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ABSTRACT 

Relative radiances from a theoretical model for the scattering of 

solar radiation by finite clouds were compared to observed radiances 

from the sides of non-precipitating cumulus clouds. The sides of 5 

cumulus clouds ranging from 1-3 km in depth with width to depth ratios 

of about 1.5 were scanned with an aircraft mounted radiometer sensi-

tive in the spectral range of 0.65 to 0.95 µm. Photographs of each 

cloud were taken just before each scan with a camera optically aligned 

with the radiometer. The theoretical model uses the Monte Carlo 

method of radiative transfer for finite clouds ·in the shape of rect-

angular parallelepipeds. The radiometer field of view intercepted a 

circular spot with a diameter of about 1/20 of the cloud height. On 

this scale the radiometer scans were strongly affected by small scale 

cloud features so that the model radiances which are averages over 

a smooth cloud face did not compare well. A linear regression between 

the model and actual relative radiances resulted in a correlation 

coefficient (r) of only 0.47. When each scan was averaged, the smaller 

scale cloud features became less important. A linear regression for 

scan averages resulted in a correlation coefficient of 0.64. On this 

scale, the model calculations were verified by the observations 

except for a few observations where smaller scale cloud features and 

modei cloud corners were important. Elimination of the data points 

related to cloud features not contained in the model resulted in a 

correlation coefficient of 0.86. When several successive scans were 

averaged together, the correlation coefficient increased to 0.91. 

i; 



On this scale, the effects of the smaller scale cloud features and 

model cloud corners became noticeably less important. 

The variability in relative radiance from the sides of the clouds 

was also studied. An upper limit for the relative radiance variations 

in the observed clouds was estimated from film density to be by a 

factor of between four and five. Variations of radiance were less 

for the smaller clouds. The radiance variations of the clouds grad-

ually decreased as the diameter of the area viewed increased from 

10 m to 800 m. Most radiance variations were resolved on the scale 

of 100 m with the radiometer. 
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1.0 INTRODUCTION 

An understanding of the radiative properties of clouds is essential 

for determing their effect on incoming solar radiation and in the 

interpretation of satellite observations. There has been extensive 

theoretical development treating clouds as semi-infinite plane parallel 

layers which has been summarized by Lenoble (1977). Initial efforts 

to treat finite clouds have been reported by Busygin, et al. (1973), 

McKee and Cox (1974, 1976), Davies and Weinman (1976), Barkstrom and 

Arduine (1976), Avaste and Vainikko (1976), and Davies (1978). Other 

aspects such as cloud inhomogeneities and absorption of radiation have 

been dealt with theoretically. McKee and Klehr (1978) studied the 

effect of a cloud turret and Wendling (1976) investigated clouds with 

periodic striations. Twomey (1976) reported theoretical calculations 

of absorption by both cloud droplets and water vapor for plane parallel 

clouds. Davis, et al. (1978) and Klehr and McKee (1978) made calcula-

tions of absorption by cloud droplets for finite clouds. The above 

results showed that finite cloud geometry, cloud inhomogeneities, and 

absorption can each have an effect on the radiative properties of 

clouds. There have also been a number of observational studies of 

cloud radiative properties such as Griffith and Woodley (1973) which 

c ,rrelated cloud top brightness with cloud height and Reynolds, McKee 

f1 d Danielson (1978) which looked at the relation between cloud bright-

ness and cloud size and microphysical properties. 

The purpose of this study was to test the validi~y of a theoretical 

model. The data in this study were scans of the sides of moderate 
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sized cumulus clouds taken from an aircraft with a visible radiometer. 

The theoretical model used the Monte Carlo technique of radiative trans-

fer for a finite water cloud. The model considered a homogeneous right 

parallelepiped (slab cloud) and absorption was neglected. Model and 

observed results were compared to verify the theoretical model and to 

determine the limitations of this simplified model of a cloud. 



2.0 DATA DESCRIPTION 

The data set for this study was collected during four days in the 

summer of 1977 over the plains of eastern Colorado. The NCAR research 

aviation facility Queen Air equipped with a side looking visible radio-

meter and a data recording system was flown around moderate sized 

cumulus clouds (1-3 km thick). Vertical scans of the cloud sides were 

taken at various positions around each cloud. The radiometer was 

equipped with an optically aligned camera, and a photograph was taken 

just before each radiometer scan. 

2.1 Description of the radiometer 

The radiometer used consisted of three parts: a passive black 

tube which restricted the field of view, a photomultiplier tube which 

converted incident power to voltage and a voltage amplifier. The 

radiometer was designed so that the output voltage would be linear with 

incident power. This relationship was checked by pointing the radio-

meter at a translucent screen illuminated from behind by a nondirected 

light source. The radiometer to screen distance was fixed while 

the light source to screen distance was varied. The power received by 

the radiometer is proportional to l/a 2 where a is the light source to 

screen distance. Figure 1 is a qraph of radiometer output voltaqe versus 

l/d 2 . A voltage reading of +4.9 volts corresponds to darkness and a 

bright cloud reading was about -1.5 volts. As can be seen from figure 

1, the output voltage (V) is approximately linear with incident power 

(Pr) over the range of values in the data and can be written as: 

P = K( V - V) = K ~ V r o (2.1) 
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where K is some constant and V
0 

is the voltage reading which corresponds 

to zero power. All the comparisons in this study are relative so no 

absolute calibration of the radiometer was made. Results will be pre-

sented in terms of 6V which is directly proportional to power. For 

reference, when the radiometer viewed a sheet of white paper exposed 

to direct sunlight, ~V was 7.3 volts. The brightest cloud in the 

data had a 6V of 6.4 volts. 

The field of view of the radiometer was determined by moving a 

small light source inside the field of view until AV of the radiometer 

was maximized. The source was then moved small distances perpendicular 

to the line from the radiometer to original source position. Knowing 

the radiometer to source distance, each small displacement corresponded 

to an angular field. Figure 2 shows the map of the radiometer field 

of view where the radiometer was oriented in the same way as on the 

aircraft. The ratio of 6V to the maximum value of 6V (~V ) is plotted max 
versus angular displacement from the original position. The ratio of 

6V to 6V goes to 'zero at an angular displacement of about one degree max 
in all directions from the original source position, with a half power 

point at about0.6 degrees. The total field of view of the radiometer is 

then about 2 degrees with a half power point at about 1.2 degrees. 

The detector of the radiometer was sensitive to radiation with 

wavelengths less than about l pm. A red filter was used which was 

r:;pnsitive to wavelengths greater than about 0.6µm. Figure 3 shows 

the resultant sensitivity of the detector and the filter. The radio-

mrter 1s sensitive to a small wavelength interval centered about0.8 µm 

with ct ha 1f width of about 0. 3 µm. 



Vertical 

Figure 2. Field of view of the radiometer. 
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2.2 Data collection 

The NCAR Queen Air was equipped with an inertial navigation system 

and a data recording system. Thirty-three parameters were stored on 

nine track tape at various rates. The parameters relevant to this 

study and their respective storage rates are listed in Table 1. 

Table 1. Relevant parameters and storage rates 

Storage rate 
Parameter (number per second) 
Radiometer voltage 8 
Aircraft latitude l 
Aircraft longitude 1 
Aircraft heading 1 
Horizontal wind velocity 1 
Liquid water content l 
Ambient temperature 1 

The optically aligned camera was modified so that the time to the 

nearest second was printed on each photographic slide. The slides were 

then used to identify the time of each scan. The camera and radiometer 

were mounted on the left side of the aircraft and counterclockwise 

circles were flown around each cloud at various levels between cloud 

base and the cloud top. The radiometer was operated manually, and 

each of the scans was taken in the same way. First, the radiometer 

was aimed at about the center of the cloud and a picture was taken. 

An upward vertical scan was taken until the radiometer field of view 

left the top of the cloud, followed by a downward scan from cloud top 

to cloud base. The upward scans lasted about 4 seconds and from 4 to 

13 scans were taken of each cloud. 
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The aircraft was flown on four days, and several clouds were 

studied on each day. All the second day's data were lost due to a had 

data tape, so three days of data were obtained. The original intent 

of the experiment was to fly around, over and through small cumulus 

clouds. The radius of the circle flown around each cloud was about 

5 kilometers and the qroundspeed of the 011een Air was about 80 m/sec. 

The time to fly around a cloud was then about six minutes. During this 

time some clouds would undergo large changes, and at times would 

completely dissipate. For this reason, scans of the cloud sides only 

were taken. Scans of nine clouds were obtained and five of these were 

chosen for study on the basis of the number of scans per cloud and on 

how much the clouds changed between scans. Before the analysis of the 

data for each cloud is discussed, a description of the numerical model 

is given. 



3.0 MONTE CARLO MODEL 

The Monte Carlo method has been described in detail in Cashwell 

and Everett (1959) and has been applied to a number of radiative trans-

fer problems. Kattawar and Plass (1971) and Danielson, et al. (1969) 

have used the Monte Carlo method in semi-infinite cloud layer scattering 

computations. Busygin, et al. (1973) and McKee and Cox (1974, 1976) 

have used the Monte Carlo method for finite shaped clouds. The model 

used in this study is a version of the model described in McKee and 

Cox (1974, 1976) and McKee and Klehr (1978). The following description 

is based on McKee and Cox (1974). Justification of the various assump-

tions in the model will be discussed in chapter 5. 

The Monte Carlo method essentially is a direct simulation of the 

radiative processes inside a cloud. A cloud is defined by a set of 

boundaries and a photon enters the cloud from a specified direction. 

The distance to a scatter is determined and a new direction of travel 

is chosen from an appropriate phase function. The above process is 

repeated until the photon escapes through a boundary. (A more general 

form of the model includes droplet absorption which was neglected for 

reasons to be discussed in chapter 5). The distance between inter-

actions and the phase function depend on specified microphysical 

properties and on the wavelength of the interacting radiation. 

The present model considers an isolated cloud with no surrounding 

atmosphere or ground reflection. The cloud is assumed to be homogeneous 

and composed of water droplets with a size distribution given by 

n(r) = 2.373 r 6 exp(-l.5r) (3.1) 

where r is the droplet radius in microns and n(r) is the number of 
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droplets -3 -1 cm pm This distribution was taken from Diermendjian 

(1969) and is referred to as a Cl distribution which is a model for a 

cumulus cloud. For 100 droplets cm- 3 , the above distribution results 

in a liquid water content of 0.063 gm- 3. The volume scattering co-

efficient (S) depends on the wavelength of the interacting radiation, 

the droplet distribution, and the amount of scattering material per 

unit volume (1 iquid water content). For a wavelength of 0. 7 pm and 

the Cl distribution, S is given by 

( 1 WC} l S = _063 16.73 km- (3.2) 

where lwc is liquid water content expressed in gm-~ Since the cloud 

is assumed to be homogeneous, optical depth (T) is related linearly to 

geometric distance (s), given by 

Bds (3.3) 

A 1.5 km thick cloud with a liquid water content of 0.15 gm-3 will have 

an optical depth of 60. 
The distance a photon travels between interactions is simulated 

by interpreting the fraction of the incident radiation transmitted 

through a given distance (e-T) as the probability that a photon will 

travel through that same distance without an interaction {PR). That 

;_; 

e -T = exp ( - ~ 
5 

Bds) = PR 
0 

{3.4) 

A random number between zero and one (RN) is chosen for PR, and the 

distance to the next interaction (s) is determined by solving for the 

upper limit of integration of 
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~: Bds = T = -Jl.n(RN) (3.5) 

The single scattering phase function P(a) defines the angular 

distribution of the radiation after a scattering event. The angle a 

is measured from the direction of propagation before the scatter to the 

direction after the scatter. The phase function P(a) is shown in 

figure 4 for the Cl distribution at a wavelength (:>i.) of 0.7 µm. The 

phase function is characterized by a strong forward scattering peak. 

The phase function is normalized so that the integral over all solid 

angles equals one. That is; 

H P(n) dw =) :
11

): P(n) sin a ch dy = (3.6) 

w 

where w is solid angle and y is the angle of rotation about the original 

direction of propagation. The phase function is independent of y so 

that 
Tr 

211 J 
0 

P(n) sin a dn = l ( 3. 7) 

The probability that a photon will be scattered between 0 and a (PP(a)) 

is then 

PP(n) = 2111: P(n') sin a' da' (3.8) 

The probability density function PP(a) is shown in figure 5. There is 

a 50% probability that a photon will be scattered between 0° and 10°, 

which reflects the strong forward scattering peak. A random number 

between zero and one is chosen for PP(a) and the upper limit of integra-

tion in (3.8) is solved for, which is the scattering angle a. The 
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second angle y is chosen randomly between 0 and 2TI. These two angles 

specify the new direction of travel. 

The cloud geometry used in the model is a right parallelepiped 

(slab cloud). Figure 6 shows the slab cloud and the coordinate system 

used. The incident solar beam is plane parallel and is always in the 

Y-Z plane. This restricts direct sunlight to the slab top and the +Y 

face. Photons randomly enter the top and +Y side of the slab in propor-

tion to the incident solar angle and the cloud top and side areas. For 

example, suppose that Itot photons enter a slab with a cloud top area 

of AT and a +Y side area of As from a zenith angle of e
0 

. Then 

ItotAT cos e
0 

I (AT cos e0 +As sin 80 ) photons enter the top and 

ItotAs sin e
0 

I (AT cos 80 +As sin 80 ) enter the +Y side. In the model, 

the X and Y dimensions of the cloud are equal so that the areas of X 

and Y faces are equal. When a photon exits the cloud~ its direction 

of travel is specified by the zenith angle e measured from the +Z 

axis and an azimuth angle ¢ measured from the -Y axis. A ¢ value of 

O is opposite the sun and a ¢ value of n is towards the sun. 

The model output gives radiance values for each of the slab faces 

averaged over a finite sol id angle 8,w, where 

&.JJ = ~(cos e) ~¢ (3.9) 

for ~(cos e)=0.05 and ~¢ = TI/12. All radiances are relative to an 

in~ident solar irradiance of n. The following is an example of how 

a radiance value is calculated. Suppose again that Itot photons enter 

a ~lab cloud with a top area of AT and side area of As from the direc-

tion specified by the zenith angle e0 . Suppose that Ixi of these 

phatoils exit the +X face into some solid angle defined by the azimuth 



-Y 

x 

/ 
/ 

/ 

)--

16 

z 

Figure 6. Slab cloud with coordinate system. 

+Y 



17 

angles¢; and (¢; +TI/12) and the zenith angles specified by cos ei and 

(cos 6; + .05) . Since the solar irradiance is taken to have a value of 

TI, the total power entering the slab (Ptot) is given by 

(3.10) 

The total number of photons entering the cloud (Itot) is equivalent to 

the amount of power Ptot so that the power per photon is equal to 

P tot I I tot . Then the power represented by I xi photons is 

I . Xl 

I . 
;; x 1 

1T ( AT cos e + A s i n e ) 
Itot o s o (3.11) 

Radiance (N) is defined as the power per unit area and solid angle 

which passes perpendicular to that area. The model radiances are for 

a wavelength of 0. 7 µm and are given by 

N = Power (3.12) 

where ~w is the finite solid angle, ~A is the area of a slab face, n 
is the unit vector perpendicular to the slab face and s is the unit 

vector in the direction of the exiting photons. In this example ~A 

is the area of the +X face (As) and ~w is given by equation (3.9). 

The dot product of n and s is approximated by 

n • s - sine; sin ct>; (+X face) 

A A (+Y face) (3. 14) n • s - sin e i cos ¢; 

v ere sin'+'. and cos¢. are the averages of the sine and cosine of the 
l 1 

azimnth angles ¢. and (¢. + rr/12) and sine. is the average sine of 
l 1 1 

the zen;th angles specified by cos ei and (cos 8; + .05). The power 
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is given by equation (3.11) and the radiances for the +X face are thPn 

I . [ 11 (AT cos e + A sin e ) ] Nxi = Xl 0 s 0 
1tot (n/12) (.05) (A) (sine. sin e.) s l l 

or 

1 . [ {:r ) cos e + s i n __ e_<'_~ ] 
Nxi = 

Xl S O 
(3.14) 1tot {.05/12) (sin A. sin¢.) l , 

For the +Y face the radiances are given by 

I i [ (~:)cos 00 +sin 00 ] 

Nyi = r!- ( .os/121 (sin e. I cos cp. J l 
l l 

(3.15) 

where Iyi is analogous to Ixi. Equations (3.14) and (3.15) also apply 

to the -X and -Y faces respectively. The model keeps track of how 

many photons exited each face into each of the solid angle boxes and 

computes the radiances from the above formulas. 

The value of Itot is usually specified to be 20,000 photons. The 

photons enter the cloud in groups of 2,000, and statistical analyses 

of these groups give an indication of the random noise in a particular 

model run. 



4.0 DATA ANALYSIS 

As described in chapter 2, five clouds were chosen for study, and 

several vertical scans were taken of the sides of each of these clouds. 

The position of the cloud at the time each scan was taken is estimated. 

The relative radiometer, solar and cloud orientation is then determined. 

The height and width of each cloud are estimated from photographs, and 

the interpretation of the radiometer scans is discussed. 

4. l Estimation of cloud position 

First, the aircraft position and heading were plotted on a horizon-

tal grid for each of the times a picture was taken. The latitude and 

longitude of the aircraft were converted to distances north and east 

of the take off point. This plot for cloud 1 is shown in figure 7 as 

an example. The arrow at each of the outer points is the aircraft 

heading. The optically aligned camera was pointed approximately 90° 

to the left from the front of the aircraft and could be moved 15° to 

either side in the azimuthal direction to allow the cloud to be sighted, 

and was not restricted in elevation to allow vertical scans. Origi-

nally potentiometers were attached to the radiometer so that the 

azimuth and elevation angles would be known. These potentiometers 

1n~lfunctioned so that no information of the elevation angle was ob-

tained and azimuth infonnation was available only for clouds 1 and 2. 

Even this information is of limited value since the azimuth potentiometer 

malfunctioned in such a way that it could not be calibrated. The sign 

of the output voltage does determine whether the radiometer was pointed 

to the left or right of center. Some information on the azimuth 
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position was inferred from the slides. If the radiometer was pointed 

to the right of center, a part of the aircraft wing showed up in the 

slide. Using this and the sign of the potentiometer voltage, it was 

determined whether the radiometer pointed to the left or right of center. 

This defined the azimuth angle of the radiometer and camera to within 

15° of where it pointed when each picture was taken. An average value 

for the horizontal wind was determined from positions around the cloud. 

Using the average wind as a guide, the direction the cloud moved and 

the distance the cloud moved between scans was estimated. The position 

of the cloud center at each of the scan times was then estimated by an 

iterative process. The position of the cloud center at the time of 

the first scan was estimated by seeing where the two lines drawn 90° 

to the left of the first two aircraft headings intersected. This posi-

tion was adjusted to take into account whether the radiometer was 

pointed to the left or right of center. In figure 7, the shaded area 

shows the region where the first cloud center position could be. Once 

the position of the cloud at the first slide time was estimated, the 

cloud positions at the other slide times were plotted based on the 

average wind. These positions were checked to see if they were in the 

15° range of where the radiometer was pointing from the other aircraft 

positions. If the computed points were not in this ranget the first 

point was adjusted and the above process was repeated. This was done 

until all the computed points were in the 15° range of all the aircraft 

oositions. The points in the center of figure 7 are the estimated 

positions of the center of cloud l when each of the vertical scans 

were taken. To get a rough idea of the accuracy of the estimated 

cloud positions, the position of the cloud at the time of the first 
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scan in figure 7 can be moved about ~ km in any direction with the rest 

of the positions remaining in the 15° range of the other aircraft posi-

tions. 

4.2 Solar, cloud and radiometer orientation 

After the cloud center positions were estimated at the time of 

each scan, the average latitude and longitude of the cloud was found 

from the horizontal grid. Using this, the time of each scan, and the 

day of the year, the solar azimuth and zenith angles were computed from 

the well known sun angle formulas. The solar azimuth is measured east-

ward from south, and the zenith angle is measured from the local verti-

cal. Using the solar azimuth angle and the horizontal coordinates of 

the aircraft (Xa' Ya) and the cloud center (Xe, Ye) from the grid, the 

azimuthal angle between the line from the sun to the cloud and the line 

from the cloud center to the aircraft was determined (¢s). Figure 8 

shows how this is measured. The angle w is measured from the southward 

direction counterclockwise to the line from the cloud center to the 

aircraft position. As can be seen from figure 8; 

cos ¢ = 
/(Y -Y) 2 +(X -X) 2 

c a c a 

1 [ (Ye-Ya) l ¢=cos- --
/ (Y - Y )2 + (X - X )2 c a c a 

( 4. 1 ) 
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The angle ¢s is then 

1[ (Ye-Ya) l ¢ = ( 1jJ - a ) = cos - - a 
s s /(Y -Y )2+(X -X )2 s c a c a 

(4.2) 

where as is the solar azimuth angle. In this particular coordinate 

system, when X0 is less than Xe' ~s is given by 

Using (4.2) or (4.3), the angle ¢
5 

was computed for each scan. This 

angle is a measure of where the radiometer is pointed in relation to 

the horizontal projection of the sun's rays at the time of each scan. 

A ¢s value of zero would indicate that the radiometer was pointed at 

the side of the cloud the sun was strikin9 and a ~s value of TI would 

be on the antisolar side of the cloud. This is opposite to the way 

¢ is defined in the model. In all the model and data comparisons, the 

above definition of ¢swill be used. 

Each radiometer scan lasted about four seconds, so that ¢
5 

was 

actually changing during each scan. The groundspeed of the Queen Air 

was about 80 m/sec and the cloud center to aircraft distance was about 

5 km, so ~ changes by less than 4 degrees in 4 seconds. Since s 
the Monte Carlo model radiances are averaged over 15 degrees of azimuth 

a11gle, the variation of ¢s during each scan was not taken into account. 

4.3 Estimation of cloud dimensions 

Using the horizontal coordinates of the aircraft position and 

cloud center at the time of each scan, the aircraft to cloud distance 

was calculated. Using this, estimates of the cloud dimensions can be 
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made from measurements off the slides. The slide dimensions are 36 rJlT1 

by 24 rrrn and the field of view of the camera is 46°. In figure 9, 

a camera is aimed at the center of a cloud, a distance R away. The 

distance that is intercepted by a 46° field of view at a perpendicular 

distance R corresponds to 36 mm on the slide. This is the distance L 

in figure 9 and is given by 

L = 2R tan 23° (4.4) 

Since the distance L corresponds to 36 mm on the slide, the conversion 

from distance measured off the slide (d) to actual distance D is given 

by 

0 = d [ 2R tan 23° ] 
36 mm (4.5) 

where d is measur~d in millimeters. Using (4.5), estimates of cloud 

widths and heights were made for each scan, where the cloud center 

to aircraft distance was used for R. 

4.4 Interpretation of the radiometer scans 

As described earlier, the radiometer scans consisted of an upward 

scan off the cloud top followed by a downward scan to the ground. 

Since the radiometer used a red filter, the time when the field of 

view left the cloud onto blue sky was easily identified by a rapid 

decrease in ~V. Assuming that the scan began just after each slide 

was tnken~ the beginning and end of the upward scans were found. The 

blginning of the downward scan was easily identified by a rapid in-

crease in /JV, but the time when the radiometer field of view left the 

bottom of the cloud was difficult to determine. For this reason, only 

the upward scans were used. 
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x 

Figure 9. Estimation of cloud dimensions from photographs. 
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Since the radiometer and camera were optically aligned, it was 

possible to determine the point on the cloud where each scan began. 

The total field of view of the radiometer was 2° with a half power 

point at 1.2°. Most of the power received by the radiometer was 

within a field of view of 1.2°. The cloud to aircraft distance was 

about 5 km, so that each point of the radiometer scan represented an 

average over a circular area with a diameter of about 100 meters. 

The average height of the clouds was about 2 km so the diameter of 

the circle was about 1/20 of the cloud height. This spot was small 

enough so that many of the small scale cloud features could be re-

solved and showed up as maxima or minima in the radiometer scans. 

Figure 10 shows the first five scans of cloud l. The ordinate 

is ~V which is proportional to power and the abscissa is time. These 

scans begin just below the center of the cloud and end at the cloud 

top. The cloud top was identified by a rapid decrease in ~V (where 

the scan plot becomes dashed in figure 10). When the scan reached 

the top of the cloud, ~V decreased to less than0.5 volts (not shown 

in figure 10) .. This distinguished the cloud top from dark areas on 

the cloud where ~V did not go below about 1.0 volts. The effects of 

small scale cloud features can be seen. 
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5.0 MODEL AND DATA COMPARISONS 

As described in chapter 3, the model requires a number of input 

parameters. The cloud droplet distribution, liquid water content and 

wavelength of the interacting radiation determine the phase function 

and volume scattering coefficient. The model results also depend on 

the geometric cloud dimensions and the solar zenith angle. Before model 

results and actual data are presented, each of these parameters is 

discussed. 

5.1 Estimation of model input parameters 

The five clouds in this study were non-precipitating continental 

cumulus with vertical depths ranging from about one to three kilometers. 

The clouds had the appearance of being composed of liquid water only. 

The ambient temperature at various levels around the clouds was no 

colder than about -5° C which is too warm for appreciable ice nuclea-

tion. One of the shortcomings of the data set is that no droplet size 

distribution information was collected. Auer (1967) studied the micro-

physical properties of non-precipitating continental cumulus clouds. 

The data for his study were collected during the summer of 1966 over the 

plains of eastern Colorado which is the same region as this study. The 

average vertical height of the clouds in his study was about two kilo-

meters which agrees well with the clouds in this study. Figure 11 

~hows the average droplet size distribution of 13 non-precipitating 

cumulus clouds from the study by Auer and the Cl droplet distribution 

from Diermendjian used in the Monte Carlo model. Both distributions 

shown are for a liquid water content of 0.15 gm-3. The general shape 
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of the two distributions is similar and neither contains many droplets 

with radii larger than about 10 µm. The mode droplet radius of both 

distributions is about 4 µm. The difference between the two distribu-

tions is that the Cl distribution contains a larger number of larger 

drops and has a wider shape. The measurements of droplet size distri-

bution in the study by Auer were limited to the lower portion of the 

clouds. Warner (1969) studied the general features of the droplet 

spectrum of cumulus clouds. His results showed that the change in 

droplet concentration with height was not significant for most of the 

clouds studied, although there was some evidence that the droplet 

distribution becomes more skewed towards larger drops as the height 

above cloud base increases. McKee and Klehr (1978) compared results 

from a Monte Carlo model identical to the model described in chapter 

3, using two different droplet distributions. Results using the Cl 

droplet distribution were compared to a much narrower distribution 

with a mode droplet radius of 2 um (C3 distribution from Diermendjian). 

For a slab cloud with an optical depth of 60, the maximum difference 

between the radiance values was about 6%. The radiance values for the 

two distributions had the same shape as a function of solid angle. 

The C3 distribution is even narrower than the distribution from Auer 

and contains no droplets of radius greater than 4 µm. If the average 

distribution shown by Auer is assumed to be representative of the 

clouds in this study, then the assumption of the Cl distribution should 

not greatly alter the model results. 

For a given droplet distribution, the volume extinction coefficient 

depends on the liquid water content. Due to the short lifetime of the 

clouds studied, no liquid water content information was obtained for 



32 

the five clouds scanned by the radiometer. Penetrations of surrounding 

clouds were made and liquid water content measurements were taken along 

the flight path with a Johnson-Williams liquid water content meter. 

Using time lapse flight films, several of the penetrated clouds which 

looked representative of the scanned clouds were chosen. The average 

liquid water content from 14 clouds penetrated at various levels was 

found to be0.15gm-3 with a standard deviation of0.06grn-3. This 

standard deviation gives some idea of the cloud to cloud variation of 

liquid water content, since it ~as found from 14 values, each of which 

was an average along the flight path of the aircraft. Each of these 

values was a small sample of the total liquid water content of each 

cloud. The variability of the liquid water content averaged over the 

entire volume of each cloud would probably be even less. The vari-

ability of liquid water content along each flight path was slightly 

greater. The average standard deviation of the liquid water content 

along each flight path was 0.08 gm-3. The liquid water content values 

were recorded at a rate of one per second, and the groundspeed of the 

aircraft was about 80 m sec- 1. About 25 values would be recorded across 

a cloud 2 kilometers wide. The higher values of liquid water content 

did not appear to be located in any particular place along each flight 

path (for example near the center of the cloud). If the variations in 

liquid water content are randomly distributed throughout each cloud, 

a path through 25 regions of liquid water content with a standard 

deviation of 0.08 gm-3 about a mean of 0.15 gm-3 is approximately the 

same as an equal path through a homogeneous cloud with the same 

1 iquid water content. The value of 0.15 gm-3 was assumed to be rep-

resentative of an overall cloud average for each of the five clouds 

studied and was used as input for the Monte Carlo model. 
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The phase function and volume extinction coefficient also depend 

on the wavelength of the interacting radiation. The sensitivity of 

the radiometer was shown in figure 3. The maximum sensitivity is at 

a wavelength of about0.8µm with a half width of0.3wm. In equation 

(3.2) the volume extinction coefficient is given by the cloud liquid 

water content divided by a reference liquid water content, times a 

reference volume extinction coefficient. For the Cl distribution, 

the reference volume extinction coefficient is 16.73 km-l at a wave-
-1 length of 0. 7 µm and 17 .29 km at a wavelength of 1.19 µm. The general 

shape of the phase function for the Cl distribution does not vary 

greatly for wavelengths of 0. 7 µm and l . 19 µm. Si nee both the refer-

ence volume extinction coefficient and the phase function do not vary 

greatly over the range of wavelengths the radiometer was sensitive to, 

the va 1 ues at a wave 1 ength of 0. 7 µm were used in the model . 

The single scatter albedo w
0 

is the probability that a photon will 

be scattered at each interaction (1 -w
0 

is the probability of absorption 

by a droplet). For the Cl droplet distribution, w has a value of 
0 

1.000 at a wavelength of0.7 µm and a value of .9994 at 1.19 µm. Klehr 

and McKee (1978) presented results from a Monte Carlo model which in-

cluded droplet absorption. For a cubic cloud with a Cl droplet distri-

bution, an optical depth of 60 and a single scatter albedo of .9990 

only about 5% of the incident energy on the cloud was absorbed. 

Since the single scatter albedo is even closer to 1 .0 than .9990 over 

the whole range of wavelengths the radiometer was sensitive to, drop-

let absorption was neglected. Water vapor absorption was also 

neglected, although there is a weak water vapor absorption band near 

0.8µm. There is also a stronger water vapor absorption band near 
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0.93µm, but this is in a region where the radiometer sensitivity is 

reduced. Molecular oxygen absorbs radiation with wavelengths around 

0.76µm. The absorption in this region is strong, but the absorption 

band is very narrow in wavelength compared to the wavelength interval 

to which the radiometer was sensitive. Also, the energy lost due to 

absorption by oxygen was about the same for each radiometer scan since 

the path lengths from the top of the atmosphere to the radiometer were 

similar. Since the energy absorbed was small and about the same for 

each scan, the effect of oxygen was also neglected. 

The solar zenith angle 8
0 

was computed and estimates of the cloud 

height and width were made from the slides taken just before each 

radiometer scan, as described in chapter 4. Each of the five clouds 

was modeled as a slab cloud with the height and width given by the 

average value estimated from the slides. For example, 11 measurements 

of the height and width of cloud 1 when viewed from different direc-

tions were made from the cloud slides. The average height of cloud 

l was 2.4 km with a standard deviation of 0.2 km (8% of the mean), and 

the width was 3.9 km with a standard deviation of 0.6km (15% of the 

mean). These standard deviations give an idea of how much the cloud 

height changed from scan to scan and how much the cloud width varied 

when viewed from different directions. The maximum standard deviation 

of any height or width measurement of the five clouds studied was 21% 

of the mean. The vertical optical depth of each cloud is linear with 

vertical geometric distance since all the clouds were assumed to have 

a Cl droplet distribution and a liquid water content of 0.15g m- 3. 

The average height and width, vertical optical depth (1) and solar 
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zenith angle 8
0 

for each cloud are shown in table 2. An average zenith 

angle was used for each cloud. In the time between the first and last 

radiometer scans of each cloud, the zenith angle did not change by 

more than 1.5 degrees. 

5.2 Model radiance and radiometer scan comparison 

As discussed in chapter 4, the angle from the horizontal projection 

of the solar beam to the direction from which the radiometer viewed 

the cloud (¢s) was computed for each radiometer scan. Figure 12 shows 

how this angle was used to determine which model radiance each scan 

corresponded to. First, the angle ¢s was used to determine which face 

of the slab each scan corresponded to. If¢ was between -45° and +45°, s 
the scan was compared to results from the +Y side of the slab and if 

¢s was between 45° and 135°, the scan was compared to results from the 

+X face, etc. The angle ¢s was then used to determine which 15° in-

terval of the model azimuth angle ¢ the scan corresponded to. Each of 

the scans was actually compared to a weighted average of the model 

results from 2 of the 15° azimuth intervals. For example, if ~ s 
of a particular scan was equal to 45°, it was compared to the average 

of the model radiances from the ¢ interval of 30°-45° from the +Y s 
face and the radiances from the ¢ interval of 45°-60° from the +X s 
f Jce. If¢ of a particular scan was 37.5° it would then be compared s 
to results from only one ¢

5 
interval since it is in the center of the 

30°-45° interval. Each vertical scan of the cloud corresponded to 

(in the coordinate system of the model) a fixed azimuth angle¢ and 

varying zenHh angle 9. It was assumed that each scan began with 

the radiometer approximately horizontal (0 = 90°). As in figure 13, 



Table 2. Input parameters for the Monte Carlo model 

Width 
Height (km) Width (km) Height T (vertical) 80 

Cloud #1 2.4 3.9 1.6 96 21° 

Cloud #2 3.0 4.2 1. 4 120 24° 

Cloud #3 0.8 1.4 1.8 32 20° 

Cloud #4 1.6 2.6 1.6 64 24° 

Cloud #5 1. 5 2.7 1.8 60 28° 



37 

N 

Position 

s 
To Sun 
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Figure 13. Estimation of the range in zenith angle of 
each radiometer scan from photographs. 
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when the radiometer field of view reached the top of the cloud, it was 

pointed upward at an angle au which corresponds to a zenith angle of 

90° + eu in the coordinate system of the model. The angle au was 

determined from the slide photographs. The vertical angular field 

of the camera is 32° and the slides are 24 mm from top to bottom. In 

figure 13, R is the aircraft to cloud center distance, H is the dis-

tance from the point on the cloud which is in the center of the slide 

to the cloud top and L is the distance that would be intercepted by 

a 32° field of view at a perpendicular distance R. From figure 13; 

H = If 

and 

tan 16° = 2LR . 

Dividing (5.1) by (5.2) and solving fore gives u 

8 = Tan-l ( 2H tan 16°) . u L 

( 5. 1 ) 

(5.2) 

(5.3} 

The ratio of H/L is equal to h/24 mm where h is the distance measured 

in millimeters from the slide center vertically to the cloud top. 

Each vertical scan passed through a range of zenith angles from 90° 

to {90° + eu). A typical value of eu was about 12°. Since cos(90°) 

is zero and cos (102°) is about-0.20, this corresponds to a L\(cos a) 

of 0.20. Since the model radiances are defined in terms of a Meas e} 

of 0.05, each radiometer scan corresponds to a scan through about 4 

sulid angle boxes. 

Before the radiometer scans are compared with the corresponding 

11.odel radiances, the relation between the radiometer scans and the 

model radiances is discussed. In figure 14, a radiometer with a small 
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Figure 14. A radiometer viewing the side of a slab cloud. 
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field of view a views the side of a slab cloud from a distance d at 

an angle of 4>n from the normal to the slab face. Figure 14 is a top 

view of the slab cloud, so that the plane of the page is a horizontal 

plane. As in equation (3.12), radiance is given by 

Power N = AA l1w cos 4>n (5.4) 

where nA is the area of a slab face, ~w is a finite solid angle given 

by (3.9) arid ¢n is the angle between the direction of the exiting 

photons and the normal to the cloud face. The power per unit area and 

solid angle which leaves the slab face into the direction the radio-

meter is pointed is then 

Power 
6A 6w = N cos ¢n · (5.5) 

At a distance d, the radiometer field intercepts a circular spot with 

a radius of d tan ~ as in the bottom of figure 14. The area of this 

circle is then n(d tan ~) 2 . The projection of this area onto the 

side of the slab (Ac) is the area divided by the cosine of the angle 

between the normal to this area and the normal to the cloud face, which 

is the angle ¢n. The power per unit solid angle which leaves the 

slab face in the direction of the radiometer is then 

Power 
M 6w (A ) = c 

[

TI ( d tan ~ ) 2 
] 

N cos ¢n ~ cos "l'n 

(5.6) 

The radiometer intercepts the part of this power which passes into the 
2 5.,1all solid angle given by a

5
/d where a

5 
is the area of the radiometer 
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sensor projected onto a sphere of radius d. Since the sensitivity of 

the radiometer sensor is not the same over the entire sensor area, the 
a 

solid angle is actually given by ~ where ae is the area of a sensor 
d2 

which intercepts the same amount of power as as, but has a sensitivity 

of unity over its entire area. The power which the radiometer inter-

cepts (PR) is then 

p = R 

N 1T 

( 5. 7) 

Since ae and a are constants, the power the radiometer intercepts is 

proportional to the corresponding radiance given by the Monte Carlo 

output provided that the radiometer field of view is entirely on the 

cloud. It must be kept in mind that the Monte Carlo radiances are 

averages over an entire cloud face, while the radiometer intercepts 

only a small portion of the cloud surface. 

Figures 15-17 show the actual radiometer scans and the corre-

sponding model radiances for cloud 2. The Monte Carlo radiances were 

normalized to the actual scans so that the sum of the average of the 

radiometer scans would be equal to the sum of the average of the car-

responding model radiances. The model radiances for the entire cloud 

were multiplied by the same normalization factor. Scans 1 and 2 were 

compared to the +Y face (solar face), scan 3 was compared to an average 

between results from the +Y and +X faces ( s i nee ¢
5 

= 46°), scans 4-5 

and scans 10-13 were compared to either the +X or -X face {these two 

faces are symmetric), and scans 6-9 were compared to the -Y face. 
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Scan 1 is the brightest radiometer scan of this cloud, and is 

fairly uniform. The corresponding model radiances are also very bright, 

and vary slightly. Scan 2 begins in a dark region and passes through 

a bright region near the top of the cloud. This was caused by a 

feature on the cloud which shaded an area below it. Since the model 

assumes the cloud face is smooth, the effect of this feature does not 

show up. The shaoe of scan 3 is also affected by this cloud feature. 

The model radiances which correspond to scan 3 are not as bright as 

the model radiances for scans l and 2 since it was compared to an 

average of the results from the +Y and +X faces. 

Scans 4-5 and scans 10-13 were compared to results from the +X 

or -X faces. The model radiances which correspond to these scans are 

relatively dark compared to the radiances from the +Y face. The actual 

radiometer scans vary quite a bit more than the model radiances. This 

is again due to smaller scale cloud features which the model does not 

include. Scan 4 is similar to scans 2 and 3 which were considered to 

be on or partially on the solar face. The end of scan 4 is very 

bright, which indicates that even at a¢ of 78°, the cloud may still s 
be receiving some direct sunlight. The corresponding model radiances 

do not show this increase at the end of the scan since the +X face 

does not receive any direct sunlight. This indicates that corner 

effects in the model may be important in some cases. 

Scans 6-9 were compared to the -Y face of the slab (the antisolar 

side). All these radiometer scans except scan 8 show a maximum in 

radiance at the top of the cloud. This is due to the strong forward 

scattering peak in the scattering phase function as in figure 4. 

Photons which enter the top edge of the cloud and exit after only a 
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few interactions leave the cloud in approximately the same direction 

as they entered. This results in a bright cloud edge on the antisolar 

side of the cloud. This does not show up in the corresponding model 

radiances due to the averaging of the model radiances over an entire 

cloud face. Even if a large number of photons exited the top edge of 

the antisolar slab face into a particular solid angle, these would 

be averaged with the area of the rest of the slab face where fewer 

photons exited into the same solid angle. 

Each of the radiometer scans in figures 15-17 corresponded to a 

scan through about 4 or 5 solid angle boxes. Each of the radiometer 

scans was broken down into either 4 or 5 segments, and the radiometer 

voltage was averaged over each of these segments. The average of the 

radiometer voltage over each of the segments was then correlated with 

the radiance value from each of the corresponding solid angle boxes. 

A linear regression resulted in a correlation coefficient (r) of 0.47. 

The square of the correlation coefficient (r2) can be interpreted as 

a measure of the variance of a variable that has been accounted for 

by the linear relationship with another variable. In this case, the 

model radiances account for only about 22% of the variance of the 

radiometer scans. This is not surprising since the radiometer field 

of view intercepts a circular area with a diameter of about 1/20 

01· the cloud height. The shape of a scan of areas of this size is 

controlled by the smaller scale cloud features, and was not expected 

to compare well with results from a model which considers a cloud 

to be a slab with smooth faces. The results from this type of com-

parison for cloud 2 are representative of the rest of the clouds. 
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With the exception of scans 2 and 3, it appears that the average 

of each radiometer scan is similar to the average of the corresponding 

model radiances, but the shape of the actual scans and model radiances 

differ greatly. This indicates that if a larger area of the actual 

cloud is viewed, the effect of the smaller scale cloud features should 

become less important. An average of a radiometer scan would corres-

pond to increasing the area of the cloud which was viewed. Before the 

average of the radiometer scans are compared to results from the model, 

the variability of the actual cloud radiance is discussed. 

5.3 Variability of cloud radiance 

As can be seen in figures 15-17, the radiometer scans of the 

actual cloud were more variable than the corresponding Monte Carlo 

radiances, due to the smaller scale cloud features and the way the 

model radiances are calculated. In order to get an idea of how 

much the actual cloud radiance does vary, a study of the cloud slides 

was done using Colorado State University's ADVISAR system which is 

described in detail in Brown (1978). Several of the cloud slides 

were converted to an array of digitized values in terms of film density. 

The film density is measured by transmitting visible light through the 

film. The intensity of the light transmitted through the darkest part 

of the slide is recorded and corresponds to a density value of 0, and 

the intensity of the light transmitted through the brightest part of 

the slide is recorded and corresponds to a density value of 256. The 

int~nsity of the light transmitted through the rest of the points on 

the slide are then converted linearly to a digitized value between 0 

and 256. Each slide was converted into an array of 512 x 512 digitized 
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values. About 200 x 300 of these points were on the cloud so that each 

point represents the radiance from an area with a diameter of about 

10 m. A calibration was done to determine the relationship between 

the voltage output of the radiometer and the film density of the slides. 

A series of slides of several cumulus clouds were taken from the ground 

using the optically aligned camera. The radiometer voltage at the time 

of each picture was recorded. One slide of a particular cloud was 

digitized and the position of the radiometer on this cloud when each 

of the other pictures were taken could be determined from the other 

slides. The average of several digitized values which corresponded 

to the radiometer field of view was taken at each of the radiometer 

positions. In this way, the average of the digitized values of film 

density could be compared to the corresponding radiometer voltage for 

several points on the same slide. This relationship was roughly linear 

over the range of density values observed as long as the radiometer 

field of view was completely on the cloud. This relationship could 

not be detennined accurately for the five clouds in this study, since 

only one point on the slide could be matched with a radiometer voltage. 

From the calibration slides, a difference of one volt from the radio-

meter correspor.ded to about 40-60 density units. 
The digitized array of density values was computer accessible. 

Frequency distributions were made of the slides from 3 positions 

around clouds 2, 3 and 5 which are shown in figures 18-20, 21-23 and 

24-26, respectively. Only points which were on the cloud were used 

in the frequency distributions. The horizontal axis is the film 

density scale nnd the vertical axis is the number of array points 
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with a particular density value. For reference, the value of AV from 

the radiometer which corresponds to the density value at the center of 

each slide is shown in each diagram. For example, in figure 18, a 

density value of 244 corresponded to a ~V of 6.4 volts. Since about 

40-60 density units correspond to one volt, in this diagram a density 

value of about 200 corresponds to 5.4 volts. This relationship is not 

accurate enough to give quantitative results, but the general shape of 

each distribution gives a qualitative estimate of how the radiance 

varies. The height of each cloud and the angle ~s from which the cloud 

was viewed are also shown in each figure. 

Figures 18-20 show the frequency distributions for cloud 2, which 

is the largest cloud in this study with a vertical thickness of about 

three kilometers. Figure 18, which is the distribution of the slide 

taken from the solar side of the cloud, shows a large number of bright 

points while figures 19 and 20 show a larger number of darker points. 

All three distributions show some values over most of the range of 

density units. These are due to the smaller scale features of the 

cloud. In figure 20 (the distribution from the antisolar si~e of the 

cloud) the brightest points correspond to the briqht edges of the 

cloud. On the average, the cloud radiance decreases from the solar 

side to the antisolar side, but there are some dark and bright areas 

in all three distributions. In figure 18, there is a small maximum 

near a density value of 112 units. This corresponds to a feature on 

the cloud which shades an area below it. In this case, it does not 

appear that this would greatly affect the average of all the density 

values, but would show up in a radiometer scan as a low value of 

b.V • 
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Figures 21-23 show the frequency distributions for cloud 3 which 

is the smallest cloud in this study with a vertical thickness of about 

0.8 kilometers. In figures 21 and 22, the range of density values is 

much less than for cloud 2. It appears that for a cloud of this size, 

the smaller scale cloud features are not optically thick enough to 

change the radiance of a particular cloud side very much. Figure 23 

has a wider distribution, but it appears from the slide that the cloud 

was viewed from above in this case so that the cloud top was also 

visible. Most of the density unit values greater than about 200 are 

from the brighter cloud top. The average of the density values again 

decreases from the solar to the antisolar side of the cloud. 

Figures 24-26 are the distributions for cloud 5 which has a ver-

tical thickness of 1.5 kilometers. Figure 24 is from the solar side of 

the cloud and has a fairly narrow distribution. Figure 25 is the dis-

tribution of a slide taken 95° off from the direction of the incoming 

solar beam and has two distinct maxima. These are due to features on 

this part of the cloud which are partially illuminated and partially 

shaded from the sun. The parts of the cloud which are illuminated by 

the sun show up as the maximum near 224 density untis, while the 

shaded areas show up as the maximum near 128 density untis. A radio-

meter scan from this direction would be compared to model results from 

the +X face of the slab which is not directly illuminated by the sun. 

In this case, the radiometer scan would reflect these cloud features 

while the model would not. Figure 26 also has a wider distribution 

where the brightest points are due to the bright cloud edge on the 

antisolar side. The average of the density values also decreases from 

the solar to t~e antisolar side for this cloud. 
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In figures 18-26, the average of the density values from the slide 

of a particular cloud side is related to the sun and cloud orientation. 

The average of the density values decreases from the solar to the anti-

solar side in each of the three clouds. The shape of each distribution 

was a measure of the variation in radiance of a cloud when viewed from 

a particular direction due to the smaller scale cloud features. The 

relative radiance of a cloud can vary by up to a factor of between 

four and five. In figure 20, for example, a density value of about 100 

corresponded to a ~V of 2.1. The range of density values on the cloud 

ranged from about 50 to 250. This corresponds to a range in 6V from 

about 1. l volts to 5. 1 volts assuming that 50 density units equals 

1 volt. The fourth radiometer scan of cloud 2 in figure 15 varied 

from a 6V of 1.8 volts to 5.5 volts which was about a factor of 3 

variation. A factor of five is an upper limit value for the radiance 

variations of the clouds studied. The frequency distributions from 

the smaller clouds were in qeneral narrower than those of cloud 2. 

The variation in radiance was less for smaller clouds. 

As shown in section 5.2, the radiometer scans of the actual clouds 

were much more variable than the corresponding model radiances due to 

the smaller scale cloud features. On a scale of 1/20 of the cloud 

height, the smaller scale cloud features still show up. If the field 

of view of the radiometer were gradually increased, at some point the 

smaller scale features should begin to average out. This process was 

simulated using the arrays of density values from three of the cloud 

slides. The resolution of the arrays was reduced by averaging sets 

of 4 array values together resulting in a new array with ~ the number 
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of points of the original array. This process was repeated several 

times, and the standard deviation of each array was found. Figure 27 

shows the standard deviations from the arrays from 3 of the cloud 

slides. The abscissa is the diameter of the spot that each array 

value represented and the ordinate is the standard deviation of each 

array. The black circle is the radiometer spot size on each of the 

clouds. As can be seen in figure 27, the standard deviations of the 

arrays gradually decrease as the spot size increases. It appears 

that there is no critical size related to the decrease in radiance 

variations. The standard deviations are still quite high on the 

scale of the radiometer spot size. This indicates that the radio-

could resolve many of the small scale cloud features. When each 

radiometer scan is averaged, the effect of the small scale cloud 

features should become less important, so that the average of each 

scan should be more representative of the average radiance of a 

cloud side. The results from this type of comparison are shown in 

the next section. 

5.4 Comparison of scan averages 

As described in section 5.2, the radiometer scans corresponded to 

a fixed azimuth angle ¢, and a range in the zenith angle e from 90° to 

ahout 102° in the model coordinate system. Each radiometer scan then 

corresponded to a scan through the four solid angle boxes defined by 

these angles. The average of the model radiances which correspond to 

an upward radiometer scan through these four solid angle boxes are 

shown in figures 28-32 for all values of ¢5 between 0° and 180° for 

each cloud. Also shown in each figure is the vertical optical depth 
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T , the ratio of cloud width to height W/H and the solar zenith angle 

e
0

• The shape of the radiance versus ¢
5 

curve is similar for all five 

clouds. The radiances on the solar side of each cloud (when ¢ is s 
between 0° and 45°) are much greater than on the other sides. All five 

clouds show some evidence of a smaller maximum radiance when¢ is s 
between 75° and 135°. With the exception of cloud 2 there is also 

some indication of a small maximum when ¢s is between 150° and 180°. 

The model radiances are symmetric about 180° so only the values between 

0° and 180° are shown. The major difference between each of the clouds 

is the magnitude of the radiances on the solar side and the average of 

the radiances on the other two sides shown. As T increases from 32 to 

64 (figures 30 and 31), the solar side becomes brighter while the other 

sides become darker. There is not much change on the solar side as T 

increases from 64 to 120 (figures 31 and 29) although the other sides 

become slightly darker. Other differences between the model clouds 

are due to the small differences between the solar zenith angles and 

the width to height ratios. For example, the solar side of cloud 5 

(figure 32) with a T of 60 is brighter than the solar side of cloud 2 

with a T of 120. This difference is due to the increased solar zenith 

angle. As the solar zenith angle increases, a greater portion of the 

incident photons enter the side of the slab. 

In order to decrease the effect of the small scale cloud features, 

each of the actual cloud scans was averaged. Figures 33-37 show the 

average of the radiometer scans and the corresponding model radiances 

at various positions around each cloud. The model radiances were 

normalized to the radiometer scans so that for each cloud, the sum 
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of the average of each radiometer scan would be equal to the sum of 

the corresponding model radiances. Each of the model radiances for a 

particular cloud was multiplied by the same normalization factor. 

With the exception of cloud 1 where no scans were taken on the solar 

side of the cloud, the averages of the radiometer scans have the 

same general shape as the model radiances around each cloud. There 

is a maximum in ~V of the radiometer scans on the solar side of each 

cloud. The difference between the brightest point on the solar side 

and the darkest point on the antisolar side of clouds 2-5 is about 

the same for the model radiances and the radiometer scans. There is 

even some indication of a small maximum in ~V of the radiometer scans 

of clouds 1 and 2 when ¢sis between 80° and 120°, although there are 

not enough points around each cloud to determine if this is due to 

smaller scale features since it does not appear in all the clouds. 

Clouds l, 2 and 4 show a maximum in AV of the radiometer scans on the 

antisolar side which is much sharper than the model predicts. This 

is again because the model radiances are averages over an entire 

cloud face. 

In figures 33-37, the averages of the radiometer scans are within 

about one unit of the normalized model radiances for most of the posi-

tions around each cloud. There are a few radiometer points which are 

e:ther much darker or much brighter than the normalized model radiance. 

- .;._.: second scan from the right in figure 33, the first two scans 

from tht left in figure 34 and the fourth scan from the left in figure 

36 are all very much darker than the corresponding model radiances. 

All four of these scans passed through an area of the cloud which was 

shaded from above by another portion of the cloud. This results in a 
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dark area on the cloud, especially on the solar side. All four of these 

points were on the three largest clouds. The second scan from the left 

and the third scan from the right in figure 36 are very much l>riqhtcr 

than the corresponding model radiances. Both of these scans were taken 

at an angle of about 65° off from the direction of the incident solar 

beam. This area of the cloud was directly illuminated by the sun. At 

angles greater than 45° off from the incident solar beam, the scans 

were compared to model results from the X faces, as in figure 12. Since 

these faces are not directly illuminated by the sun, the model radiances 

are not as bright as those observed. This effect can also be seen in 

figure 35 ata ¢5 of about 60° and in figure 34 at a ~s of about 300°, 

but the difference between the radiometer scans and the model radiances 

are much less than the difference in figure 36. In figure 33, the model 

radiance and the average of the radiometer scan are about the same at 

a ¢5 of 55°, and in figure 37, no scans were taken in the reqion where 

corner effects may have been important. The effect of the cloud corners 

then shows up strongly in only one of four cases, and only in a limited 

azimuth region. 

In order to get a quantitative idea of how the model radiances and 

radiometer scans compare, a plot of the values of ~V of the radiometer 

scans versus the corresponding normalized model radiance was made and 

is shown in figure 38. If the model exactly predicted the average of 

the radiometer scans, all the points shown should lie along the diagonal 

line through the origin. A linear regression of the 44 points in figure 

38 resulted in a correlation coefficient (r) of 0.64. In this case, the 

model radiances account for about 40 percent of the variance of the 
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actual cloud radiances. This is about twice the variance accounted for 

by the correlation of the radiometer scans with the model radiances for 

cloud 2, where e~ch scan was divided into about four or five sections. 

The value of the correlation coefficient for a linear regression is 

very sensitive to isolated points. In figure 38, the value of AV of 

the radiometer is much greater than the normalized model radiances for 

the points labelled l and 2. These are the two points from cloud 4 

where the corner effects appeared to be important. The value of 7\V 

from the radiometer is much less than the normalized model radiances 

for points 3-6. These are the same four points previously discussed 

which passed through an area of the cloud which was shaded from above 

by another portion of the cloud. The radiometer scans of these six 

points reflect properties of the clouds which the model does not in-

clude. A linear regression which does not include these six points 

results in a correlation coefficient of 0.86. This indicates that about 

75% of the variance of the actual cloud radiances are accounted for 

by the model. An interpretation of this is that on the scale of the 

average of a radiometer scan, the model radiances and radiometer scans 

agree very well, except in a few significant cases where the smaller 

scale cloud features and model corner effects are still important. 

Since the radiometer scans were vertical, the averages of the 

scJns were averages over a range of zenith angle. The average of a 

radiometer scan is still representative of only a limited range of 

azimuth angle. Increasing the field of view of the radiometer would 

actually be equivalent to an average over a larger range of zenith and 

azimuth angle. Increasing the azimuth angle should reduce the effect 

of the shaded portions of the cloud since these areas would be averaged 
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with more cloud area which was not shaded. If the radiometer field of 

view were larger, the solar side of the cloud could be viewed at a ¢ s 
greater than 45° 1n the model. The effect of the cloud corners would 

then be reduced. Since it was assumed that the radiometer was pointed 

at about the center of the cloud, and since the total field of view of 

the radiometer was only 2° and the cloud to radiometer distance was on 

the order of the cloud diameter, comparing scans to the solar side of 

the model at values of ¢s greater than 45° is not justified. 

Since no horizontal cloud scans were taken, it is not possible 

to simulate increasing the radiometer field of view in the azimuthal 

direction. It is possible, however, to average over a larger horizon-

tal area of the cloud by averaging successive scans together. For 

each cloud, the scans were divided into four groups, depending on 

which model cloud face they were compared to. All the scans in each 

group were averaged together and compared to the average of the cor-

responding model radiances. Figure 39 shows a plot of the average 

of each group of scans for each cloud versus the average of the cor-

responding model radiances. A linear regression of the 19 points in 

figure 39 resulred in a correlation coefficient of 0.91. The correla-

tion in this case accounts for 83% of the variance. On this scale 

then, the model results compare well with the radiometer scans. 

It appears that as a larger portion of the cloud area is averaged 

over, the effects of the cloud shadows and model cloud corners become 

less significant. 

The points in figure 39 are averages of from l to 4 radiometer 

scans. Assuming that the diameter of the spot size of the radiometer 
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was about 1/20 of the cloud height and the width to height ratio of 

each cloud was about 1.5, the radiometer viewed only about 1/600 of 

the area of a cloud side. Since each radiometer scan began at the 

middle of the cloud and ended at the cloud top, the average of a 

scan was an average over about 1/60 of the area of the cloud side. 

The average of 3 successive scans was an average over about 1/20 of 

the cloud side area. It is on the scale of about 1/20 of the area 

of a cloud side that the smaller scale features became less important, 

and the model results and radiometer scans compared well. 



6.0 SUMMARY AND CONCLUSIONS 

Relative radiances from a theoretical model for the scattering of 

solar radiation by finite clouds were compared to observed radiances 

from the sides of non-precipitating cumulus clouds. The sides of 5 

cumulus clouds ranging from 1-3 km in depth were scanned with an 

aircraft mounted radiometer sensitive in the spectral range of 0.65 µm 

to 0.95 µm. Photographs of each cloud were taken just before each 

scan with a camera optically aligned with the radiometer. The theo-

retical model uses the Monte Carlo method of radiative transfer for 

finite clouds in the shape of rectangular parallelepipeds. 

The agreement between the theoretical and observed radiances 

was strongly dependent on the area of the actual cloud side that was 

considered. The radiometer viewed a spot on each cloud with a dia-

meter of about 1/20 of the cloud height, or about 1/600 of the total 

area of a cloud side. There was little correlation between the 

shape of a vertical radiometer scan and the corresponding model radi-

ances. The shape of the radiometer scans was determined by the 

smaller scale cloud features which are not included in the model. 

The average of each radiometer scan was compared to the average of 

the corresponding model radiances. A linear regression of the model 

and observed relative radiances resulted in a correlation coefficient 

of 0.64. The low correlation was caused by a small number of obser-

vations where the model and actual radiances differed greatly due to 

smaller scale cloud features and to effects from the corners of the 

model cloud. The radiometer scans for each cloud were then divided 
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into four groups, depending on which face of the model cloud they were 

compared to. The scans in each group were averaged together and com-

pared with the corresponding model radiances. A linear regression of 

the model and actual radiances resulted in a correlation coefficient 

of 0.91 in this c~se. On this scale, the effects of the cloud corners 

and smaller scale cloud features became noticeably less important. 

These results verify the model calculations for cloud sides. The 

model cannot be used to predict the small scale radiance patterns of 

individual cumulus clouds. The small scale cloud features which are 

not included in the model have a large effect on the radiance varia-

tions of a cloud when viewed from a particular direction. 

The variability of the radiance from the sides of the clouds was 

also studied. An upper limit for the relative radiance variations 

in the observed clouds was estimated from film density to be by a 

factor of between four and five for a resolution of about 10 m. 

Variations of radiance were less for the smaller clouds. The varia-

tion in radianc2 of the clouds gradually decreased as the diameter 

of the area viewed increased from 10 m to 800 m. There did not 

appear to be any critical size associated with changes in radiance. 

Most radiance variations were resolved on the scale of 100 m with 

the radiometer. 
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16. Abstract continued: 

coefficient of 0.64. On this scale, the model calculations were verified 
by the observations except cloud corners were important. Elimination 
of the data points related to cloud features not contained in the model 
resulted in a correlation coefficient of 0.86. When several successive 
scans were averaged together, the correlation coefficient increased to 
0.91. On this scale, the effects of the smaller scale cloud features 
and model cloud corners became noticeably less important. 

The variability in relative radiance from the sides of the clouds 
were also studied. An upper limit for the relative radiance variations 
in the observed clouds was estimated from film density to be by a factor 
of between four and five. Variations of radiance were less for the 
smaller clouds. The radiance variations of the clouds gradually de-
creased as the diameter of the area viewed increased from 10 m to 800 m. 
Most radiance variations were resolved on the scale of 100 m with the 
radiometer. 
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