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ABSTRACT 

A method is presented for determining the scaled optical thickness of clouds from reflected solar radiation 
measurements. The procedure compares measurements of the reflection function with asymptotic expressions 
for the reflection function of optically thick layers. Analytic formulas are derived which explicitly show the 
dependence of the retlection and transmission functions of nonabsorbing atmospheres on cloud optical thickness 
(T,), ground albedo (A,) and asymmetry factor (g). For nonconservative atmospheres, the dependence of the 
reflection function on single scattering albedo (a) and asymmetry factor are contained implicitly in the asymptotic 
functions and constants. These asymptotic expressions for both conservative and nonconservative atmospheres 
are shown to be valid when the scaled optical thickness (1 - g)r, b 1.45, corresponding to clouds of optical 
thickness 7, 2 9. By utilizing the asymptotic expression for the reflection function of an optically thick, con- 
servatively scattering atmosphere, a simple expression is obtained relating the measured reflection function to 
scaled optical thickness. This expression shows that the ground albedo produces a constant bias in the derived 
optical thickness, regardless of the value of the measured reflection function. 

High-resolution images of the reflection function of clouds have been obtained with a multichannel scanning 
radiometer operated from a high-altitude aircraft. An image of the reflection function of clouds obtained from 
a stratiform cloud system in central Oklahoma is analyzed using two different phase functions. Results show 
that details of the single scattering phase function have an impact on the derived optical thickness, although 
the dominant influence is the cloud asymmetry factor which appears explicitly in the analysis. 

1. Introduction 

The reflection, transmission and absorption of ra- 
diation in a cloudy atmosphere is governed by the op- 
tical thickness, single scattering albedo and phase 
function of the cloud medium, as well as the albedo 
of the underlying surface. The possibility of using re- 
flected solar radiation measurements from a high-al- 
titude aircraft or satellite to derive the radiative prop- 
erties of a cloudy atmosphere has long been recognized. 
Hansen and Pollack (1970) and Twomey and Cocks 
(1982) have used nadir observations of the spectral re- 
flection function of clouds from aircraft to derive the 
optical thickness, mean particle radius and phase of 
the cloud particles. In addition, Twomey and Cocks 
compared in situ observations of the gross microphys- 
ical properties of clouds with those inferred from ra- 
diation measurements. These results have raised ques- 
tions about our ability to remotely sense cloud radiative 
properties if the clouds are not horizontally homoge- 
neous and if they are composed of substances other 
than pure water and water vapor. Rozenberg et al. 
( 1974), Curran and Wu ( 1982) and Ahmad and Fraser 
( 1983) have used spaceborne observations of the spec- 
tral reflection function of clouds to infer the cloud op- 
tical thickness. In none of these cases was it possible 

to verify the optical thickness or other derived prop- 
erties of the clouds by in situ intercomparison. 

The majority of cloud remote sensing studies to date 
have involved interpreting reflected solar radiation 
measurements using a large set of precomputed values 
of the reflection function for various solar zenith angles 
(I&), observational zenith angles (0) relative azimuth 
angles (6) and optical thicknesses (7,). These table look- 
up procedures are adequate, though time consuming, 
provided the computations pertain to the correct 
ground albedo (Ag) of the observations and use a rea- 
sonable representation of the cloud phase function. An 
alternative approach is to make use of asymptotic 
expressions for the reflection and transmission func- 
tions of optically thick layers in order to convert the 
radiation measurements to cloud optical thickness. 
Rozenberg et al. (1974) are the only previous investi- 
gators to have made use of these expressions in the 
interpretation of reflected solar radiation measure- 
ments from clouds. 

The intent of this paper is to present a procedure 
for inferring the cloud optical thickness from reflected 
solar radiation measurements. This procedure is based 
on asymptotic expressions for the reflection and trans- 
mission functions of optically thick atmospheres. The 
range of optical thicknesses over which the asymptotic 
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expressions are valid, both for conservative and non- 
conservative atmospheres, will’be discussed. In addi- 
tion, the explicit dependence of the derived optical 
thickness on ground albedo and cloud asymmetry fac- 
tor will be presented. An observational case of the re- 
flection function of clouds obtained from high-altitude 
aircraft observations will be described. This image of 
the reflection function will be used to derive the cloud 
optical thickness using both a Mie theory phase func- 
tion and a Henyey-Greenstein phase function having 
the same value of the asymmetry factor. This presen- 
tation highlights the effect of details of the phase func- 
tion in obtaining accurate estimates of the cloud optical 
thickness. Since the cloud optical thickness depends 
on a combination of microphysical properties of the 
cloud, especially the vertically integrated liquid water 
content (liquid water path) and effective particle radius 
(Stephens, 1978), the cloud optical thickness does not 
give any single microphysical property of the cloud 
layer. 

2. Reflection function of thick atmospheres 

The diffusely reflected radiation at the top of the 
atmosphere and the diffusely transmitted radiation at 
the bottom of the atmosphere can be expressed in terms 
of the reflection function R(T~; P, m, 4) and transmis- 
sion function T(T~; p, h, 4). In terms ofthese functions, 
the reflected Z(0, -p, 4) and transmitted 1(~~, CL, 4) 
intensities from a horizontally homogeneous atmo- 
sphere illuminated from above by a parallel beam of 
radiation of incident flux density Fo, may be expressed 
in the forms 

m -P, 4) = (l.do/*)R(~c; cc, PO, 4), (1) 

Z(s,,~,~)=(~ol?r)T(7,;~,1Io,~). (2) 

In these expressions, 7, is the total optical thickness of 
the atmosphere (or cloud), b the cosine of the solar 
zenith angle, P the absolute value of the cosine of the 
zenith angle, measured with respect to the positive T 
direction, and 4 the relative azimuth angle between 
the direction of propagation of the emerging radiation 
and the incident solar radiation (0 d ~.r, h < 1). 

The reflection and transmission functions can be 
calculated using the doubling method (Hansen and 
Travis, 1974; van de Hulst, 1980). In this method, the 
reflection and transmission functions of a single layer 
of optical thickness 7J2 are combined with a similar 
layer to obtain the reflection and transmission func- 
tions of a combined layer of optical thickness 7,. Of 
the many different methods that have been used as 
initializations in the doubling method, we have chosen 
to obtain the reflection and transmission functions of 
the initial layer of infinitesimal optical thickness using 
the invariant imbedding initialization described by 
King (1983). 

In the present investigation, two different phase 
functions have been employed in computations of the 

reflection and transmission functions of optically thick 
atmospheres. The first is a Mie phase function for a 
size distribution of particles of a given radius propor- 
tional to r6 exp(- 1.6 187r), where r is the particle radius 
in pm. This distribution of particles is a gamma dis- 
tribution with an effective radius of 5.56 pm and an 
effective variance of 0.111, and is typical of fair weather 
cumulus (FWC) clouds (Hansen, 1971). This distri- 
bution is similar to Deirmendjian’s (1963) cloud C. 1 
model, except that the effective radius in Deirmend- 
jian’s model is 6.0 pm. The second phase function is 
the widely used analytic phase function first introduced 
by Henyey and Greenstein ( 194 1) and given by 

qcosq = 
1 -g2 

( If gz - 2g cos8)3’2’ (3) 

where g is the asymmetry factor and 8 the scattering 
angle. 

Figure 1 illustrates the reflection function as a func- 
tion of T, for various values of the single scattering 
albedo WO, and for a model atmosphere which scatters 
radiation according to the Henyey-Greenstein phase 
function with g = 0.85. Results apply to nadir obser- 
vations (P = 1) when the solar zenith angle B. = 30” 
(M = 0.866) and the ground albedo A, = 0. The influ- 
ence of surface reflection will be discussed in section 
3. It is clear from Fig. 1, as well as from similar results 
presented by Twomey and Seton (1980), Curran et al. 
(198 1) and Curran and Wu (1982), that measurements 
of the reflection function may be used to derive the 
optical thickness of clouds. The greatest sensitivity to 
optical thickness is seen to occur at wavelengths where 
absorption by clouds can be neglected (w. - 1 .O) and 
where the cloud optical thickness lies in the range 7 
d 7, 6 70. Furthermore, computational results show 
that the sensitivity of the reflection function to cloud 
optical thickness is the greatest for large values of k 
(e.g., see Curran et al., 198 1). 

When the optical thickness is sufficiently large, nu- 
merical results for the reflection and transmission 
functions must agree with known asymptotic expres- 
sions for very thick layers. In the case of conservative 
scattering (w. = l), these expressions are given by (van 
de Hulst, 1980) 

&,rn(~,; A PO, 4) = Rzcb, PO, 4) - 
4~(cL)Qo) 

3( 1 - &7c + Go) ’ 

(4) 

~atrn(~c; cc, PO 3 4) = 
4aw(k4J 

3(1-g)(7c+2qo)’ 
(5) 

where Rm(p, po, 4) is the reflection function of a semi- 
infinite atmosphere, K(P) the escape function, and q. 
the extrapolation length for conservative scattering. The 
reduced extrapolation length q’ = (1 - g)qo lies in the 
range 0.709 to 0.715 for all possible phase functions 
(van de Hulst, 1980). and thus the reflection and trans- 
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FIG. 1. Reflection function as a function of cloud optical thickness for a Henyey-Greenstein phase function with 
g = 0.85 and for seven values of the single scattering albedo. Results apply to nadir observations (p = 1) when the 
cosine of the solar zenith angle h = 0.866 and the ground albedo A, =Q. 

mission functions for conservative scattering depend 
explicitly on the scaled optical thickness (1 - g)Tc and 
implicitly on the phase function through its effect on 
RAP, PO, 4) and QL). 

For the case of nonconservative scattering (q-, < 1), 
the reflection and transmission functions for optically 
thick atmospheres may be expressed as (van de Hulst, 
1980) 

ml 
= R,(P, PQ, 4) - , _ 12e~2k,~K(~)K(~)QZ~‘c~ (6) 

where k is the diffusion exponent describing the atten- 
uation of radiation in the diffusion domain, and m and 
I constants which depend primarily on the single scat- 
tering albedo and asymmetry factor (King, 198 1; King 
and Harshvardhan, 1986). 

The functions and constants appearing in (4)-(7) 
can readily be determined by applying the asymptotic 
fitting method of van de Hulst (1968). Figure 2 illus- 
trates the escape function as a function of p and w. for 
a model atmosphere having a Henyey-Greenstein 
phase function with g = 0.85. These results, together 

with (5) and (7), show that the transmitted radiation 
at the base of an optically thick atmosphere is azi- 
muthally independent and four to seven times greater 
at the zenith (CL = 1) than at the horizon (cc = 0), de- 
pending on wavelength (and hence single scattering al- 
bedo). Comparable results can be found in King and 
Harshvardhan (1986) for the FWC phase function and 
for four values of the single scattering albedo. 

For conservative scattering, the first and second mo- 
ments of the escape function are given by 

(8) 

2. 
s 

o’ I&)p’dcl= ( 1 - g)qo = q’. (9) 

The relative insensitivity of the escape function to the 
high-order terms in the Legendre polynomial expansion 
of the phase function results in q’ being nearly constant 
for all phase functions. King (1983) compared the es- 
cape function for the FWC and Henyey-Greenstein 
phase functions having the same asymmetry factor 
when o. = 1. The relative difference between these 
results is generally less than a few percent, though dif- 
ferences as large as I 1% occur at the horizon. 

The entire azimuthal dependence of the reflection 
function for thick atmospheres is contained in the re- 
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FIG. 2. Escape function as a function of cosine of the zenith angle for a Henyey-Greenstein 
phase function with g = 0.85 and for seven values of the single scattering abedo. 
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flection function for a semi-infinite atmosphere, which 
may be expressed as a Fourier expansion of the form 

The variable upper limit M(p, po) denotes the fact that 
the maximum number of terms required in the Fourier 
expansion of R,(p, h, 4) depends on p and po. Both 
M(p, po) and R,"(p, po) are illustrated by King ( 1983) 
for the FWC and Henyey-Greenstein phase functions 
under the condition of conservative scattering. Con- 
trary to the findings for K(P) and q’, R,“(P, po) and 
M(p, po) depend on details of the phase function. This 
is equally true for nonconservative scattering, where 
the constants k, I and m depend little on the higher 
order Legendre coefficients of the phase function (King, 
1981; King and Harshvardhan, 1986) K(P) depends 
somewhat on the details of the phase function, and 
Rmm(p, po) and M(I~., po) depend greatly on the details 
of the phase function. 

3. Influence of surface reflection 

The reflection and transmission functions in the 
earth-atmosphere system depend not only on the op- 
tical properties of the atmosphere, but also on the re- 
flection properties of the surface. Assuming the at- 
mosphere is vertically homogeneous with a surface that 
reflects radiation according to Lambert’s law with some 
albedo A,, it is well known that (Chandrasekhar, 1950) 

NT, ; P, PO 3 4) = JL,,(~, ; cc, PO, 4) 

+ 4 
1 - gatm(~c) 

ratm(7c,CL)fa*m(7c,~O). (12) 

In these expressions, &Jr,, PO), ratm(r,, M) and 
ctm(7c) are the total transmission (diffuse plus direct), 
plane albedo and spherical albedo when A, = 0. The 
functions fatm(rc, h), ratrn(~=, W) and ?&(T~), equivalent 
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to yr(~~, h), s(T~, &/p. and Sin Chandrasekhar’s no- 
tation, are given by the expressions 

fatm(7c, PO) = -! 

2r 1 

JJ 
Tatmt7c ; P, cco 5 @Wcldd + e-Tclw, 

TO 0 

(13) 

J 

I 
ratm(7c) = 2 ~strn(~c, pobo&o- 

0 

Though (11) and (12) apply to atmospheres of arbitrary 
optical thickness, the use of these expressions, together 
with (4)-(7), permit asymptotic expressions to be de- 
rived for the reflection and transmission functions of 
thick atmospheres overlaying a reflecting surface. 

In order to derive asymptotic expressions for the 
functions &Jr,, P.,,), ratm(rc, M) and r,t,(~,) which ap- 
pear in (11) and (12) it is necessary to define the con- 
stant n as the P weighted mean value of the escape 
function: 

J 

1 

n=2 &W~. (16) 
0 

This constant, illustrated by King (198 1) as a function 
of similarity parameter s = [( 1 - wo)/( 1 - wag)]“*, 
necessarily equals unity for conservative scattering (cf. 
Eq. 8). With this definition, it immediately follows, 
upon substituting (4)-(7) into (13)-( 15), that asymp- 
totic expressions for the total transmission, plane al- 
bedo and spherical albedo of thick layers are given by 

f*tm(~c, PO) = 
4KCPo) 

3( 1 - g)(7c + 370) ’ 

ra*m(Tc, POLO) 4ao) = 1 - 

3( 1 - g)(7c + 2qo) ’ 
(18) 

4 
r,tm(7,) = 1 - 

3( 1 - g)(7c + alo) 
(19) 

for conservative scattering and 

fatm(7r 7 PO) = 
mn 

1 - 12e-2krc K(po)eek’c, 

ratm(Tcr PO) = r&LO) - 1 -~~fi2h, Kt&dem2krc3 (21) 

&,(T,) = A* - 
mn21 

1 _ 12e-2krce-2k’c (22) 

for nonconservative scattering. In these expressions, 
ra(po) is the plane albedo and A* = Ym the spherical 
albedo of a semi-infinite atmosphere. 

Substituting asymptotic expressions (4)-(7) and 
(17)-(22) into (11) and (12) it can be shown after some 
algebraic manipulation that the reflection and trans- 

mission functions for optically thick atmospheres 
overlaying a reflecting surface may be expressed in the 
form 

R(T~;P, PO, 4) = UP, PO, 9) 

-[3(1 -Ag)(l -g)(7<+2qo)+4AJ (23) 

4Qo)K 1 - A,KW + 41 
T(7C’P’Por’)=[3(l -A,)(1 -g)(Tc+2qo)+4Ag] 

(24) 

when o. = 1 and 

N7c; cc, PO, 4) = R~(P> PO. 4) 

m[( 1 - A,A*)I - Agmn2]K(p)K(Fco)e-2krc 

- [( 1 - A,A*)(l - Z2emxrc) + A,mn21e-2kTc] ’ (25) 

= mKl -A,A*KW +Agn~mbWT~k~k~c 
[( 1 - A,A*)( 1 - 12e-2kTc) + A,mn21e-2kTc] (26) 

when w. < 1. When A, = 0, these expressions reduce 
to (4)-(7) and when A, = 1 the reflection and trans- 
mission functions for an optically thick, conservatively 
scattering atmosphere become R&L, h, 4) and K(h), 
respectively. The latter result, being independent of P 
and 4, suggests that when w. = 1 the zenith angle de- 
pendence of transmitted radiation in a thick atmo- 
sphere becomes more nearly isotropic as the ground 
albedo increases, becoming isotropic in the limit of a 
ground albedo of unity. 

Figures 3 and 4 illustrate R(T~; CL, ho, 0) as a function 
of ( 1 - g)Tc and A, for the fair weather cumulus (FWC) 
model when p = 1 and h = 0.866. These results, valid 
for water clouds at wavelengths of 0.754 pm (Fig. 3) 
and 1.626 pm (Fig. 4), were obtained by the doubling 
method using the exact expression (11) to allow for the 
influence of surface reflection at all values of 7,. Both 
figures compare numerical computations (solid curves) 
with asymptotic expressions for thick layers (dashed 
curves), where Fig. 3 applies to conservative scatter- 
ing (o. = 1) and Fig. 4 to nonconservative scattering 
(oo= 0.99659). The asymptotic functions K(P), R,“Q, 
h) and M(p, h) which appear in (23), (24) and (10) 
are illustrated in King (1983) for the FWC and Henyey- 
Greenstein models at 0.754 grn. The asymptotic func- 
tions and constants appearing in (25) and (26) were 
obtained by the asymptotic fitting method of van de 
Hulst (1968, 1980). 

From the comparisons illustrated in Figs. 3 and 4, 
asymptotic theory is seen to be accurate to within 1% 
for (1 - g)rc >z 1.45. Since the asymmetry factor in 
terrestrial clouds is approximately 0.84 in the midvis- 
ible region where w. 7 1, asymptotic expressions (23) 
and (25) are valid for clouds of optical thickness 7, L 9. 
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Although we have not examined the accuracy of the 
asymptotic theory expressions for the reflection func- 
tion at all values of CL, b and $, we have shown pre- 
viously (King and Harshvardhan, 1986) that the 
asymptotic theory expressions for the plane albedo 
(Eqs. 18 and 2 1) are accurate for all values of PO when 
~~2 8. 

4. Determination of cloud optical thickness 

From the results presented in Figs. 1, 3 and 4, it 
follows that the greatest sensitivity of the reflection 
function to cloud optical thickness occurs for conser- 
vative scattering when the underlying surface albedo 
is small. Furthermore, the optical thickness can best 
be determined for small values of the solar zenith angle 
when 1.2 < (1 - g)rc d 10. Under these conditions, 
(23) describes the reflection function to an accuracy of 
better than 2%. Solving (23) for the scaled optical 
thickness T: yields 

-2q’- 
4A, 

3(1 -Ag)’ 
(27) 

Thus, given a measurement R,,(p, p,,, 4) = R(rc; p, 
h, d), this expression shows that the scaled optical 
thickness of a cloud depends on q’, A,, K(P) and the 
d$erence between R,(p, po, 4) and the measured re- 
flection function. The surface albedo and reduced ex- 
trapolation length enter this expression as offsets, in- 
dependent of the magnitude of the reflection function. 
Measurements can therefore be analyzed assuming a 
value for A,. If subsequent analysis shows the surface 
albedo to be different from the value previously as- 
sumed, a new scaled optical thickness can readily be 
determined by simply adjusting the values obtained 
from the earlier analysis. 

In applying (27) to experimental measurements, it 
is necessary to estimate K(p), K(h) and R&L, PC,, 0) 
for each pixel. King ( 1983) has presented computations 
of K(p), R,“(p, po) and M(p, po) for the FWC cloud 
model at a wavelength of 0.754 pm. This wavelength, 
corresponding to channel 1 of the multichannel cloud 
radiometer described by Curran et al. (198 1), is a 
wavelength for which absorption due to water vapor, 
oxygen and liquid (or ice) particles is assumed to be 
negligible. These results have been compared with those 
for an atmosphere having a Henyey-Greenstein phase 
function with the same asymmetry factor (g = 0.841) 
as in the cloud model. The relative differences in the 
escape function and azimuthally independent reflection 
function are generally less than a few percent, although 
differences as large as 70% occur in the reflection func- 
tion at angles where single scattering is important (cc 
=Po - 0). The azimuthdependent terms of the re- 
flection function are generally dissimilar, with generally 

more terms required in the Fourier expansion of the 
reflection function for a FWC phase function than for 
a Henyey-Greenstein phase function. 

As a consequence of the dependence of R,(p, po, 
r$) and, to a much lesser extent, K(P), on the higher 
order moments of the phase function, the scaled optical 
thickness derived from reflected solar radiation mea- 
surements will depend on the phase function assumed 
in the analysis. A similar conclusion was reached by 
Malkova (1973), who noted that the uncertainty in the 
phase function of the clouds being observed could lead 
to an uncertainty in TV of approximately 2. Although 
a large portion of this uncertainty results from the un- 
certainty in the asymmetry factor, Malkova further 
noted the potentially large influence of the phase func- 
tion on the reflection function of a semi-infinite at- 
mosphere R,(p, h, 4). This effect will be demonstrated 
in the following sections, where aircraft observations 
are analyzed using both the FWC and Henyey-Green- 
stein phase functions with the same value of the asym- 
metry factor. 

In addition to the phase function, the scaled optical 
thickness derived from reflected solar radiation mea- 
surements depends on the single scattering albedo as- 
sumed in the analysis. Although we will assume con- 
servative scattering in the analysis of our reflected solar 
radiation measurements, (25) permits us to examine 
the uncertainty in the scaled optical thickness arising 
from this assumption. Thus, for nonconservative scat- 
tering, 

(1 -g) 
d=-ln 

A,mn2 

2k 
I-(1 -A,A*) 1 

mm)HPo) 
[R,(c~,~L~,~)-R(~,;~,c~~,~)I 

+I . (28) I) 
Since the logarithm of a product equals the sum of the 
logarithms, this expression shows once again that the 
surface albedo produces a constant bias in the derived 
optical thickness, regardless of the magnitude of the 
reflection function. 

Each of the functions and constants appearing in 
(28) can be written in the form of a power series ex- 
pansion in k (van de Hulst, 1980) such that 

8 
m=-k+O(k3), 

3(1 -a 

I = 1 - 2qok + 2q02k2 + O(k3), (30) 

n = 1 - qok + O(k2), (31) 

A* = 1 -4(1 -q’)k+O(k’) 
3(1 --IT) 

2 (32) 

K(P) = ( I- qoW( 1; PI+ W2), (33) 
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4k 
--K(I;~)K(I;cLo)+O(~~), (34) 

3(1 -g) 

where O(k’) denotes terms of order k2 or higher, and 
K( 1; P) and R,( 1; P, k, 4) denote the escape function 
and reflection function of a semi-infinite atmosphere 
for conservative scattering (w. = 1). The diffusion ex- 
ponent k can be evaluated in terms of the single scat- 
tering albedo and asymmetry factor as 

k = [3( 1 - wo)( 1 - wog)]“2 + 0( 1 - wo). (35) 

Although (28) is accurate for all values of wo, (29)-(35) 
are the most accurate for small values of k (i.e., w. 
3 0.995). Analytic approximations for k, 111, I, n and 
A* applicable over the full range 0 4 w. < 1 can be 
found elsewhere (King, 1981; King and Harshvardhan, 
1986). 

5. Error analysis 

Having determined the scaled optical thickness from 
(27), it is important to examine the overall uncertainty 
in 7:. Uncertainties in 7: arise as a result of measure- 
ment errors in the reflection function (AR,,), as well 
as from modeling errors associated with uncertainties 
in the surface albedo (AA,), phase function and single 
scattering albedo. As pointed out previously, the major 
consequence of an uncertainty in the phase function 
is the resulting uncertainty in R,(l; P, h, @), the re- 
flection function of a conservatively scattering, semi- 
infinite atmosphere (AR,). The uncertainty in the sin- 
gle scattering albedo is equivalent to an uncertainty in 
the diffusion exponent (Ak), which in turn leads to an 
uncertainty in R&p, h, 9) according to (34). It there- 
fore follows from the method of propagation of errors 
(Bevington, 1969) that the uncertainty in the scaled 
optical thickness (AT:) may be obtained from the 
expression 

ar:. 
+ dR t-1 m &ocuAak 

Ak. (36) 
&U&g& 

The first three partial derivatives appearing on the right- 
hand side of this expression can readily be evaluated 
using (27), resulting in 

Ar:= 4GX(P0) 

~[R,(P, PO, 4) - Kma.h MO, 4)12 
X [A&n,, 4 - ARmI - 

3( 1 -A,)’ AAg 

Ak. (37) 
RI-&k 

The final partial derivative requires the use of (28), 
where Rme&, PO, d), A, and R,( 1; IL, IQ, 4) are held 
constant. Taking the partial derivative of (28) with re- 
spect to R and substituting (29)-(34) into the resulting 
expression, it can be shown after considerable algebraic 
manipulation that 

(38) 

where the exact form of the coefficients of order k in- 
volve solutions of new integral equations not previously 
defined. Equations (37) and (38) nevertheless imply 
that 

T:.=T:.(w~= l)+O(k’). (39) 

Over a low albedo surface the second term in (37) 
is small, as expected, though it can become quite large 
over a high albedo surface (cf. Fig. 3). Similarly, the 
uncertainty in 7: arising from the first term becomes 
progressively larger as the measured reflection function 
approaches that of a semi-infinite atmosphere. The only 
subtlety worth noting in (37) is that associated with 
solar zenith angle. Since the error in the first term goes 
as K(&, one might expect that the error in the derived 
optical thickness would be the largest when h, and 
hence K(ro), is the largest. That this is not the case is 
easily seen from the fact that as cco decreases, the re- 
flection function of a semi-infinite atmosphere becomes 
so small that the difference [R&t, h, 9) - R,&L, 
h, $)] becomes small. This causes the error in the 
derived value of r: to increase as M decreases. 

Table 1 provides a summary of the values of cloud 
optical thickness that would be derived for various val- 
ues of the measured reflection function R,,(p, h, c#J), 
where we assumed the FWC model with cc = 1 and h 
= 0.87 178. The values of cloud optical thickness pre- 
sented in this table were obtained using (27) when o. 
= 1 and (28)-(35) when w. < 1. In all experimental 
results presented later, we assumed the surface albedo 
A, = 0.2. As shown in (27) and (28), the surface albedo 
produces a constant offset in the derived value of the 
cloud optical thickness, regardless of the magnitude of 
the measured reflection function. For all three single 
scattering albedos considered here (viz., 1.0, 0.9999 
and 0.9998), a surface albedo of 0.0 is seen to increase 
the optical thickness one would derive for A, = 0.2 by 
AT, = 2.1 (Ar; = 0.33). A nonunity single-scattering 
albedo, on the other hand, increases the optical thick- 
ness that would be derived for a given value of the 
measured reflection function. Both from Fig. 1 and 
Table 1 we see that the single-scattering albedo produces 
a bias in the derived value of the cloud optical thickness 
which increases as the measured reflection function 
(and hence optical thickness) increases. This bias is 
roughly linear in (1 - wo) for small to moderate values 
of TV, as predicted by (39). 
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TABLE I. Values of the cloud optical thickness TV that would he obtained as a function of the measured reflection 
function R,,,, (a, ho. 4) for various values of the single scattering alhedo and ground al&do.* 

Reflection 
function 

CQ = I.0 ug = 0.9999 w,, = 0.9998 

A, = 0.0 A, = 0.2 A8 = 0.0 A, = 0.2 A, = 0.0 A, = 0.2 

0.53182 12.10 10.00 12.24 10.14 
0.72392 22.10 20.00 22.58 20.48 
0.82255 32.10 30.00 33.24 31.14 
0.88259 42.10 40.00 44.37 42.27 
0.92297 52.10 50.00 56.14 54.04 
0.95199 62.10 60.00 68.78 66.68 
0.97386 72.10 70.00 82.61 80.5 I 
0.99092 82.10 80.00 98.10 96.00 
1.0046 1 92.10 90.00 116.01 113.91 
1.01584 102.10 100.00 137.69 135.59 

12.39 10.29 
23.09 20.99 
34.51 32.42 
47.08 44.98 
6 1.40 59.30 
78.63 76.53 

101.20 99.11 
136.37 134.28 
249.71 247.61 

- - 

* All computations were performed assuming the fair weather cumulus (FWC) model when p = I .O and h = 0.87 178. For these conditions, 
R, (l;p,m,d) = 1.12933. K(I;p) = 1.27808, K(1; 110) = l.17482,qo = 4.50199 and g = 0.84123. 

6. Aircraft observations 

a. Instrumentation 

The Goddard multichannel cloud radiometer is a 
seven-channel scanning radiometer whose band center 
and bandwidth characteristics are summarized in Table 
2. This instrument, shown in Fig. 5, was designed to 
operate from a high-altitude research aircraft and to 
scan the scene below the aircraft in a plane perpendic- 
ular to the velocity vector of the aircraft. The mea- 
surements reported in this paper were acquired from 
the NASA WB-57F aircraft. This aircraft, as well as 
the NASA ER-2 aircraft used from 1983-present, flies 
at a nominal altitude of 19 km, well above the highest 
cirrus and cumulonimbus clouds. The cloud radiome- 
ter has flown as one of a cluster of instruments, in- 
cluding a passive microwave radiometer (Wang et al., 
1983) and nadir-viewing lidar (Spinhime et al., 1982, 
1983). 

The upwelling radiation from the earth-atmosphere 
system is first reflected from a rotating scan mirror 
canted 45” to the long axis of the instrument (cf. Fig. 
5). After being reflected by the scan mirror, the radia- 
tion is collected by a Dall-Kirkham (Cassegrainian) 
telescope which defines the field of view of the instru- 

TABLE 2. Spectral characteristics of the multichannel cloud 
radiometer during the June 1979 SESAME experiment. 

Channel 

1 
2 
3 
4 
5 
6 
7 

Central Spectral 
wavelength resolution 

(rm) km) 

0.7540 0.0014 
0.7609 0.0014 
0.7631 0.0014 
1.139 0.080 
I.626 0.078 
2.165 0.115 

10.757 0.911 

ment at 7 mrad. Following transmission through the 
telescope the radiation next encounters a complex 
configuration of dichroic beam splitters, mirrors, lenses, 
interference filters and a prism (see Curran et al., 1981). 
This enables all seven channels of the cloud radiometer 
to be sampled simultaneously. Figures 3 and 4, which 
illustrate the sensitivity of the reflection function to 
cloud optical thickness and surface albedo for water 
clouds at 0.754 and 1.626 pm, correspond to expected 
measurements for nadir observations in channels 1 and 
5 of the cloud radiometer. 

The electronics subsystem, in addition to providing 
aircraft power conversion and detector amplification, 
supplies heat to several temperature-critical elements 
of the scanner and produces reference voltages in steps 
from 0 to 4.5 V. Digital data are then pulse code mod- 
ulated and recorded on analog flight tapes together with 
time and scan count number. The reference voltage 
levels in the data stream allow subsequent conversion 
of instrument data from digital counts to voltage. 

Radiometric calibration of the first six channels is 
obtained by observing the output of a 182.5 cm inte- 
grating sphere maintained at Goddard Space Flight 
Center. The highly lambertian radiation exiting a 25 
cm opening on the side of the sphere illuminates a 45” 
inclined mirror which reflects radiation upward to the 
multichannel cloud radiometer. The output voltage in 
each channel is then measured as a function of spectral 
intensity for varying illumination levels from the 
sphere. Since the sphere calibration of the radiometer 
includes throughput of the entire optical system, plus 
highly reflecting calibration mirror, the radiometric 
calibration of channel 1 is expected to be near that of 
the sphere calibration itself, estimated to be somewhat 
better than &4% (Cm-ran et al., 1981). 

b. Geometric considerations 

In order to determine the scaled optical thickness of 
clouds using (27), it is necessary to determine h, Jo 
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FIG. 5. Multichannel scanning radiometer used to measure the spectral reflectance of clouds. 

and I$ for each pixel. The solar zenith angle B0 and 
azimuth angle of the sun relative to north, denoted &,, 
must first be determined given the latitude, longitude 
and time of the observations. The observational zenith 
angle 13 and relative azimuth angle 4 depend, in addi- 
tion, on the aircraft pitch (p), roll (r) and heading (H). 
Referring to Fig. 6, one can easily show that 

p = case = cosp cos(r + a), (40) 
where OL is the scan angle of the cloud radiometer rel- 
ative to aircraft nadir. The angles appearing in this 
expression are defined as positive for the case illustrated 
in Fig. 6, where the aircraft nose is pitched upward, 
the aircraft is banking (rolling) to the right, and the 
pixel being observed is to the left of the aircraft nadir. 
Since the scan mirror of the cloud radiometer rotates 
in a counterclockwise direction, the pixels being ob- 
served during each active scan interval decrease from 
CY = 45” to cd = -4.5”. 

The relative azimuth angle between the direction of 
propagation of the reflected radiation and the incident 
solar direction is given by 

d=H-;+p-&, (41) 

where both H and 40 are measured clockwise from 
north. With this definition and with reference to Fig. 

In May-June 1979, multichannel cloud radiometer 
~. observations were made in the vicinity of central Okla- 

6, one can see that 4 is taken as 0” for forward reflection 
and 180” for backward reflection. The azimuth angle 
,L? which appears in this expression may be computed 
given the nadir scan angle of the instrument and the 
pitch and roll of the aircraft. Thus, referring to Fig. 6, 
it can be shown that 

tar@ = sinp ctn(r + CY), (42) 

where B is to be taken in the interval 0 G /3 < K. Only 
when p = 0 is the redundant solution tat@ = 0 obtained. 
In this situation it is obvious that /3 equals 0 when cr 
is positive and K when CY is negative. 

All aircraft ephemeris (navigation) data were ob- 
tained from an inertial navigation system (INS) aboard 
the aircraft. These data were sampled and digitized ev- 
ery 4 s and subsequently merged with digital data from 
the multichannel cloud radiometer. Since the scan rate 
of the cloud radiometer is 3.47 Hz, corresponding to 
a scan duration of 288 ms, the INS data were inter- 
polated to provide one set of ephemeris data per scan 
of the radiometer. 

7. Results from observations 
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FIG. 6. Schematic illustration of the relationship between the zenith angle 0 and relative azimuth angle $I 
of radiation reflected by the earth-atmosphere system, and the heading H, roll r, pitch p and nadir viewing 
angle (2 of the aircraft. 

homa as part of the Severe Environmental Storms and 
Mesoscale Experiment (SESAME). On 8 June, a frontal 
system with associated optically thick clouds and 
embedded thunderstorms was located throughout 
much of Oklahoma and Kansas. During this day a 
number of NW-SE flight lines were flown over the cloud 
system between the frontal boundary and the optically 
thick cloud system to the northwest ofthe front. Figure 
7 illustrates a GOES-West visible image taken at 20 17 
UTC on this day, upon which is superimposed the lo- 
cation and direction of flight of aircraft flight line 2. 
This flight line, to be discussed later, coincides closest 
in time to the GOES-West satellite image. The latitude 
and longitude grid in Fig. 7 applies to an altitude of 
10 km, corresponding roughly to the cloud top altitude 
of the majority of clouds in the scene. The state bound- 
aries shown in Fig. 7 apply to the surface, thus ac- 
counting for the parallax displacement between the 
state boundaries and latitude grid evident in the figure. 

Figure 8 illustrates measurements of the reflection 
function for scan line 165 of the cloud radiometer on 
8 June at a wavelength of 0.754 pm, where we con- 

verted the calibrated measurements of reflected inten- 
sity to reflection function using (1). In order to convert 
these measurements of R,,,&p, w, 4) to scaled optical 
thickness using (27), it is necessary to have an estimate 
of R,(p, a, $I), K(p) and q’ for the cloud scene being 
observed, as well as an estimate of A, for the surface 
beneath the cloud layer. 

Figure 9 illustrates the reflection function of a semi- 
infinite atmosphere as a function of 0 and 4 for the 
FWC and Henyey-Greenstein phase functions when 
the solar zenith angle B0 = 29.5”, corresponding to the 
time of the radiometer observations presented in Fig. 
8. These polar diagrams, constructed using the azi- 
muth-dependent reflection functions together with the 
Fourier expansion given by (lo), show a dramatic dif- 
ference in the reflection function of a semi-infinite at- 
mosphere for different phase functions having the same 
value of the asymmetry factor. This is especially true 
in the principal plane, where the FWC phase function 
(Fig. 9a) results in enhanced reflection in the glory re- 
gion (9 = 180”) and a forward reflection lobe (4 = 0”) 
substantially displaced from that for the Henyey- 
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.FIG. 7. GOES West visible image for 2017 UTC on 8 June 1979. The image encompasses the central Oklahoma area covered by 
the cloud radiometer measurements, and includes the flight track of the observations. The arrow denotes the direction of flight. 

Greenstein model (Fig. 9b). The dotted line superim- 
posed on Figs. 9a and b corresponds to scan line 165 
of the cloud radiometer, at which time the aircraft was 
pitched upward (p = 1.8”) and heading in a direction 
of 69” relative to the solar direction. The fact that the 
aircraft scan does not go through local nadir, but is 
displaced toward the direction of flight, is a direct con- 
sequence of positive aircraft pitch. Due to aircraft roll 
to the left (r = -1.2”), one sees that the zenith angles 
covered by the measurements on this scan line range 
from somewhat less than 45” on the left-hand side of 
the aircraft to somewhat greater than 45” on the right- 
hand side of the aircraft. Note that the polar diagrams 
illustrated in Fig. 9 extend only to 50”. 

The values of R&L, ~0, 4) derived from Fig. 9 for 
the B and $J angles of each pixel are illustrated in Fig. 
8. The relatively large difference in these two theoretical 
functions is partly a result of the fact that the scan line 
lies near the principal plane. Figures 8 and 9 clearly 
show that the details of the phase function, and not 
just the value of the asymmetry factor, affect radiative 
transfer computations of the intensity field, even in 
semi-infinite atmospheres. Figure 8 further suggests that 
very large differences should be expected in the derived 
values of the scaled optical thickness, depending on 
which model is assumed in the analysis. 

Figure 10 illustrates the derived cloud optical thick- 
ness for the scan line presented in Fig. 8. In this and 



1746 JOURNAL OF THE ATMOSPHERIC SCIENCES VOL. 44, No. 13 

1.2 I I I 1 I I I I 1 1 I 1 1 1 1 1 I I I 
_----- _.-cZ.: -- -- -*-. 

A.-.-.-.-.-.- .-.-* 

g&i-- 
-.-- - -- -N 

1 .o -\ - 

Roe TiZ 

2 

- 

0.8 - - 

R 
0.6 

meas 

- 

0.4 - 

0.2 - 
8 JUNE 1979 
SCAN LINE 165 

0.0 I I I I I I I I I I I I I I I I I I I. 

50 40 30 20 10 0 10 20 30 40 50 

ZENITH ANGLE (DEGREES) 

FIG. 8. Comparison of the measured reflection function (I?,, ) and theoretical reflection function for a semi- 
infinite atmosphere (I?,) as a function of zenith angle for scan line 165 of the cloud radiometer on 8 June 1979, 
tlight line 2. Theoretical values of R, are presented for both the FWC and Henyey-Greenstein models. All mea- 
surements apply at 0.754 pm. 

succeeding figures, the scaled optical thickness 7: has We have applied the techniques described heretofore 
been converted to optical thickness 7, by assuming the to the first 365 scan lines of cloud radiometer data 
asymmetry factor g = 0.84 1. For water clouds in the obtained on 8 June 1979, flight line 2. Figure 11 illus- 
visible wavelength region, the asymmetry factor lies in trates images of the measured reflection function and 
the range 0.8 < g < 0.884, with large (small) values corresponding cloud optical thickness derived by as- 
associated with large (small) values of the effective ra- suming either the FWC or Henyey-Greenstein phase 
dius of the droplet size distribution. Our assumption functions in the analysis. In all of these images, the 
that the cloud scatters radiation according to Mie the- aircraft was flying from top to bottom down the center 
ory with a FWC size distribution leads to the inferred of the images with the cloud radiometer scanning 
cloud optical thickness being the greatest on the left- counterclockwise. All of these images have been re- 
hand side of the scan. In contrast, our assumption of mapped onto a horizontal grid at 10 km altitude, thus 
a Henyey-Greenstein phase function for the scattering providing a uniform spatial scale. 
process results in the inferred optical thickness being Comparing the reflection function image of Fig. 11 
the greatest on the right-hand side of the scan. These with the GOES-West image of Fig. 7, one sees that the 
results are a direct consequence of differences in the reflection function increases across the frontal bound- 
theoretical values of R,(p, h, r$), for (27) shows that ary from about 0.5 to 0.8 or more. Beyond scan line 
the scaled optical thickness (and hence optical thick- 365, the cloud system contained embedded thunder- 
ness) is directly related to the dzjkence between storms with overshooting tops, and thus data from this 
R,,(p, h, 4) and R.&L, po, 6). This is especially true portion of the flight were unsuitable for further analysis. 
since K(P) and q’ are virtually indistinguishable for This portion of the cloud system has considerable vari- 
phase functions having the same value of the asym- ation in the reflection function resulting from the highly 
metry factor (King, 1983). Note further that, although structured upper cloud boundary. This in turn resulted 
the difference in R&L, po, 4) for the two models illus- in many bright and dark (shadow) regions with mean- 
trated in Fig. 8 is generally within 10% the differences ingless optical thickness results. In contrast, the data 
in the resulting values of T: in Fig. 10 are as much as presented in Fig. 11 correspond to a well-defined ex- 
50% owing to the dependence of T: on the difference tended cloud layer with a relatively smooth upper 
between Rme&, PO, 4) and &.(L PO, 4). boundary, thus enabling the cloud optical thickness to 
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FIG. 10. Optical thickness as a function of zenith angle for scan line 165 of the cloud radiometer on 8 June 1979, 
flight line 2, where the solid curve applies to the FWC model and the dashed curve to the Henyey-Greenstein 
model. These results were obtained from the measurements presented in Fig. 8. 

be derived using the method previously outlined. As 
this flight did not contain measurements from the na- 
dir-viewing lidar, it was not possible to quantitatively 
ascertain the degree of homogeneity of the upper cloud 
boundary. We relied instead on a qualitative assessment 
of the degree of homogeneity, based on the spatial vari- 
ability of the reflection function data. 

The most striking feature of these cloud optical 
thickness results is the fact that the two images look 
very nearly like mirror images of one other. In partic- 
ular, the cloud optical thickness derived by assuming 
the FWC model is generally greater on the left-hand 
side of nadir, while the one derived by assuming the 
Henyey-Greenstein model is generally greater on the 
right-hand side of nadir. This result further illustrates 
the importance of details of the single-scattering phase 
function in the analysis of reflected solar radiation 
measurements, and is not at all dependent on the 
method used for analysis. The advantage of our method 
lies both in its computational efficiency and in its ability 
to highlight the physics behind the radiative transfer 
process. The results obtained from this analysis are no 
different than those that would be obtained using a 
table look-up procedure. 

In order to gain further insight into the distribution 
of cloud optical thickness within the scene, probability 
density functions have been constructed from the FWC 
and Henyey-Greenstein images of Fig. 11. These re- 
sults, presented in Fig. 12, were obtained from ap 
proximately 90 000 “pixels” having optical thicknesses 

in the range 5 < 7, s 100, each of which had a spatial 
resolution of about 60 m. These results show that the 
distribution of cloud optical thickness on this day was 
strongly bimodal, with the distribution of optical 
thicknesses generally displaced toward larger optical 
thickness when the Henyey-Greenstein phase function 
is assumed in the analysis. The mean optical thickness 
is roughly the same for both images (- 34), though the 
mean optical thickness has little meaning for such a 
bimodal distribution. For the FWC (Henyey-Green- 
stein) model, the median optical thickness was 29 (33), 
with 50% of the pixels lying between 14 and 45 (14 
and 50). 

In all experimental results presented earlier, we as- 
sumed w. = 1 and A, = 0.2. From Table 1, we see that 
if the surface albedo were equal to 0.0, rather than 0.2, 
all results presented in Figs. lo- 12 would be increased 
by ATE = 2.1. On the other hand, had we assumed that 
the single scattering albedo were 0.9999, rather than 
1.0, half the pixels in Fig. 11 would be increased by 
AT, c 1.1, with only about one-fourth of the pixels 
increased by Arc 2 5.2. Biases associated with uncer- 
tainties in the phase function (and asymmetry factor) 
can be much larger, as seen on examination of Fig. 11. 

8. Summary and conclusions 

A method has been presented for determining the 
scaled optical thickness of clouds from reflected solar 
radiation measurements. The procedure compares 
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FIG. 12. Probability density function of cloud optical thickness for the 8 June 1979 case presented in Fig. 11, 

where the solid curve applies to the FWC model and the dashed curve to the Henyey-Greenstein model. 

measurements of the reflection function with asymp- 
totic expressions for the reflection function of optically 
thick layers. Asymptotic expressions for the reflection 
and transmission functions of thick layers have been 
derived which show the explicit dependence of the ra- 
diation field on cloud optical thickness and surface al- 
bedo. In addition, expressions for the reflection and 
transmission functions of a conservatively scattering 
atmosphere contain an explicit dependence on cloud 
asymmetry factor. The dependence of the reflection 
function on the higher-order coefficients of the Le- 
gendre polynomial expansion of the phase function is 
contained implicitly within the reflection function of 
a semi-infinite atmosphere. Asymptotic expressions for 
the reflection and transmission functions of thick layers 
have been shown to be valid to an accuracy of 1% for 
scaled optical thicknesses B 1.45 (optical thicknesses 
29) and thus any remote sensing method that makes 
use of these expressions must necessarily be restricted 
to optical thicknesses greater than about 9. 

By making use of the asymptotic expression for the 
reflection function of an optically thick, conservatively 
scattering atmosphere, an expression has been derived 
which relates the measured reflection function to scaled 
optical thickness. This expression shows that the effect 
of surface albedo can be separated from the effect of 
the measurements, thus leading to a constant bias in 
the derived cloud optical thickness if an incorrect sur- 
face albedo is assumed in the analysis. Furthermore, 
the optical thickness is shown to depend directly on 

the dz&-ence between the measured reflection function 
and the reflection function of a semi-infinite atmo- 
sphere. Since the latter depends somewhat on details 
of the single-scattering phase function, the derived op- 
tical thickness depends on the asymmetry factor as well 
as higher-order coefficients of the Legendre polynomial 
expansion of the phase function. Uncertainties in the 
asymmetry factor alone can contribute to uncertainties 
in the derived optical thickness of 20%, so uncertainties 
in excess of 20% are possible even under the conditions 
?f plane-parallel and homogeneous clouds with perfect 
measurements. Additional uncertainties that arise if 
the cloud has a small amount of absorption is also 
considered by making use of asymptotic expressions 
for reflection from a nonconservative atmosphere 
overlaying a reflecting surface. The magnitude of such 
absorption, if present, is presently being examined in 
a separate experiment (King et al., 1986). 

The principal assumption on which the technique 
is based is that the cloud has a sufficient horizontal 
extent and horizontal homogeneity to be considered 
locally plane-parallel. This assumption is independent 
of our method of analysis, but requires that we restrict 
our processing to only those portions of experimental 
data that satisfy this condition. In this paper we have 
used a subjective criterion of homogeneity based on 
the variability of the measured reflection function. In 
the future, nadir viewing lidar data available from the 
same aircraft platform will permit us to examine the 
degree of inhomogeneity of the upper-cloud boundary, 
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as well as to determine whether overlaying cirrus clouds 
are present. In our analysis, we have further assumed 
the radiation to be collimated on the upper-cloud 
boundary, with no diffuse component. such as would 
arise from moderately thick cirrus clouds. 

The efficiency of our asymptotic method for deriving 
the scaled optical thickness of clouds lies in the fact 
that the number of terms required in the Fourier ex- 
pansion of the reflection function of a semi-infinite 
atmosphere is a strong function of p and M. This func- 
tion, denoted M(p, h) and illustrated in King (1983) 
for both the Fair Weather Cumulus (FWC) and Hen- 
yey-Greenstein models, permits the rapid construction 
of R&L, h, 4) using the Fourier expansion given in 
( 10). Since the majority of pixels have small observa- 
tional zenith angles where few terms are required 
compared to large observational zenith angles, these 
computations are quite efficient. For the 8 June 1979 
observations discussed in this paper, where h - 0.870, 
M(p, h) ranges between 0 and 11 for the FWC model 
(0 and 2 for the Henyey-Greenstein model). 

High-resolution images of the reflection function of 
clouds have been obtained with a multichannel scan- 
ning radiometer operated from a high-altitude aircraft. 
A case study of measurements acquired from a strat- 
iform cloud system has been presented for a sequence 
of 365 scan lines of data acquired in central Oklahoma 
on 8 June 1979. These results clearly demonstrate that 
details of the phase function have an impact on the 
derived optical thickness of clouds. Although we have 
emphasized the differences in the derived cloud optical 
thickness arising from an uncertain knowledge of the 
cloud phase function, the Henyey-Greenstein phase 
function is an especially unrealistical phase function 
for terrestrial water clouds. Thus the differences we 
find between these two models overemphasizes the er- 
rors resulting from phase function uncertainties. 

Although our method highlights the physics of the 
remote sensing method, the results obtained from our 
analysis are equivalent to those that would be obtained 
using a table look-up procedure. These measurements 
and analysis procedures will be continued in marine 
stratocumulus clouds off the coast of southern Cali- 
fornia as part of the First ISCCP (International Satellite 
Cloud Climatology Project) Regional Experiment 
(FIRE) in 1987. 
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