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ABSTRACT 

The internal radiation fields of homogeneous and inhomogeneous stratocumulus model clouds 
under the same meteorological conditions were investigated at several wavelengths in the 11 pm 
window region. The results showed that a homogeneous cloud model may be used in place of an 
inhomogeneous one to deduce the upwelling radiances, but not the internal structure of the cloud 
radiation field. The resulting findings that in this window region the optical properties of a cloud 
at a shorter wavelength permit a greater penetration of the surface radiation and hence scattering 
by the cloud particles than those at longer wavelengths lead to the development of a technique 
for quickly assessing the “blackness” of a cloud. 

The technique requires the use of two channels in the window region to establish a ratio of the 
observed upwelling radiances. The ratio is then compared with the reference ratio derived from a 
knowledge of the estimated surface temperature in what was termed the ratio test. It was shown 
that the estimated temperature need not be accurate. Examples are presented to demonstrate 
that the vertical emissivity of clouds is close to 0.95 or greater when the ratio test is satisfied. 
However, when the observed radiances convert to nearly the same temperature value, the cloud 
may be said to have an emissivity of unity and that temperature then becomes the cloud-top 
temperature. On the basis of this method, the temperature field generated by satellite infrared 
imagery may be accepted or rejected with reasonable confidence. 

1. Introduction 

One of the serious problems in satellite infrared 
imagery analyses and in the retrieval of tem- 
perature profiles in the presence of clouds from 
satellite soundings is how to differentiate between 
the derived temperature values which arise from the 
radiation field involving the black-body or non- 
black-body cloud. This problem has been 
recognized by Glahn (1966) as one of several 
difficult problems in conjunction with the deter- 
mination of cloud top heights and areal coverage. 
Chahine (1974, 1977a, 1977b), among others, in a 
series of outstanding papers has described methods 
for retrieving atmospheric temperatures in the 
presence of clouds. However, these methods 
assume that the clouds are black-bodies. Although a 
number of papers (e.g., Yamamoto et al., 1966; 

‘Part of this paper was presented at the AGU Fall 
Meeting in San Francisco, California, December 4-8, 
1977. 

Zdunkowski and Choronenko, 1969; Yamamoto et 
al., 1970; Hunt, 1973) have examined the approxi- 
mate thickness required for a cloud to radiate as a 
black-body, the cloud blackness problem has not 
yet comprehensively been investigated. If the cloud 
thickness is the required parameter to determine 
whether a cloud temperature arises from a black- 
body radiation field, then it seems that the problem 
is far from being satisfactorily resolved. 

The purpose of this paper is to discuss the 
problem of the cloud blackness in the 11 pm 
infrared window region in relation to  satellite 
application. In examining the internal structure of 
the cloud radiation field, a method was developed 
by which the degree of the cloud blackness may be 
derived by adding a 10.5 pm channel to, for 
example, the existing 12.0 pm channel in the 
vertical temperature profile radiometer (VTPR). 
Consequently, it would be possible to  determine the 
reliability of the derived temperature values. To 
develop the method, it is necessary to  first under- 
stand physically the internal cloud radiation field. 
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Since we are primarily interested in satellite 
application, we felt that to investigate only the 
vertical upward-going radiation of clouds would be 
sufficient. 

The computer program for solving the radiative 
transfer equation was based upon the Gauss-Seidel 
iteration technique (Herman and Browning, 1965; 
Low, 1977) and had been checked out against pub- 
lished values in the Literature (Yamamoto et al., 
1966; Hunt, 1973). For water vapor attenuation, 
use was made of LOWTRAN 3 (Selby and 
McClatchey, 1975) and the empirical formula 
given by Roberts et al. (1976) to account for 
selective and continuum absorption, respectively. 
The computer program not only gives the cloud 
radiance values as a function of zenith angles at 
different prescribed geometric levels, but also 
calculates the optical properties, including the 
optical thicknesses and single-scattering albedos at 
corresponding levels. 

Since an understanding of the internal structure 
of the cloud radiation field is essential to the 
development of the technique, the next section 
describes the cloud models to be used in the 
investigation. The theoretical basis then follows. In 
Section 4, computational results are presented, and 
the internal radiation structures are examined. 
These analyses lead to the development of the tech- 
nique for determining the degree of cloud 
“blackness” or emissivity in Section 5. A few 
numerical examples will be given here. The final 
section contains our findings and conclusions. 

2. Cloud model 

Only recently have the radiative properties 
of clouds been studied realistically with 
inhomogeneous droplet and temperature dis- 
tributions considered. Stephens (1976), using the 
meteorological, microphysical, and radiation data 
furnished to him by Paltridge (1974), investigated 
the inhomogeneous stratiform clouds theoretically 
and found the calculated downward radiances in 
good agreement with the observed values. In this 
paper, we adopt Platt’s observations (1972) of 
upwelling radiances emerging at different levels 
from his inhomogeneous Stratocumulus Deck 2 as 
shown in Fig. 1. This cloud had a thickness of about 
550 m with a temperature distribution as given in 
his figure. From the typical humidity profile 
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Fig. I. Profiles of vertical upward radiance, air tem- 
perature, and black-body radiance through the strato- 
cumulus cloud deck. 

shown, it may be inferred that except for the middle 
region of the cloud, which was saturated, both the 
top and base layers were most Likely subsaturated. 

We chose to simulate Platt’s radiance profile in 
the 10.5 pm window and express our radiance 
values in mW m-2 sr-l cm, which can be readily 
converted to his physical unit by means of a simple 
formula. However, it should be noted that our 
choice of cloud microphysics and wavelength 
would in no way affect either our analysis of the 
internal radiation structure or our findings and con- 
clusions. 

Although no microphysics data were provided 
by Platt (1972), on the basis of a number of cloud 
physics studies (Fletcher, 1962; Borovikov et al., 
1963; Mason, 1971), it appears that the gamma 
distribution (Levin, 1958) with two parameters, ct 
= 4 and /3 = 1, may adequately represent the 
stratocumulus cloud over the ocean. The droplet 
sizes ranged from 0.5 pm to 25 pm with a mean 
radius of 5 pm. In view of the abundant supply of 
sea-salt nuclei over the ocean, the upper limit of the 
range seems to represent a reasonable value. With 
the known distribution function and size range and 
the refractive indices for water spheres (Irvine and 
Pollack, 1968) Mie scattering and absorption 
coefficients per unit length may be calculated 
(Deirmendjian, 1969). 

Stratocumulus Deck 2 was divided into 22 layers 
each 25 m thick, and radiance values were 
computed at each level. With the Mie coefficients 
known, we made a first approximation to the 
number density of droplets required to emit the 
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desired amount of radiation at each level. Then the 
temperature profile and the estimated droplet 
number densities at chosen levels were fed into the 
computer program to generate a first estimate of 
upward radiances as a function of cloud depths. 
Adjustments were made of the number densities at 
several levels in each run. Platt’s radiance profile 
was reproduced almost exactly for the 10.5 p m  
window in four trial runs. The input meteoro- 
logical and microphysical values are given in Table 
1. Although the computer program is capable of 
accounting for water vapor attenuation both inside 
and outside the cloud, the attenuation of surface 
radiation below the cloud base was not considered 
since the amount of attenuation was quite small, as 
is shown in Fig. 1. 

Since most of the droplets concentrate in the 
lower 150 m layer, rapid attenuation of the surface 
radiation is found in approximately the first 200 m 
above the cloud base (Fig. 1). The total number of 
droplets in the 550 m column per unit cross- 
sectional area is 2.20 x lo6. We redistributed these 
droplets uniformly throughout the entire column 
and came up with 40 droplets ~ m - ~  or 3.52 x lo-’ 
g m-3 in liquid water content at each level. By 
taking the average temperature in the vertical 
column, a homogeneous and isothermal cloud 
similar to those used by Yamamoto et al. (1966) 
and Hunt (1973) was created from the original 
cloud model. 

3. Theoretical background 

The equation governing the transfer of thermal 
radiation through a scattering and absorptive 
medium is 

Table I. Znput meteorological and microphysical 
data of the model cloud 

Height Pressure Air temp. Dew temp. Droplet 
(km) (mb) (K) (K ) ( ~ m - ~ )  

2.25 
2.10 
2.00 
1.90 
1.85 
1.80 
1.75 
1.70 

777.21 
791.40 
801.00 
810.48 
815.26 
820.07 
824.9 1 
829.78 

280.55 
28 1.05 
28 1.65 
282.24 
282.45 
282.45 
282.35 
281.95 

279.15 
280.65 
281.65 
282.25 
282.45 
282.35 
282.25 
281.75 

5.0 
10.0 
15.0 
25.0 
50.0 

100.0 
130.0 
120.0 

nents as  follows: one component denotes the 
external field, primarily due to surface radiation, 
and the other denotes the cloud emission. 

For the external field (Z,), 

dZg(7;p) 
d7 

p- = ZJ7;p) - - 

with boundary conditions 

(3) 1. Zr(O;-p) = 0 

zg(7&+p) = B(TJ 

where 0 and tb denote the cloud top and base, 
respectively, and T, is the surface temperature. 

For the cloud emission (ZJ, 

dl,(r; P )  &,(r) + I  

p - =  Zc(7;P)  - -J” dr 2 - 1  

x pOO1,p’)Zc(t;p’)d~’ - [ 1  - &o(7)IB[Tc(7)I, 

(4) 

(5) 
- [ 1  - ~,(7) lB[Tc(7)1 ,  

where Z is the spectral intensity or radiance, p the 
cosine of the zenith angle, 7 the optical thickness, 
Go the single-scattering albedo, po(,u,p’) the in- 
tegrated phase function over azimuth angle, and 
B[T,(r)] the Planck function for cloud temperature 
T, at level 7. For simplicity, the wavenumber- 
dependent subscript has been eliminated. The 
above equation can be separated into two compo- 

TO simplify our expressions, let 

&,(t) + I  
S;(7;p)  - 

and 

s ~ ( ~ ; ~ )  - 

J”- ~ ‘ 0 1 ,  W, (7; cl’)dcI ’ , 

pool, p’)Zc( 7 ;  p ’)dp ’. (7) 
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Equations (6) and (7) represent the contributions 
by droplet scatterings. Thus, we have equations for 
upward radiation 

and 

dzc(r; +P) 
P = I J r ;  +p) - SL(r; +p) 

dr 

- 11 - 6i , (~) lB[T,(~)l ,  (9) 

corresponding to (2) and (4), respectively. Similar 
expressions can be written for downward radiation 
by changing + p  to -p. 

For a finite optical thickness, the expressions are 
readily solved (Chandrasekhar, 1960). Our com- 
puter program solves (8) and (9) in essentially the 
same manner by means of the Gauss-Seidel 
iteration technique for upwelling (as well as down- 
welling) radiation at successive levels from the 
cloud base to the top in accordance with boundary 
conditions (3) and (5). 

The approximate solutions of (8) and (9) with 
the boundary conditions specified for the upwelling 
radiances, I, and I ,  at each successive level from 
the cloud base may be written in the form 

I, 1: B,T + S p  

I, N (1 - bJB,(l - T) + S, 

(10) 

(1 1) 

where B, represents B(T,); B,B[T,(r)]; S,S;(l - 
T ) ;  S,S4r(l - T); and T [ =  e d r e r ) ]  is the vertical 
transmittance from the cloud base to that level r. 
Values of I, and I, for the cloud model were 
obtained for 10.5, 11.5, 12.0-, and 12.5-pm wave- 

Table 2. Volume scattering absorption 
(pa,,), and extinction (&,> coeficients and average 
single scattering albedo (w,) of the model cloud as 
a function of wavelength (A) 

10.5 7.2609 6.1013 13.3622 0.5044 
11.0 4.8780 7.2201 12.0981 0.3665 
11.5 4.6519 8.5988 13.2507 0.3174 
12.0 5.2469 9.7333 14.9802 0.3152 
12.5 5.8936 10.3532 16.2468 0.2796 

lengths. The refractive indices for these wave- 
lengths were taken from Irvine and Pollack (1968). 
The volume scattering, absorption, and extinction 
coefficients for 100 droplets and the average single- 
scattering albedo for the model cloud are given in 
Table 2. 

Upwelling radiances I, and I, together con- 
tribute to the total upwelling radiation from the 
model cloud, whereas I, represents radiance from 
an isolated cloud only, i.e., no surface emission 
contribution (see, e.g., Zdunkowski and Choron- 
enko, 1969). 

4. Internal radiation structure and 
discussions 

Examination of (10) and (11) reveals that as T 
becomes closer to unity (or r approaches 0) near 
the base of a thick cloud the total upward radiance, 
I, + I,, originates mainly from surface radiation 
and little from cloud emission. On the other hand, 
near the cloud top where T approaches 0 (or r 
approaches infinity), the cloud emission and scat- 
tering dominate. 

I, II 0, then Z, ‘v B[T,(O)l = B,  

and 

Thus, 

B C ~ ( 1 - b J B , + S , .  (12) 

This means that the apparent black-body radiation 
B, at the top of a “black” cloud is composed of two 
radiant components, which include partly thermal 
emission and partly scattering. The fractional 
amount of each is determined by the average single 
scattering albedo b, of the cloud. 

Since the values of all the terms at each level in 
(10) and (1 l), except those of S, and S, which also 
include some contributions from downward 
radiation, can be readily calculated, it is simple to 
sort out the contributions to the vertical upward 
radiation made by cloud emission, surface 
radiation, and droplet scatterings and to examine 
their changes with wavelength and cloud depth. 
For simplicity of presentation, the internal cloud 
radiation field was examined at 200-m intervals up 
to 500 m as well as the cloud top at  550 m. Also, 
the cloud model was examined in four different 
cases involving (1) inhomogeneous droplet and 
temperature distributions, (2 )  homogeneous in both 
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droplet and temperature distributions, (3) isother- 
mal but inhomogeneous in droplet distribution, and 
(4) homogeneous in droplet distribution but with 
non-isothermal temperature distribution. The first 
case was run for all the wavelengths listed in the 

Table 3. Percentage contributions by total scatter- 
ing ( S S ) ,  cloud emission (CE),  and reduced 
surface radiation ( T S )  to upwelling radiation at 
different levels ( m )  as a function of wavelength in 
case I 

Wavelength (pm) 

Level(m) 10.5 11.0 11.5 12.0 12.5 

100 ss 
CE 
TS 

300 SS 
CE 
TS 

500 SS 
CE 
TS 

550 SS 
CE 
TS 

44 32 29 32 31 
34 43 49 52 54 
22 25 22 18 15 
50 36 32 32 31 
42 54 60 62 65 

8 10 8 6 4 
50 36 31 31 28 
44 56 63 65 70 

6 8 6 4 2 

49 36 31 31 28 
45 58 64 65 70 

6 6 5 4 2 

preceding section, and the other three at 10.5 pm 
and 12.5 pm only. In this manner, some physical 
insight may be derived as to the suitability of 
employing a homogeneous cloud as opposed to an 
inhomogeneous one for modeling purposes. 

Three tables are presented. The first two deal 
with percentage contributions in the four cases, in 
which SS denotes the total scattering con- 
tributions, i.e., s, + s, CE the cloud emission, and 
TS the reduced surface radiation. To evaluate what 
role the inclusion of water vapor would play in 
cloud modeling, the calculated radiance values at 
each level are given in Table 5 ,  so that the 
percentage contribution made by water vapor to 
upward radiation may be understood. 

In Table 3, the changes with wavelength of 
percentage values, when compared with those of 
optical values in Table 2, show that (1) the surface 
contributions ( T S )  at each level vary inversely with 
the extinction coefficients (/3,,J, (2) the total 
scattering contributions (SS) fluctuate about the 
average single scattering albedos (Go) of the cloud, 
and (3) the emission contributions (CE) increase 
with the wavelength. An examination of Tables 3 
and 4 shows that, at all wavelengths, a s  the surface 
contributions decrease with thickness, the emission 
contributions increase. The scattering contri- 
butions due to surface radiation and those due to 

Table 4. Percentage contributions by total scattering, cloud emission, and reduced surface radiation to 
upwelling radiation at direrent levels at 10.5 pm and 12.5 p m  in case 2 (homo DT), case 3 (homo Tonly), 
and case 4 (homo D only) 

Case 2 
Homo DT (pm) 

Case 3 Case 4 
Homo T only (pm) Homo D only Cum) 

Level (m) 10.50 12.50 10.50 12.50 10.50 12.50 

100 ss 
CE 
TS 

300 ss 
CE 
TS 

500 ss 
CE 
TS 

550 SS 
CE 
TS 

23 
17 
60 
34 
29 
37 
51 
42 

7 
51 
43 

6 

17 
32 
51 
29 
58 
13 
31 
66 

3 
32 
66 

2 

44 
34 
22 
51 
41 

8 
50 
44 

6 
49 
45 

6 

31 
54 
15 
31 
65 
4 

28 
70 
2 

28 
70 
2 

23 
17 
60 
34 
30 
36 
50 
42 

8 
51 
43 

6 

17 
32 
51 
29 
59 
12 
31 
66 

3 
31 
67 

2 
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Table 5 .  Percentage effect of water vapor on upwelling radiation at different levels as a function of 
wavelength 

100 Yes 
No 
Percentage 

300 Yes 
No 
Percentage 

500 Yes 
No 
Percentage 

550 Yes 
No 
Percentage 

89.34 95.60 
89.49 95.77 
-0.2 -0.2 
85.52 91.84 
85.78 92.11 

84.4 1 90.75 
84.79 91.15 

84.23 90.58 
84.64 91.01 
-0.5 -0.5 

-0.3 -0.3 

-0.4 -0.4 

100.9 
101.1 

-0.2 
97.27 
97.51 

-0.2 

96.20 
96.56 

96.03 
96.42 

-0.4 

-0.4 

105.8 
106.0 

-0.2 
102.3 
102.5 
-0.2 
101.2 
101.6 
-0.4 

101.1 
101.4 
-0.4 

110.2 
110.7 

-0.4 
106.8 
107.2 
-0.4 

105.5 
106.3 
-0.8 

105.3 
106.1 
-0.8 

cloud emission also behave in similar manners, 
although they are not tabulated here. However, the 
percentage values of the total scattering con- 
tributions in the four cases at corresponding wave- 
lengths are vastly different, except for case 3. This 
can be explained by the fact that cloud micro- 
physical properties play significant roles in the 
determination of the internal radiation structures. 

Percentage contributions are almost identical at 
corresponding levels at both the 10.5 pm and 12.5 
pm wavelengths in cases 1 and 3 which share the 
same inhomogeneous droplet distribution. The 
percentage values are nearly identical in cases 2 
and 4 which share the same homogeneous droplet 
distribution. Apparently, this indicates that the 
upward radiation emerging from any level inside as 
well as at the top of a cloud is virtually independent 
of its internal temperature structure; moreover, this 
implies that the so-called cloud-top temperature 
may be regarded as the mean temperature of the 
cloud. 

When the cloud is viewed as a whole, i.e., 550 m 
in thickness, the amounts in all four cases of 
upward radiation emerging from the top are nearly 
the same at their corresponding wavelengths. Our 
calculated radiance values are 84.23, 83.85, 83.95, 
and 83.67 mW m-z sr-’ cm at 10.5 pm for the four 
cases, respectively. At 12.5 pm, they are 105.30, 
105.50, 105.70, and 104.85, respectively. Thus 
considering the cloud as a whole, little difference 

exists at a given wavelength in upward radiation 
emerging from its top between a homogeneous 
model and an- inhomogeneous one so long as they 
have the same total droplet number or the same 
total liquid water amount and the same mean 
temperature in the cloud column. 

In the present study, since surface emission (TS)  
still contributes to the upward radiance at the cloud 
top, our cloud is not “black”. It is even less black at 
10.5 pm than at 12.5 pm. Our calculated average 
cloud vertical emissivity over the 10.5 pm to 12.5 
pm interval is 0.85 compared with Platt’s value 
(1972) of about 0.90 in the 10 pm to 12 pm band. 
Furthermore, it may be observed in Table 3 that at 
the 550 m level the scattering contributions (SS) at 
all wavelengths nearly equal the average single 
scattering albedos of the cloud in Table 2 at the 
corresponding wavelengths. If the cloud were to 
grow another 200 to 300 m thicker, one would 
expect, as indicated in (12), that at 10.5 pm, for 
example, the upward emission and scattering con- 
tributions would split about 5 6 5 0 .  And this is 
when cloud emissivity would reach about unity. 

Table 5 shows the effect of water vapor on up- 
ward radiation at different levels as a function of 
wavelength. Although there was appreciable water 
vapor inside the cloud with about 98% relative 
humidity on the average as given in Table 1, the 
presence of water vapor appears to have negative 
but negligible effects on the upward radiance. 
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5. Ratio test of cloud blackness 

Not until a cloud behaves like a black-body 
radiator can our study of its internal radiation field 
ignore the radiation contribution from the under- 
lying surface. The surface temperature is, in 
general, appreciably higher than the cloud tem- 
perature, while the cloud-top temperature is lower 
than the base temperature. Only when the cloud 
becomes “black” will the upwelling radiation 
directly relates to the cloud-top temperature. For a 
non-black cloud, the cloud radiation field is 
contaminated by the surface radiation; one might 
say that the radiation field is distorted. To illustrate 
such distortion, Table 6 shows the equivalent 
black-body temperatures of the radiation field at 
different levels as a function of wavelength. 

Even though the mean temperature at a given 
level is at a constant temperature, the equivalent 
black-body temperatures decrease with wave- 
length. Normally, black-body radiance values 
increase monotonically with wavelength at a given 
temperature. In the present situation, the radiance 
values at a given level in Table 5 also increase; 
however, the amount of increase is relatively small. 
The percentage increases in black-body radiance 
at, for instance, 9OC are about 9%, 17%, 24%, 
and 30%, and at 14OC about 8%, 16%, 22%, and 
28%, respectively, for 11.0 pm, 11.5 pm, 12.0 pm, 
and 12.5 pm with reference to the black-body value 
for 10.5 pm. By’ comparison, the percentage 
increases in Table 5 at, for instance, the 100-m 
level are about 7%, 13%, 18%, and 23%, 
respectively. At the 550-m level, they are about 
8%, 14%, 20%, and 25%, respectively. It is this 
distortion of the temperature-wavelength relation- 
ship, or rather of the radiance-wavelength relation- 
ship inside the cloud, that forms the basis upon 
which our proposed method for determining the 
quality of cloud blackness or, to some extent, cloud 
emissivity is developed. 

Tables 3 and 6 show an apparent excess in the 
amount of vertical upward radiation, more at 10.5 
pm than at any other wavelengths, giving rise to 
higher equivalent black-body temperatures in Table 
6 a t  all levels. On the other hand, Table 3 appears 
to indicate that the surface (TS) and hence the 
resulting scattering contributions (SS) together are 
somewhat greater at 10.5 pm. 

The former is governed by the extinction 
coefficient of the cloud and the latter by its single 

Table 6 .  Equivalent black-body temperatures (” C) 
corresponding to upwelling radiances as a function 
of wavelength at dlfSerent levels from the cloud 
base with mean temperatures ( T O C) 

100 9.13 15.03 14.34 13.50 12.88 12.37 
300 9.06 12.42 11.85 11.15 10.63 10.20 
5 0 0  8.62 11.65 11.12 10.44 9.92 9.37 
550 8.52 11.53 11.00 10.33 9.85 9.24 

Table I. Ratios of black-body radiances at two 
wavelengths as a function of air temperature ( C )  

Wavelength ratio 

Temperature 
( “C)  10.5/11.5 10.5/12.0 10.5/12.5 

-25.0 
-20.0 
- 15.0 
-10.0 
-5.0 
0.0 
5.0 
10.0 
15.0 
20.0 
25.0 
30.0 
35.0 

0.8 108 
0.8 184 
0.8257 
0.8327 
0.8396 
0.8462 
0.8527 
0.8589 
0.8650 
0.8709 
0.8766 
0.882 1 
0.8875 

0.7455 
0.7555 
0.7652 
0.7746 
0.7838 
0.7927 
0.8014 
0.8098 
0.8180 
0.8260 
0.8337 
0.8413 
0.8487 

0.6934 
0.7053 
0.7 168 
0.7281 
0.7391 
0.7499 
0.7604 
0.7706 
0.7806 
0.7903 
0.7998 
0.8090 
0.8181 

scattering albedo. If we take the ratio of the 
observed radiance at 10.5 pm to that at a longer 
wavelength in the same window region, this ratio 
will enhance the presence of an excessive amount a t  
10.5 pm of surface and scattered radiation when 
the cloud is not “black”. However, when the cloud 
is “black”, i.e., no contribution from surface and 
scattered radiation, the ratio would be equivalent to 
that of black-body radiances. Table 7 gives the 
ratios of black-body radiances as a function of 
temperature. The 11.0 pm wavelength was not 
used, not only because it lies too close to the 10.5 
pm wavelength, but also because the advantage of 
its lower single scattering albedo is somewhat offset 
by the disadvantage of its lower extinction 
coefficient. On the basis of these discussions, the 
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two c: iteria for choosing the shorter wavelength 
are: (1) relatively higher single scattering albedo 
and (2) relatively lower extinction coefficient. The 
11.0 pm wavelength satisfies (2) but not quite (l), 
as indicated in Table 2. 

When the cloud in question is “black” in the 
window region, the ratio of the observed radiances 
will give the cloud temperature. Moreover, only 
under this condition will the radiance values at the 
two wavelengths, upon conversion, also yield 
nearly the same temperature. The ratio of black- 
body radiances in Table 7 changes rather slowly 
with temperature within narrow limits, and it does 
not take much extra surface and scattering con- 
tributions to cause the ratio to deviate appreciably 
from its critical black-body value. We do not know 
what this critical ratio is; but since our primary 
interest lies in establishing a reliability criterion for 
accepting or rejecting the temperature derived from 
satellite data, our problem is to find a means by 
which we can distinguish between black and non- 
black clouds. For this purpose, we seek a reference 
ratio instead of the critical ratio. 

Besides the present cloud model, we had also 
investigated a number of homogeneous models 
such as those used by Yamamoto et al. (1966) and 
Hunt (1973). They were 1 km thick. After repeated 
numerical experiments, it was found that the ratio 
of the black-body radiances derived from the 
surface temperature served quite well as a reference 
ratio. When the ratio of the observed (or more 
appropriately, synthetic) radiances at a certain 
cloud level became smaller than the reference ratio, 
our calculated vertical emissivity at that level in 

Table8. Ratios of the “observed” radiances at 
dflerent levels of the inhomogeneous cloud model 
(surface temperature = 21.70 O C) 

Wavelength ratio 

Level (m) 10.5/11.5 10.5/12.0 10.5/12.5 

550 0.8771 0.833 1 0.7999 
500 0.8774 0.8341 0.8001 
400 0.8781 0.8346 0.8000 
300 0.8792 0.8360 0.8007 
200 0.8812 0.8388 0.803 7 
100 0.8854 0.8444 0.8 107 
Surface 0.8728 0.8285 0.7935 

Note: The last row contains the reference ratios. 
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Table9. Ratios of the “observed” radiances at 
different levels of the homogeneous cloud model 
(surface temperature = 30 OC and cloud tempera- 
ture = -30 “C) 

Wavelength ratio 

Level (m) 10.5/11.5 10.5/12.0 10.5/12.5 

lo00 
550 
500 
450 
400 
300 
200 
100 

Surface 

0.8 10 1 
+0.8726 
0.8895 
0.9088 
0.9297 
0.9706 
0.99 13 
0.9648 
0.8821 

~~ 

0.7425 
0.8134 

-0.8344 
0.8593 
0.8877 
0.9481 
0.9865 
0.9565 
0.8413 

0.6878 
0.7585 
0.7802 

-0.8066 
0.8376 
0.9072 
0.9586 
0.9345 
0.8090 

Note: Small arrow points to where the observed ratio 
becomes less than the reference ratio. The last row 
contains the reference ratios. 

Table 10. Vertical emissivities at the arrowhead 
levels in Table 9 

Wavelength (pm) 

Level (m) 10.5 11.0 11.5 12.0 12.5 

450 0.90 0.93 0.96 0.97 0.97 
500 0.92 0.95 0.97 0.98 0.98 
5 50 0.94 0.96 0.98 0.99 0.99 

every case showed better than 0.95 in the window 
region. The surface temperature need not be 
accurate. Since most clouds, except those low- 
hanging stratus and fogs, are generally 1 km or 
more above the ground, a temperature 10 degrees 
less than the estimated surface temperature could 
be used. Over the continent, even lower tem- 
peratures could be used. This approach was tested 
for 10 degrees less; and an improvement of about 
1%2% was obtained. 

To illustrate the technique just described for 
determining the degree of cloud blackness or cloud 
emissivity, Tables 8 and 9 may serve as examples. 
Table 8 shows the inhomogeneous model, and 
Table 9 one of Yamamoto’s (1966) homogeneous 
clouds. This particular cloud given here had a 
surface temperature of 3OoC and a cloud temper- 
ature of -3OOC. 



426 R. D. n. LOW 

In the case of Platt’s (1972) cloud in Table 8, the 
cloud never becomes “black” since the observed 
ratios a t  any levels never become smaller than their 
respective reference ratios, although at 550 m the 
former nearly approach the latter. In Table 9 the 
ratios are tabulated up to  550 m as well as at 1 km, 
the top of the model cloud. The reference ratios at 
30°C can also be directly obtained from Table 7. 
The “observed” ratios at the cloud top, when 
compared with the corresponding values in Table 
7, indicate that the equivalent cloud temperature is 
below -25 “C, which is compatible with the given 
cloud temperature of the model. These ratios are 
appreciably smaller than the reference ratios. The 
small arrows in Table 9 show where the “observed” 
ratios become smaller. It is evident that they occur 
at different levels, 450 m, 500 m, and 550 m. Past 
studies (e.g., Zdunkowski and Choronenko, 1969) 
show that cloud emissivity (or blackness) is 
frequency-dependent. Hence, a non-black cloud at 
10.5 pm may appear “black” when viewed at 12.0 
pm or 12.5 pm, which means that if cloud 
emissivity is required to be the same in this window 
region then the required cloud thickness will 
decrease as wavelength increases. To further 
illuminate this point, the calculated vertical emis- 
sivities at these three levels are listed in Table 10 as 
a function of wavelength. 

If straight averages are taken on the emissivity 
values, for the 450 m, 500 m, and 550 m levels, the 
emissivity values are 0.95, 0.96, and 0.97, respec- 
tively. At 550 m Yamamoto’s cloud appeared 
“blacker” than Platt’s. Although the former had a 
size range from 0.01 pm to 10.0 pm and the latter 
a size range from 0.5 pm to 25.0 pm, Yamamoto 
used an averaged value of 100 ~ m - ~  per level in 
number concentration or 0.063 g m-3 in liquid 
water content, whereas Platt had a value of only 4 0  
~ m - ~  or a liquid content of 0.035 g m-3. 

6. Summary and conclusions 
In this study, we have performed a detailed 

investigation in the 10.5 pm to 12.5 pm window 
region of the internal structure of the vertical 
upward radiation emerging from the different levels 
inside a realistic inhomogeneous cloud in the hope 
to derive additional physical insight for an under- 
standing of cloud radiation. The contributions to 
the internal radiation field consists of two compo- 
nents: one includes the thermal emission of cloud 
particles and water vapor and the resulting Mie 

scattering by these particles, and the other includes 
the thermal emission from the ground or sea 
surface and the resulting scattering. As the former 
increases with cloud depth, the latter decreases. 
When both are present, the cloud is not “black” 
and its radiation field is said to be distorted by the 
penetration of surface radiation and scattering. 
Such penetration is greater at 10.5 pm than at 
longer wavelengths. When the penetration ceases, 
the cloud emission and scattering completely 
dominate the radiation field and the cloud then 
behaves like a black-body radiator. The fractional 
amounts of thermal emission and scattering con- 
tributing to the black-body radiation at  the cloud 
top are determined by the average single scattering 
albedo of the cloud. 

Utilizing the average meteorological and micro- 
physical properties, clouds of various homo- 
geneous states were examined at two wave- 
lengths for their internal radiation fields. The 
microphysical property of clouds was shown to be 
of prime importance in cloud modeling, whereas 
the temperature distribution within the cloud had 
little effect on either the upwelling radiation from 
the cloud top or the internal radiation distribution. 

From such detailed investigation, a technique 
was evolved which takes advantage of the distorted 
radiation field in a cloud. A 10.5 pm channel is 
proposed in addition to the existing window 
channel in the 12 pm window region in satellite 
sounders. The ratio of the observed upward 
radiances at these two wavelengths, when com- 
pared with that of the black-body radiances derived 
for the corresponding wavelengths from a know- 
ledge of the surface temperature, which could be an 
estimate offers a good indication of the degree of 
the cloud blackness or of cloud emissivity. Con- 
sequently, it appears possible to determine the 
reliability of the temperature field derived from 
satellite data. We showed that the technique for dis- 
tinguishing the cloud blackness does not require an 
accurate surface temperature. Two examples were 
presented in which one cloud was not so “black” 
and the other was. The clouds which have satisfied 
the ratio test at different levels normally have 
emissivity values about 0.95 or more. On the other 
hand, when the observed upward radiances, upon 
conversion to temperature, give nearly the same 
value, cloud emissivity may be taken to be unity 
and that temperature then the cloud-top tem- 
perature. 
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Finally, this proposed technique is simple and 
inexpensive to execute on board a satellite. More- 
over, the ratio test minimizes the systematic errors, 
which are found in all measuring devices and which 
are difficult to account for. 
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nOnE PAAMAUMM BHYTPM OEJIAKA M METOAMKA OnPEAEJIEHMX CTEIIEHM 
ETO YEPHOTbI 

,&IR pa3nHYHbIX n n H H  BOnH B OKHe 11 MKM n p H  
OnKHx H TeX Xe MeTeOyCJIOBHflX HCCJIeAOBaJIOCb 

HOpOAHOfi MOAeJIflX CJIOHCTO-KyYeBblX 06flaKOB. 
P e 3 y n b T a T b I  nOKa3bIBaIOT, YTO OnHOpOnHaR M O n e n b  
o6nara MOXeT 6 b l T b  HCnOJlb3OBaHa BMeCTO H e o n -  

BHyTpeHHee none pamiaum B O ~ H O ~ O ~ H O R  H H e o n -  

HOPOAHOR nnn nonyvewix B o c x o n R r u e R  p a n H a u r r w ,  
HO H e  nnx O n H c a H m  nonx paneauau BHYTPU o6nara. 
H a i i n e H o ,  ‘IT0 B o6nac~w OKHa OnTWYeCKHe C B O k T B a  
06naKa 6onee KOPOTKHX n n H H  BOJIH n03BOnRIOT 
m y 6 ~ e  npOHHKaTb H3JlyYeHH€O C nOBepXHOCTH H 
B e n y T  TeM CaMbIM K PaCCeRHHIO PanWauWH 06naYHbI -  
MH ‘laCTWUaMH, YeM AnR 6onee nnHHHblX BOJIH, YTO 
B e n e T  K pa3BHTHto MeTOnHKW AJIR 6blc~poro Onpeneqe- 
fleHHR “YepHOTb1” o6nara. 

AJIR 3 T 0 8  MeTOnHKH Tpe6yeTCR HCIIOJIb30BaTb n B a  
KaHWla  B 06naCTW OKHa, ’ITO6bI YCTaHOBHTb OT- 
HOIUeHHe Ha6nIOAaeMblX BOCXOAJIL4WX nOTOKOB pan- 
E m .  3 T O  OTHOIUeHHe 3 a T e M  CpaBHHBaeTCR CO 
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