 and
1 as a function of y. The radiance from the unscattered

photons of the original beam is not included. See caption

for Fig. 1.

Fig. 9. Transmitted radiance for o = ~-0.5, 1 = 0.1, and A = 0 as
a function of u. See caption for Fig. 2.

Fig. 10. Transmitted radiance for Mo T -0.1, T = 0.1, and A = 0 as
a function of u. See caption for Fig. 2.

Fig. 11. Transmitted radiance for Wy = -1.0, t =1, and A = 0 and 1
as a function of p. See caption for Fig. 1.

Fig. 12. Transmitted radiance for M = -1.0, T = 10, and A = 0 and 1
as a function of u. See caption for Fig. 1.

Fig. 13. Transmitted radiance for My = -0.5, T = 10, and A = 0 as
a function of p. See caption for Fig. 2.

Fig. 14, Transmitted radiance for Wy = -0.,1, 1t @ 10, and A = 0 as

a function of u. See caption for Fig. 2.
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