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ABSTRACT 

A method is presented for determining the single scattering albedo of clouds at selected wavelengths in 
the visible and near-infrared wavelength regions. The procedure compares measurements of the ratio of 
the zenith to nadir propagating intensities deep within a cloud layer with radiative transfer computations 
of the same. Analytic formulas are derived which explicitly show the dependence of the internal intensity 
ratio on ground albedo, optical depth, single scattering albedo and cloud asymmetry factor. The single 
scattering albedo and cloud asymmetry factor enter the solution in such a way that a similarity relation- 
ship exists between these two parameters. As a result, the accuracy with which the single scattering 
albedo can be determined is dictated by the accuracy with which the asymmetry factor can be estimated. 
A method of observation is described whereby aircraft measurements of the zenith and nadir propagating 
intensities can be used to determine the similarity parameter as a function of wavelength. Since the 
fractional absorption of a cloud depends on the similarity parameter and not on the single scattering 
albedo and asymmetry factor separately, this poses no severe limitation to the method. An accurate 
knowledge of the ground albedo and total optical thickness of a cloud are unnecessary for a solution, 
provided one associates the wavelength for which the intensity ratio is a maximum with conservative 
scattering. Under this internal calibration approach, uncertainties in the ground atbedo are very nearly 
compensated by uncertainties in the cloud optical thickness. 

1. Introduction 

The single scattering albedo of clouds is an im- 
portant parameter affecting the transfer and deposi- 
tion of radiant energy in the earth’s atmosphere. 
In addition to water vapor, liquid (or ice) water 
particles and certain absorbing gases, aerosol 
particles within the cloud volume contribute to the 
absorption of solar radiation by clouds. Only a small 
fraction of all airborne particles participate directly 
in cloud formation by acting as nuclei for the con- 
densation process. The airborne particles which do 
absorb energy, which are likely to be large in- 
soluble and possibly hydrophobic particles, will 
initially be found in the air between the cloud 
drops. Twomey (1972) has shown that these ab- 
sorbing particles will primarily remain interstitial 
to the cloud drops, even after a period of time dur- 
ing which some coagulation through diffusion and 
diffusiophoresis has occurred. 

Twomey (1976) and Stephens (1978a,b) have 
examined the absorption of solar radiation in ex- 
tended clouds composed of water vapor and liquid 
water and concluded that absorption approaches 
U-20% for the more absorbing and thicker clouds, 
particularly when the sun is near the zenith. 
Stephens (1978a) further showed that of this ab- 

sorption the contribution by liquid water is of the 
same order as water vapor, except for the optically 
thin clouds in the lower atmosphere. Davis et al. 
(1979a,b) examined the absorption of solar radia- 
tion by cubic clouds and found that at small (large) 
solar zenith angles finite clouds absorb less (more) 
radiation than in an equal volume element of hori- 
zontally infinite cloud. Considering the atmospheric 
column as a whole, Davis et al. (1979a) found 
that absorption is nearly equivalent for columns 
containing horizontally infinite clouds and columns 
containing finite clouds. They further noted that 
absorption is greater when a cloud is present than 
in the cloud-free case. 

The few existing measurements of shortwave 
absorption by clouds have been obtained using 
broadband pyranometers flown above and below 
clouds. These measurements (Reynolds et al., 1975; 
Stephens, et al., 1978) suggest a significant ab- 
sorption of solar radiation by cloud layers, ab- 
sorption often exceeding theoretical predictions for 
clouds composed solely of liquid water and water 
vapor. This led Twomey (1972, 1977) to suggest that 
absorbing aerosol particles may be partly responsible 
for this anomalous absorption, although the pos- 
sibility also exists that leakage of radiation through 
the side walls of some of the real clouds could 
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also account for some of the large values of 
absorption implied by the measurements. Stephens 
et al. (1978) took care to present measurements 
for single-level clouds extensive enough to allow an 
aircraft to fly horizontally over or through them for 
several minutes, and sometimes up to several hours. 
They still found measured absorptions in excess of 
theoretical predictions, even for their three Hobart 
clouds which were their densest and most ex- 
tensive clouds. 

One of the difficulties in interring absorption 
properties by using radiometric observations ex- 
ternal to a cloud is that these must be absolute 
measurements with a high degree of accuracy. In 
addition, horizontal inhomogeneities and the finite 
horizontal extent of many terrestrial clouds make it 
difficult to unambiguously separate the effects of 
true absorption from those of geometry, as pointed 
out by McKee and Cox (1974, 1976), Davies (1978) 
and Davis et al. (1979a,b), among others. Even for 
plane-parallel, horizontally homogeneous clouds of 
sufficient optical thickness (7, b 20), the intensity 
distribution emerging from cloud base has the same 
asymptotic angular distribution whether the scatter- 
ing process is conservative or slightly noncon- 
servative, the only difference being in the mag- 
nitude of the intensity field (Sobolev, 1975). Only 
deep within a cloud layer does there appear to be 
an asymptotic angular distribution of scattered 
radiation which is both sensitive to absorption 
and simplified in character over that at either the 
top or bottom boundary of a cloud. This region, 
known as the diffusion domain, has recently been 
examined by Mel’nikova (1978) for the possibility 
of determining the single scattering albedo as a 
function of wavelength from hemispheric flux 
density measurements. 

The intent of this paper is to demonstrate the 
sensitivity of the internal scattered radiation field 
to absorption by the cloud medium; and to dem- 
onstrate that this sensitive relationship provides 
a convenient tool for determining the single scatter- 
ing albedo of a cloud. It will be demonstrated that 
the ratio of the zenith to nadir propagating inten- 
sities within a cloud layer can be measured as a 
function of wavelength and, with certain a priori 
information about the cloud asymmetry factor, com- 
pared to theoretical calculations to determine 
spectral values of the single scattering albedo of a 
cloud. A method of observation and analysis will be 
described from which necessary data can be ob- 
tained by an aircraft-based instrumentation system. 

2. Radiation field in deep layers 

From a position deep within an optically thick, 
plane-parallel and horizontally infinite cloud, the 
radiation is transported by the simplest diffusion 

mode as if the cloud were unbounded. In this region, 
known as the diffusion domain, the role of direct 
(unscattered) radiation is negligible compared to the 
role of diffuse radiation and the intensity of radia- 
tion does not depend on azimuth angle. For the 
case of a vertically homogeneous cloud charac- 
terized by a single scattering albedo w,, < 1, it is well 
known (see, e.g., van de Hulst, 1968a, 1980) that 
the intensity in the diffusion domain is given by 

Zatm(7,u) = s,P(u)e+’ + s,P(-u)ekT. (1) 

In this expression 7 is the normal optical depth 
measured into the cloud from the top boundary, 
u the direction cosine with respect to the positive 
T direction (- 1 < u c l), P(U) the diffusion pattern. 
k the diffusion exponent, and s1 and s2 the 
strengths of the diffusion streams in the positive 
and negative T directions, respectively. 

The main features to be observed in (1) are that, 
given sufficient optical depth, the energy transport 
process will settle down to a fixed angular pattern 
and fixed damping, independent of solar zenith 
angle, and that this damping is not as strong as in a 
straight beam (i.e., 0 < k c 1). The depth at which 
(1) applies in a cloud of total optical thickness 
TV will be discussed in Section 5, where it will be 
shown that this depth is dependent on the cloud 
asymmetry factor g. 

The diffusion pattern and diffusion exponent, 
as well as other functions and constants arising 
in asymptotic expressions for the emerging and 
internal intensities of very thick layers, can easily 
be determined by applying the asymptotic fitting 
method of van de Hulst (1968b). In this method, 
computational results from the doubling method are 
fit to known general forms of the asymptotic 
equations [such as Eq. (1) for 7 = 7&2]. The form 
of the doubling method used in the present in- 
vestigation was that described by Hansen (1971) and 
Hansen and Travis (1974), where it was necessary 
to consider only azimuth-independent radiation. 
Since van de Hulst (1980) shows that the value of 
the diffusion exponent and form of the diffusion 
pattern are virtually unaltered if polarization is 
neglected, we have further chosen to neglect 
polarization. The starting point was an initial layer 
sufficiently thin that single scattering could be as- 
sumed (in this case ‘TV = 2-3”). Alternative initializa- 
tions have been used and discussed by Wiscombe 
(1976, 1977) and Kattawar and Plass (1973) but have 
not been incorporated in the present investigation. 

All the results presented in this paper were ob- 
tained using the phase function first introduced by 
Henyey and Greenstein (1941) and given by 

@(cosO) = 
l-82 

(1 + g* - 2g cosO)3’2 ’ 
(2) 
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where g is the asymmetry factor and 0 the scattering 
angle. This is a convenient phase function to use in 
radiative transfer modeling studies of clouds since 
it allows the variation of g and w0 separately, and 
since the scattering and absorption properties of 
optically thick clouds are determined primarily by 
TV, w0 and g (see, e.g., van de Hulst, 1980). Since 
the range of values ofg in terrestrial clouds is roughly 
0.80 < g s 0.90 in the visible and near-infrared 
regions (Twomey, 1974), computations have further 
been restricted to this domain. For water clouds in 
the visible wavelength region where the refractive 
index m = 1.33-O.OOi, the upper limit of g from Mie 
theory is 0.884 (Irvine, 1963) with larger values be- 
ing possible only for large particles in the near- 
infrared due to finite absorption by the particles. 

The diffusion pattern, which obeys the normaliza- 
tion condition 

1 l 

5 -, I 
P(u)du = 1, (3) 

is illustrated in Fig. 1 as a function of u for various 
values of w,, when g = 0.85. In this figure it was 
convenient to plot P( U) relative to P( 1)) representing 
downwelling photons from the zenith. It is evident 
from Fig. 1 that P(U) is a strong function of o0 with 
the largest value for nadir propagating photons 
(U = 1) and the smallest value for zenith propagating 
photons (U = - 1). For conservative scattering 
P(U) = 1, being everywhere isotropic. The range of 
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FIG. 1, Diffusion pattern as a function of the cosine of the 
zenith angle u for a Henyey-Greenstein phase function with 
g = 0.85 and for seven values of the single scattering albedo. 
All curves are normalized to unity for downwelling photons 
from the zenith. 
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FIG. 2. Diffusion pattern ratio as a function of (1 - w,,)~!? for 
three values of the asymmetry factor. 

single scattering albedos illustrated in Fig. 1 (i.e., 
0.9 =s 00 < 1.0) covers the range of values ex- 
pected in terrestrial clouds in the visible and near- 
infrared regions, at least in the absence of ap- 
preciable absorption by aerosol particles (see, e.g., 
Twomey, 1976; Twomey and Seton, 1980). Over this 
range P(U) is a monotonically increasing function 
of U, even for phase functions other than Henyey- 
Greenstein (see Kattawar and Plass, 1976). 

Fig. 2 illustrates P(- 1)/P(l) as a function of 
(1 - w#* for three different values of the asymmetry 
factor, viz., 0.80, 0.85 and 0.90. This ratio, 

D = P(-1)/P(l), (4) 

termed the diffusion pattern ratio, shows the re- 
quired sensitivity to w0 as well as a sensitivity to g. 
It represents the ratio of the zenith to nadir propagat- 
ing intensities deep within a semi-infinite atmos- 
phere. It will be shown in Section 4 that the 
appropriate choice of a function of both o0 and g 
can make all the curves in Fig. 2 essentially coincide. 
From the well-known power series expansion of 
P(U) given by van de Hulst (1968a), it is easy to show 
that for small absorption D varies linearly with 
(1 - C!.#* with a slope of -[12/(1 - g)]“? and an 
intercept of 1.0, in agreement with Fig. 2 for 
(1 - 0#* 6 0.03. 

With the r = 0 level taken as the top boundary 
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of the cloud, van de Hulst (1968a) shows that 

s 2 = -[sle2kTc, (5) 

where 1 is a positive constant known as the nega- 
tive internal reflection coefficient, defined as a two- 
way transmission to a virtual optical depth 4 beneath 
the base of the cloud. Thus 

1 = ,-2kq, (6) 

where 4 is the extrapolation length. Combining (5) 
with (l), and recalling the definition in (4), it im- 
mediately follows that the ratio of the zenith 
propagating to nadir propagating intensity in the dif- 
fusion domain is given by 

D _ [e-2kCr,.-r) 

1 _ Dle-2k”c-” ’ 
(7) 

Zatm(T, 1) 

This expression naturally reduced to D for a semi- 
infinite atmosphere, as required. 

When w0 = 1 Eq. (7) is indeterminate since 
D = 1 = 1 and k = 0. The solution for this special 
case follows readily from the expression for the 
internal intensity field in the diffusion domain for 
conservative scattering, which can be obtained from 
the power series expansion of P(u) given by van de 
Hulst (1968a, 1980). Substituting this expression 
into (1) leads to 

Zatm(Tr u) = 
POFOK( PO) 

41 - g)(Tc + &lo) 

x [Cl - g)(Tc - 7 + 40) + ~1, (8) 

from which it immediately follows that 

zatm(T, -1) = (1 - fi’)(Tc - 7 + 40) - 1 

(1 - g)(Tc - 7 + q,,) + 1 * 
(9) 

zatm(T, 1) 

In these expressions F. is the solar flux density 
incident on the top of the atmosphere, K(p,,) the 
escape function, and q,, the extrapolation length 
for conservation scattering, where q’ = (1 - g)q, 
is known to range between 0.709 and 0.715 for all 
possible phase functions (van de Hulst, 1980). Her- 
man et al. (1980) recently presented numerical 
results for the azimuthally independent intensity 
within optically thick, conservatively scattering, 
media. Their results clearly demonstrate the transi- 
tion to a diffusion domain well described by (8), 
where the intensity depends linearly on both T and ~4. 
Although (8) represents the unpolarized solution for 
the internal intensity in the diffusion domain for 
conservative scattering, it should be noted that it 
also holds for conservative scattering with polariza- 
tion (van de Hulst, 1980). 

By measuring both the nadir intensity and zenith 
intensity with the same instrument, as suggested 
here, it is not necessary to have an absolute calibra- 

tion of the instrument. It is also unnecessary to 
know the extraterrestrial solar flux density or solar 
zenith angle precisely, since these parameters 
affect only the magnitude of the intensity (through 
s1 and s2) and not the relative angular distribu- 
tion [cf. Eqs. (7) and (9)]. The escape (or injection) 
function K( ZJ+), which also enters the expression for 
s1 and So, is a function not only of the cosine of the 
solar zenith angle p,,, but also of w,,, which is not 
known a priori. Analogous expressions to (7) 
and (9) for the ratios of hemispheric flux densities 
can easily be derived (see, e.g., Mel’nikova, 1978) 
but flux densities are much more difficult to measure 
accurately in narrow spectral intervals than are 
intensities. An instrument such as the one de- 
scribed by King (1979) might be necessary for 
measuring flux densities, and even then it is difficult 
to look up and down with the same instrument 
from an aircraft platform. Intensities, in principle, 
could be measured with a simple scanning radiom- 
eter followed by a spectrometer, so that both zenith 
and nadir intensities are measured with the same 
optical system and detectors. 

From any arbitrary level T of sufficient distance 
from both the top and bottom boundaries of a cloud 
such that the necessary characteristics of the dif- 
fusion domain are established, the ratio I,& T, - I)/ 
Zatm(~, 1) is a monotonically decreasing function as 
(1 - ,())“2 increases. This can be seen on examina- 
tion of Fig. 3 for the cases in which the ground albedo 
A, = 0.0. These curves apply at the mid-level of 
clouds of total optical thickness 32, 64 and 128, 
where the clouds are again assumed to scatter radia- 
tion with the Henyey-Greenstein phase function 
with g = 0.85. It is clear from Fig. 3 that the wave- 
length for which this ratio is the largest corresponds 
to the wavelength for which o,, is the closest to 
unity. If one assumes that w,, = 1 at this wave- 
length, then (9) can immediately be used to solve 
for (1 - g)(T, - T). Since the sensitivity of the 
intensity ratio to absorption decreases dramatically 
for nearly conservative scattering, as apparent on 
examination of Fig. 3, little uncertainty arises in the 
estimation of (1 - g)(Tc - 7) even if no wavelength 
has precisely conservative scattering. Use of this 
internal calibration approach negates the need to 
know the T level of the aircraft or indeed the total 
optical thickness of the cloud, and assures that 

- 1 at some wavelength, or number of wave- 
%gths, in the visible wavelength region. The func- 
tion (1 - g)(T, - T) can further be used to estimate 
whether the diffusion domain has been estab- 
lished, as discussed in Section 5. Substitution of 
(1 - JT)(Tr - T) into (7) shows that the ratio 
~a,,( 7~ - l)/Zat,( T, 1) at all other wavelengths is a 
function of D, 1 and kl( 1 - g), each of which is 
strongly w,, dependent (see Section 4). 
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FIG. 3. Ratio of the zenith to nadir propagating intensities at the mid-level of a cloud as a function 
of (1 - wJ”2, 7C and A,. These curves apply for a Henyey-Greenstein phase function with g = 0.85. 

3. Influence of surface reflection 

In the previous section, reflection of the trans- 
mitted radiation by the underlying surface was 
neglected. The extension of Eqs. (7) and (9) 
to include not only plane-parallel illumination from 
above the cloud but also diffuse radiation from 
below, can easily be accomplished for cases when 
the surface is assumed to reflect radiation accord- 
ing to Lambert’s law with some albedo A,. 
Chandrasekhar was the first to derive expressions 
for the effect of a Lambertian surface on the re- 
flected and transmitted intensities in a planetary 
atmosphere (see Chandrasekhar, 1950). In addition 
to the intensities emerging from the upper and lower 
boundaries of an atmosphere, it is possible to derive 
expressions for the effect of ground reflection on 
the intensity field at any arbitrary level T within 
an atmosphere. 

Adopting the notation of van de Hulst (1980), one 
can readily show that the azimuthally independent 
intensities in the upward and downward directions 
are given, respectively, by 

z”(T, -l-L, PO) 

= %n(T, -P, PO) + 
A, 

1 - A,A*(T,) 
PofadTr, F.0) 

z”(T, PY PO) 
+ F,,n-‘e-(7~-r)‘u , (10) 1 

= &n(T, CL, PO) + 
4 

1 - A,A*(T,) 
Po~atrn(Tc~ PO) 

x2 
I 

’ &,(T, - 7, -p, p’)dp’. (11) 
0 

In these expressions Z~&T, -CL, po) and Z~&T, p, 
po) are the upward and downward intensities in the 
absence of ground reflection; p the direction cosine 
with res ect to the local normal either in or out 
(p = 1~7); and A*(r,) and ~oFOlat~~rcr PO) the spheri- 
cal albedo and transmitted flux density (diffuse 
plus direct) when A, = 0. A* and tatm(~c, po) are 
equivalent to S(T,) and Y~(T~, po) in Chandrasekhar’s 
(1950) notation, respectively. 

Eqs. (10) and (11) contain no assumptions about 
the thickness of the atmosphere, applying equally 
well to thin or thick atmospheres at any level 7 

within or at the boundaries of an atmosphere. In 
addition to reducing to the well-known expressions 
for the reflected [Eq. (lo), T = 0] and transmitted 
[Eq. (1 l), T = TJ intensities, Eqs. (10) and (11) admit 
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the necessary boundary conditions 

ZO(O, p, CL01 = 0, 

nz’(Tc, -II9 PO) = 
42 

1 - A,A*(T,) 
~oFoLtm(Tc, PO). 

In the doubling method of solving the radiative 
transfer equation, the reflection and transmission 
functions of a single layer of optical thickness 
7,/2 are combined with those of a similar layer to 
obtain the reflection and transmission functions of 
the combined layer of optical thickness T,. In per- 
forming this doubling a necessary computational 
step is the computation of the internal intensity 
field at the boundary of the two layers (i.e., the 
7 = T,/2 level of an atmosphere of total optical 
thickness 7,). Combining this result with (10) and 
(11) permits the computation of Z”(7,/2, U, po) for 
any desired optical thickness and ground albedo. 
This affords a convenient check on the accuracy of 
the results developed below. 

As TV becomes large and one is positioned within 
the diffusion domain, far from both the top and 
bottom boundaries of a cloud, the directly trans- 
mitted term in (10) becomes negligible compared 
to the diffuse term. Combining (10) and (11) with 
the expressions for the intensity field in the dif- 
fusion domain in the absence of ground reflection, 
given by (1) for w. < 1 and (8) for w. = 1, it can 
be shown that 

z(T, UT PO) = zatm(T, UT PO) + 
A* 

1 - A,A*(T,) 

X nfatm(Tc’ “) zatm(Tc - 7, -U, /Lo), 
KC PO) 

(12) 

where the superscript has been deleted since the 
intensity field in the diffusion domain is azimuthally 
independent and no further azimuthal terms exist. 
In deriving this expression, use was made of (5) 
as well as the explicit expression for sl, given by 
(van de Hulst, 1968a) 

where 

POFOW PO) 
s - 

l-- ?T(l-f2) ’ 

f = le-k+c. 

(13) 

(14) 

The constant tz represents the ZL weighted mean 
value of the escape function K( Z-L) and is defined by 

J 

1 
n=2 &-4dw (15) 

0 

Eq. (12) applies equally well to conservative 
scattering as to nonconservative scattering, where 
in the former case n = 1. Before proceeding to 
expressions for the ratio of the zenith propagat- 
ing to nadir propagating intensities in the diffusion 
domain, further simplifications can be obtained by 
making use of asymptotic expressions for A*(T,.) 

and fatm(Tc, I*~), given by 

fatm(Tcr PO) = 
OK 

3(1 - g)(Tc + 240) ’ 

4 
A*(T,) = 1 - 

3(1 - g)(Tc + 2qo) 

for w. = 1 and 

tatm(Tc, Ilo) = e K( po)epk7c, 

A*(T,) = A* - & le-*kTc, 

(16) 

(17) 

(18) 

(19) 

for o. < 1. In these expressions A* is the spherical 
(Bond) albedo of a semi-infinite atmosphere; m a 
constant given by 

m=2 
I 

’ [P(u)]%du; (20) 
-1 

and all other functions and constants have pre- 
viously been defined. 

One observes from (16) and (18) that the ratio 
fatm(Tcr po)lK( po) which enters (12) is not a function 
of po. This implies that the relative angular distribu- 
tion of the intensity in the diffusion domain is inde- 
pendent of po, as in the previous section, but 
that the absolute magnitude of the intensity is still 
proportional to poK( Z.L~) through s 1. Combining (12), 
(16) and (17) with (8), it can be shown after some 
algebraic manipulation that the ratio of the zenith 
to nadir propagating intensities in the diffusion 
domain for conservative scattering (w. = 1) is 
given by 

z(T, -1) = 3(1 - A,)[(1 - g)(Tc - 7 + qo) - 11 + 4A, 
(21) 

z(T, 1) 3(1 - A,)[(1 - &‘)(Tc - 7 + q,)+ l]+ 4A, 

where the explicit dependence of the intensities on 
p. has been deleted. When A, = 0 this expression zenith to nadir propagating intensities in the dif- 
necessarily reduces to (9) and when A, = 1 the fusion domain can be obtained from (12), (18), (19) 
intensity ratio becomes unity, as in a semi-infinite and (l), where (5) is used to determine the rela- 
atmosphere. tive strengths of the two diffusion streams. The 

For nonconservative scattering the ratio of the result can be obtained in the form 
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J(7, - 1) = (1 - A,A*)[D - /e-*%-r)] + Agm&-2k(v’ 

Z(T, 1) (1 - A,A*)[l - Dl@k(Tc-T)] + Agmn2Db-2k”c-‘) * (22) 

When A, = 0 this expression reduces to (7) and for 
a semi-infinite atmosphere to D, as required. 

Fig. 3 illustrates Z(T, - l)/Z(r, 1) as a function of 
(1 - ti0)1’2 at the mid-level of clouds of total optical 
thickness 32, 64 and 128. Only curves for the two 
ground albedos A, = 0.0 and 1.0 are illustrated, 
other results lying between these two extremes. 
The results presented in Fig. 3 were obtained from 
the doubling method at the boundary of the two 
combined layers by making use of the exact ex- 
pressions (10) and (11). At T, = 32 the ratio of the 
zenith to nadir propagating intensities is slightly 
CL,) dependent (see Section S), becoming insensitive 
to pLo to at least five significant figures when 7, = 64 
and 128. The results illustrated in Fig. 3 for 7, = 32 
correspond to a solar zenith angle of 35” (z+ = 0.8 19), 
which is the solar zenith angle for which Z( T, - l)/ 
Z( 7, 1) generally agrees the closest with (21) and (22). 
Comparison of the solutions represented by these 
equations with those illustrated in Fig. 3 shows 
overall agreement to within the width of the lines in 
the figure, where all functions and constants ap- 
pearing in (2 1) and (22) were obtained by the asymp- 
totic fitting method of van de Hulst (1968b, 1980). 

In addition to being monotonically decreasing 
as absorption increases, the ratio of the zenith 
to nadir propagating intensities in the diffusion 
domain is a smooth function generally having the 
steepest slope for small values of 1 - wO. This 
means that the intensity ratio in the diffusion domain 
is unusual in that it is the most sensitive to absorp- 
tion for single scattering albedos in the range 0.9 
< w,, < 0.9999, those most often believed to exist 
in terrestrial clouds in the near-infrared. Flux di- 
vergence between two different heights in the at- 
mosphere, as occasionally measured by aircraft, is 
subject to large errors for small absorption since 
analysis requires taking the difference of two large 
flux measurements in order to obtain a small residual 
flux lost to absorption. When the single scattering 
albedo is less than 0.8, not only is the intensity ratio 
small and relatively insensitive to w,, but also the 
magnitude of the intensity becomes too small to be 
practical for measurement (Kattawar and Plass, 
1975). In terrestrial clouds composed of water 
or ice particles, it is unlikely that w0 will be as small 
as 0.8 except in the bands of strong molecular 
absorption. In the ocean, on the other hand, values 
of w0 < 0.8 are likely at many wavelengths. 

The sensitivity of the intensity ratio to total optical 
thickness and ground albedo is also illustrated in 
Fig. 3, where it is apparent that the effect of surface 
reflection decreases as either the total optical thick- 
ness or cloud absorption increases. This is due to 
less radiation being transmitted through the cloud 
to be reflected by the surface. 

4. Similarity relations 

In addition to being a monotonically decreasing 
function as (1 - w,J~‘~ increases, the intensity ratio 
increases with height above the base of the cloud, 
provided only that the level r is of sufficient dis- 
tance from the top and bottom boundaries of the 
cloud for the diffusion domain to be established. 
This is evident from (21) and (22), where the ratio 
of the zenith to nadir propagating intensities is 
shown to be a function of the difference in optical 
depth between the base of the cloud and any arbitrary 
level within the cloud. This suggests that an en- 
tirely equivalent interpretation of Fig. 3 is that all 
curves refer to a single cloud of total optical thick- 
ness 7, = 128 and that the three families of curves 
refer in turn to levels 7, - T = 16, 32 and 64. This 
implies that high in a cloud there is less sensitivity 
of the intensity ratio to surface reflection than low 
in a cloud, and that the sensitivity of the intensity 
ratio to o0 increases with height. 

In addition to A, and (1 -g)(r, - T), the intensity 
ratio for conservative scattering [Eq. (21)] is a func- 
tion of (1 - g)q,, which is known to range between 
0.709 and 0.715 for all possible phase functions (van 
de Hulst, 1980). Since clouds are expected to have 
phase functions characterized by asymmetry factors 
within a restricted range, this range of (1 - g)q, 
can further be narrowed such that it is sufficiently 
accurate to let 

(1 - g)q, = 0.714. (23) 

This value was obtained by applying the asymptotic 
fitting method to doubling computations using the 
Henyey-Greenstein phase function, from which we 
find that the values of (1 - g)q, fall in the narrow 
range 0.7137-0.7143 for 0.80 c g < 0.90. 

For wavelengths 2 0.75 pm the single scattering 
albedo of clouds is less than unity. At these wave- 
lengths the intensity ratio is seen from (22) to be a 
function of A*, D, 1, k/(1 - g), m and n, in addi- 
tion to being a function of A, and (1 - g)(r, - 7). 
Each of these six constants (A*, D, . . . , n) is 
strongly w. dependent with a somewhat weaker de- 
pendence on g (at least for 0.80 c g d 0.90). 
Strictly speaking, we would expect each constant 
to depend on all expansion coefficients of the phase 
function, not only on w,, and g, but since each 
constant is based on the properties of a semi-infinite 
atmosphere it turns out that the higher expansion 
coefficients are quite insignificant, particularly 
when 1 - w. < 1. 

van de Hulst (1974) examined this question of 
similarity for the spherical albedo A* of a semi- 
infinite atmosphere and found that A* can be well 
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I I ! I I I I / I constants A *, D, 1, k/(1 -g), m and n can be 
expanded in power series in s, such as 

0 g= 0.80 
l g=o.66 
q g=o.m 

A* 

0.0 0.2 0.4 0.6 0.6 1.0 

s 

FIG. 4. Spherical albedo A* of a semi-infinite atmosphere as 
a function of similarity parameter s = [(I - w&l - o&)]~“. 
The symbols represent values obtained by numerical computa- 
tion and the curve the result of a least-squares fit to an 
analytic equation. 

described by a function of a similarity parameter 
s, defined by 

s = ( I’-;gj”2. (24) 

This parameter has the property of reducing to 
(1 - oo)1’2 for isotropic scattering and of spanning 
the range 0 (w. = 1) to 1 (o. = 0). Each of the 

0.6 
0 

0.4 - 

0.2 - 

0.0 
0.0 0.2 0.4 0.6 0.6 1.0 0.0 0.2 0.4 0.6 0.6 1.0 

S S 

FIG. 5. As in Fig. 4 except for the diffusion pattern ratio D FIG. 6. As in Fig. 4 except for the negative internal reflection 
= P( - l)/P( 1). These results are to be compared with Fig. 2. coefficient 1. 

A* = 1 - (4/fi)s + 4(1 - g)qos2 + O(s3), (25) 

D = 1 - 2fis + 6s2 + O(s3), (26) 

m = (8/6)s + O(s3), (27) 

where O(s3) denotes terms of order s3 or higher. 
These expressions become increasingly more ac- 
curate for small values of s (i.e., o. b 0.995). 

Since it is desirable to have expressions for these 
constants over a much wider range of s (and hence 
w,), computations of each of these constants were 
performed for the set of Henyey-Greenstein phase 
functions with w. = 0.9999,0.999,0.996,0.99,0.96, 
0.9, 0.8, 0.6 andg = 0.80, 0.85, 0.90. These results 
were obtained by the asymptotic fitting method and 
are presented in Figs. 4-9. It is clear that each of 
these constants is primarily a function of s over 
the entire range 0 < s c 1. van de Hulst (1974) noted 
this similarity in A* and later (van de Hulst, 1980) 
in 1, but it is clear that the other four constants 
and functions appearing in the expression for the 
intensity ratio in deep layers {viz., D, exp[ -kl 
(1 - g)], n2 and m} also obey similarity relations, 
at least for 0.80 s g C 0.90. It is clear on exam- 
ination of Figs. 2 and 5 that the choice of sim- 
ilarity parameter defined by (24) makes all curves in 
Fig. 2 virtually coincide. The similarity relation for 
k/(1 - g) could be substantially improved at large 
values of s over a wide range of g values by select- 
ing kl( 1 - w,g), rather than k/(1 - g). This would 
lead to a sensitivity of the intensity ratio to s and 
(1 - wog)(Tc - T), the latter variable being de- 
pendent on w. and hence more wavelength de- 
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pendent than (1 - g)(T, - T). Since cloud asym- 
metry factors lie in a relatively narrow range and 
since kl( 1 - g) enters (22) as an exponential exp[-kl 
(1 - g)], it is sufficiently accurate to scale k by the 
simpler relationship k/(1 - g). 

Since power series expansions of the six con- 
stants illustrated in Figs. 4-9, such as those given 
by (25)-(27), require an increasingly large number 
of terms as s b 0.1, it is advantageous to find 
empirical equations to fit each constant as a func- 
tion of s over the full range 0 c s c 1. A*, D, 1, 
exp[-k/(1 - g)] and n2 were each fit to an equa- 
tion of the form 

(1 + U’S)( 1 - s) (l+ass) 
9(s) = 

(1 + a2s) 1 ’ 
(28) 

where the choice of the factor 1 - s assures 
that the function vanishes at o. = 0, s = 1. This 
function, which also has the property that it equals 
unity at w. = 1, s = 0, was introduced by van de 
Hulst (1974) for the specific case where a3 = 0. By 
combining (28) with (25) van de Hulst (1974) de- 
rived values for a, and a2. As an alternative, we 
have chosen to use the computations presented in 
Figs. 4-8, together with the gradient-expansion 
method from nonlinear least-squares theory (Beving- 
ton, 1969, pp. 232-242), to determine the coef- 
ficients a,, a, and a3. These results are presented 
in Table 1 together with values of the statistic 
x2, defined as 

N 

X2 = C [Yi - 9(si)12- (29) 
i=l 

In this expression yi represents the computations 

0.6 

a 
& 0.6 
1 

P 
H 

0.4 

0.0 
0.0 0.2 0.4 0.6 0.8 1.0 

FIG. 7. As in Fig. 4 except for exp[-k/(1 - g)], where k FIG. 9. As in Fig. 4 except for the constant m, 
is the diffusion exponent. defined by Eq. (20). 
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S 

FIG. 8. As in Fig. 4 except for the constant np, where 
n is defined by Eq. (IS). 

of A*, D, 1, exp[-k/(1 - g)] and n’ at each of the 
N = 24 values of Si, respectively. 

In order to find an empirical formula which gives 
a satisfactory fit to m as a function of s, consider- 
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TABLE 1. Values of the coefficients a,, a2 and a3 which give 
the best fit of the specified functions to an equation of the form 
of (28). The values of chi-square XI for each fit are also given. 

Function 01 4 03 X’ 

A* -0.161 1.139 0.000 4.921 x IO-@ 
D -0.979 1.503 o.ooo 8.258 x lO-6 
I -0.788 0.566 0.000 5.033 x 10-4 
ew-41 - g)l 3.459 4.329 0.480 1.288 x 1O-3 
n2 0.598 2.169 0.000 3.587 x IO-“ 

able experimentation was required. By fitting (28) 
to exp( -m) an accurate fit can be obtained for small 
values of s but this fit becomes unsatisfactory for 
s b 0.5. Alternatively m can be fit directly to the 
negative logarithm of (28), but this fit becomes 
unsatisfactory for s i 0.5. Based on the results of 
these two fits and the constraint that the fitting 
equation must reduce to (27) for small values of s, 
the following equation has been adopted: 

h(s) = (1 + 1.537s) 

X In 
i 

1 i 1.800s - 7.087~~ + 4.740~~ 

(1 - 0.819s)(l - s)’ I 
* (30) 

The fit represented by this equation as well as the 
fits obtained from (28) using the coefficients in Table 
1 are presented as smooth curves in Figs. 4-9. 

5. Determination of single scattering albedo 

For wavelengths at which absorption due to water 
vapor, oxygen and liquid (or ice) water particles can 
be neglected, the only likely contributors to the 
absorption of solar radiation by clouds are aerosol 
particles within the cloud volume. Assuming that the 
ground albedo A, is not strongly wavelength 
dependent over a relatively narrow region in the 
visible (e.g., 0.50 G A c 0.75 pm), the wavelength 
for which the ratio of the zenith to nadir propagating 
intensities deep within a cloud layer is the largest 
corresponds to the wavelength for which w. is the 
closest to unity. If one assumes that w. = 1 at this 
wavelength, then spectral measurements of the 
intensity ratio in the diffusion domain contain 
enough information to obtain (1 -g)(T, - T) and 
spectral values of s, the only thing being required is 
an estimate of A, as a function of wavelength. 

Fig. 10 illustrates Z(T,-- l)/Z(~,l) as a function of 
(1 - g)(Tc - 7) for A, = 0.2 and for four values of s. 
This figure represents the generalization of Fig. 3 
to include arbitrary values of g, 7 and rC, provided 
only that the observations are made at sufficient 
distance from the top and bottom boundaries of the 
cloud for the characteristics of the diffusion domain 
to be established. The computations presented in 
Fig. 10 were obtained using the doubling solution 
at the level T = 7J2, together with (10) and (11) to 

account for surface reflection. The separation of 
each of the curves at values of (1 - g)(TC - 7) i 2.5 
reflects primarily the effects of solar zenith angle on 
the intensity ratio when T, is small, where the 
smallest intensity ratio occurs for overhead sun 
(,cL~ = 1) and the largest intensity ratio for p. - 0.5. 
Obviously when (1 - g)(T, - T) < 2.5 but (1 - g)T 
@ 2.5 there would be no effect of the solar zenith 
angle on the intensity ratio, but the intensity field 
would be altered from that expected within the dif- 
fusion domain due to the proximity to the bottom 
boundary of the cloud. Thus it is safest to 
restrict measurements of the zenith and nadir in- 
tensities to the levels 

2 2 

(1 - g> 
ST=GT7,--. 

(1 -g) 
(3 1) 

By employing various methods of solving the 
radiative transfer equation in optically thick media, 
such as the one recently described by Herman 
et al. (1980), one can examine in detail the range 
of optical depths for which the diffusion domain 
characteristics are valid. However, the criterion 
given in (3 1) is expected to be sufficient. For a cloud 
with g = 0.85, this criterion implies that both T 
and 7, - T must be greater than 13 while 7, b 26. 
Since rigorously one would expect the optical depth 
criterion for the existence of a diffusion domain 
to be a function of p. and wo, in addition to g, 
it is advantageous to be able to use the measure- 
ments themselves to verify that one is in the dif- 
fusion domain. This can easily be done by the 
method outlined below. 

Returning to Fig. 10 one sees that the sensitivity 
of the intensity ratio to s (and hence wo) increases 
as a function of (1 - g)( 7, - T), particularly for 
small absorption (s @ 1). As absorption increases, 
the intensity ratio becomes less sensitive to (1 - g) 
x (7, - T) approaching rapidly the limit for a semi- 
infinite atmosphere, viz., D. For conservative scat- 
tering (s = 0, w. = I), the intensity ratio still has 
not reached the semi-infinite limit of D = 1 at the 
very large value (1 - g)(TC - T) = 100. This implies 
that at the mid-level of a conservatively scattering 
cloud of total optical thickness T, = 200/( 1 - g), the 
intensity ratio is still 2% less than for a semi-infinite 
cloud. All of these observations are consistent 
with those made previously, both in the discussion 
of Fig. 3 and in the interpretation of (21) and (22). 
Eqs. (21) and (22), together with (23) and the func- 
tions represented by (28), (30) and Table 1, can 
describe all of the curves presented in Fig. 10 
for (1 - g)(Tc - T) 3 2.5 to the width of the lines 
in the figure. This permits an easy interpretation 
of spectral measurements of the zenith and nadir 
intensities within a cloud for any arbitrary surface 
albedo, without resorting to time consuming radia- 
tive transfer computations. 
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FIG. 10. Ratio of the zenith to nadir propagating intensities at any arbitrary level 7 within the 
diffusion domain of a cloud as a function of (1 - g)(~,. - 7) and s. These curves apply to a ground albedo 
A, = 0.2 and are insensitive to solar zenith angle for (1 - g)(~~ - T) 2 2.5. 
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By assuming that o,, = 1 at the visible wave- 
length for which the ratio of the zenith to nadir 
propagating intensities is the largest, and by assum- 
ing or otherwise determining A,, one can determine 
the scaled optical thickness between the flight 
level and the base of the cloud [( 1 - g)(~~ - r)]. 
If(l - g)(7, - r) is determined to be ~2, then either 
the cloud is insufficiently thick or the measure- 
ments are obtained too low within the cloud. Since 
the intensity must be a linear function of u in the 
diffusion domain when w0 = 1, regardless of the 
value of the ground albedo [cf. Eqs. (8) and (12)], 
an angular scan from nadir to zenith can further 
be used to verify that the observations are indeed 
within the diffusion domain. If the angular distribu- 
tion of the intensity is nonlinear, and especially 
if it is non-monotonic, this provides additional 
evidence that the cloud is insufficiently thick or 
the measurements are obtained too high within 
the cloud. If (1 - g)( 7, - 7) 3 2 and the relative 
intensity is linear in U, then this value of (1 - g) 
x (7, - 7) can be used to interpret measurements at 
other wavelengths since this function is expected 
to be nearly wavelength independent, and since 
the intensity ratio becomes insensitive to this func- 
tion as absorption increases. With (1 - g)(r, - 7) 
thus determined it is clear from Fig. 10 that the 
similarity parameters can readily be determined as a 
function of wavelength. For wavelengths within 
molecular absorption bands, wavelengths for which 

(1 - s)(7c - T) will be much larger than that pre- 
viously determined, absorption will be so large that 
the intensity ratio iS insensitive t0 (1 - g)(rC - T). 

As a direct consequence little error would arise 
from neglecting the wavelength dependence of 
(1 - g)(Tc - 7). 

If one assumes a value of A, which is seriously in 
error, such as 0.0 or 0.4, rather than 0.2, the inferred 
value of (1 - g)(rC - T) under the assumption of 
conservative scattering would also be in error (see 
Table 2). However, the resulting curve of I( 7, - I)/ 
Z(T, 1) as a function of s would be essentially in- 
distinguishable for all three of these cases. As a 
consequence no errors would result in the inference 
of s from spectral measurements of the zenith and 
nadir propagating intensities within a cloud. The 
explanation for the near cancellation of the effects of 
ground reflection and cloud optical thickness can 
readily be understood. By associating the wave- 
length for which the intensity ratio is a maximum 
with conservative scattering, the measurement of 
z(T, - l)/Z( T, 1) has a fixed value at s = 0.0 irrespec- 
tive of the values of A, and (1 - g)(r, - r)[O.7162 in 
the example presented in Table 21. At values of 
s b 0.3 all curves ofZ(7, - l)/Z(r, 1) asafunction ofs 
must coincide, since the intensity ratio becomes 
insensitive to A, and (1 - g)(r, - T) [see Figs. 3 and 
IO]. Since the derivative of the intensity ratio with 
respect to s nears = 0.3 must be nearly the same for 
all cases, and since the value of the intensity ratio at 
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TABLE 2. Values of the intensity ratio I(T, -H/1(7, 1) as a 
function of similarity parameter for three different values of the 
ground albedo when the intensity ratio has a fixed value at 
s = 0.0 of 0.7162. 

Similarity 
parameter 

0.0 

8::. 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
0.9 

Inferred value of 

(1 - g)(7c - 7) 

I(T, -1)/1(7, 1) 

A, = 0.0 A, = 0.2 A, = 0.4 

0.7162 0.7162 0.7162 
0.6400 0.6400 0.6405 
0.4839 0.4841 0.4852 
0.33% 0.3397 0.3402 
0.2279 0.2279 0.2280 
0.1457 0.1457 0.1457 
0.0868 0.0868 0.0868 
0.0460 0.0460 0.0460 
0.0197 0.0197 0.0197 
0.0051 0.0051 0.0051 

5.33 5.00 4.44 

s = 0.0 is fixed, little difference in the solution results 
from ambiguity in A,. As the value of (1 - g)(rC - T) 
increases from 5.0 to larger values, the intensity ratio 
47, - ~)/Z(T, 1) becomes even less sensitive to 
uncertainties in the ground albedo than in the present 
example. 

In order to relate spectral values of s to the 
physically important parameter w,,, it is necessary to 
determine or otherwise estimate the asymmetry 
factor g . This can be accomplished by measuring the 
cloud particle size distribution from the same aircraft 
platform as the radiation measurements, from which 
g can easily be computed. A second advantage, 
though less obvious, results from the simultaneous 
measurement of the cloud particle size distribution. 
From this information the single scattering albedo as 
a function of wavelength can be computed under the 
assumption that only liquid (or ice) particles, water 
vapor and known absorbing gases contribute to the 
absorption of solar radiation by clouds. A compari- 
son of the measurements with theoretical calcula- 
tions would thus help to estimate the magnitude of 
any anomalous absorption, if present. 

Finally it should be noted that the intensity 
arising from multiple scattering within a cloud is, 
for all practical purposes, a function only of A,, 

(1 - g)(Tc - 7) and s, not only for intensities in the 
zenith and nadir directions but also for all other 
directions. This eliminates any possibility of look- 
ing at the intensity field at additional angles for the 
express purpose of determining g . In fact, the choice 
of similarity parameter defined by (24) was specifi- 
cally selected with this aim in mind (see van de 
Hulst, 1980). The degree of polarization, which is 
necessarily zero in the zenith and nadir directions, 
has a maximum at different observation angles 
depending on the value of g when w,, < I (see, e.g., 
Kattawar and Plass, 1976), but the utilization of this 

characteristic would unnecessarily complicate the 
method described above. For conservative scatter- 
ing the radiation within the diffusion domain is 
everywhere unpolarized. 

6. Summary and conclusions 

A method has been presented for inferring the 
single scattering albedo of clouds as a function of 
wavelength from aircraft measurements of the 
zenith and nadir propagating intensities deep within 
a cloud layer. This method is based on the radia- 
tion properties of the diffusion domain, a region of 
sufficient distance from both the top and bottom 
boundaries of a cloud that the diffuse radiation 
field assumes an asymptotic form characterized 
by rather simple properties. In this region of an 
optically thick medium, the relative angular dis- 
tribution of the intensity is a function of single 
scattering albedo, cloud asymmetry factor, ground 
albedo, optical depth level of the measurements, 
and the optical thickness of the cloud. 

As illustrated by the family of curves in Fig. 3, 
the ratio of the zenith to nadir propagating in- 
tensities deep within a cloud layer decreases with 
increasing absorption [(l - ~,,)l’~], increases with 
surface reflection (A,), increases with total optical 
thickness (T,), and shows very little sensitivity to 
the ground albedo or single scattering albedo 
(w,,) for large absorption. The dependence of 
the internal intensity ratio on TV, which is illustrated 
in Fig. 3 for the mid-level r = T&Z, is such that the 
important parameter is the diffeerence in optical 
depth between the base of the cloud and any arbitrary 
level within the diffusion domain of the cloud. Thus 
Fig. 3 implies that the intensity ratio increases 
with height, particularly when absorption is small, 
and is less sensitive to ground reflection high 
in a cloud than low in a cloud. 

In addition to A,, (T, - 7) and oO, the diffuse 
radiation field inside a cloud is necessarily a func- 
tion of the cloud asymmetry factor g. Examination 
of the sensitivity of the internal intensity ratio to 
each of these four parameters has led to the con- 
clusion that the single scattering albedo and cloud 
asymmetry factor affect the radiation field through 
a coupled dependence on a similarity parameter. 
Figs. 4-9 demonstrate that each of the constants 
arising in the asymptotic expression for the internal 
intensity ratio of very thick layers is a strong func- 
tion of the similarity parameter s, at least for the 
range of asymmetry factors expected in terrestrial 
clouds (Liz., 0.80 s g c 0.90). As a consequence 
of these similarity relations coupling w0 and g, the 
internal intensity ratio is shown to be reduced to a 
function only of A,, (1 - g)(r, - T) and s. A method 
is described whereby spectral measurements of the 
zenith and nadir propagating intensities can be 
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used to determine the similarity parameter as a 
function of wavelength. Since the total absorp- 
tion of a cloud layer is a function of the sim- 
ilarity parameter and not of w,, and g separately, 
the similarity parameter is a useful function to be 
determined. If the cloud particle size distribution is 
measured at the same time and from the same air- 
craft platform as the spectral radiometer measure- 
ments, the cloud asymmetry factor can easily be 
computed and used to transform the similarity 
parameter spectrum to a single scattering albedo 
spectrum. Although the ground albedo enters the 
solution explicitly, uncertainties in the value of the 
ground albedo can be compensated by uncertainties 
in (1 - g)(T, - T), such that the inference of the sim- 
ilarity parameter and single scattering albedo spec- 
tra is largely independent of this uncertainty. 

The principal assumptions on which the tech- 
nique is based are 1) that conservative scattering 
occurs at some wavelength or number of wave- 
lengths in the visible wavelength region, 2) that 
measurements of the zenith and nadir propagating 
intensities are made at sufficient distance from the 
cloud boundaries that the characteristics of the 
diffusion domain are established, and 3) that the 
cloud has a sufficient horizontal extent so that the 
horizontal cloud boundaries do not appreciably 
affect the internal radiation field. At wavelengths 
in the visible region where molecular absorption 
is negligible (see Table 1 of King et al., 1980) 
and where liquid (or ice) particles have negligible 
absorption, the only additional absorbers of solar 
radiation by clouds are aerosol particles within the 
cloud volume. As a consequence of this absorp- 
tion clouds will be slightly nonconservative with 
1 - o0 4 1. Although the intensity ratio is gen- 
erally sensitive to absorption for small absorption 
this ceases to be the case for 1 - w,, 6 10e4 (cf. Fig. 
3) so that little error would arise by neglecting this 
small absorption in subsequent analysis. The mag- 
nitude of the intensity ratio in the visible wave- 
length region can be used to assess whether the 
aircraft flight level is within the diffusion domain, 
since the intensity ratio for conservative scatter- 
ing permits a determination of (1 - g)(r, - r), 
a parameter which must be a2 to guarantee that the 
measurements are made sufficiently far from the 
base of the cloud. A measurement of the relative 
angular distribution of the intensity from nadir to 
zenith can further be used to assess whether the 
observations are made far enough from the top 
boundary of the cloud to be within the diffusion 
domain. The requirement of a horizontally ex- 
tensive cloud can be met by judiciously select- 
ing the clouds to be observed. Even for clouds of 
limited horizontal extent, for which one would 
expect to have diffusion streams propagating 
horizontally as well as vertically, the influence 

of the horizontal diffusion streams can be diminished 
by making measurements under conditions of small 
solar zenith angles (high sun). Although the analysis 
is simplified if A, is independent of wavelength, 
this is not a necessary assumption. The effect of 
small-scale horizontal and vertical inhomogeneities 
on the internal intensity ratio in real clouds can best 
be assessed by making field observations. 
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