
285

ATM 76-80568

SIMULATED  RADIANCE  FOR  MIE  ABSORBING  FINITE  CLOUDS

By

John T. Klehr
Thomas B. McKee



SIMULATED RADIANCE PATTERNS FOR MIE ABSORBING FINITE CLOUD 

By 

John T. Klehr 
Thomas B. McKee 

The research reported here has been supported 
by the Global Atmospheric Research Program, 

National Science Foundation, and the 
GATE Project Office, National Oceanic and 

Atmospheric Administration under Grant No. ATM76-80568. 

Department of Atmospheric Science 
Colorado State University 
Fort Collins, Colorado 

March 1978 

Atmospheric Science Paper No. 285 



ABSTRACT 

Calculations were made of the scattering of sunlight from finite 

and infinite clouds composed of particles which were capable of both 

scattering and absorption. Results of Mie absorption upon shortwave 

irradiance values and radiance patterns of finite (cubic) and infinite 

(layer) clouds are presented over a range of single scattering albedoes 

(w
0

) from 1.0 to 0.9 and solar zenith angles of 0°, 30°, and 60°. A 

finite cloud is shown to absorb a smaller fraction of incident light 

than an infinite cloud at all sun angles and values of single scat-

tering albedo. Both cloud types show a maximum fraction of absorption 

with the sun vertical. In an infinite cloud as the solar zenith angle 

is increased the absorption decreases in the lower layers of the cloud, 

while in the finite cloud the lower layers increase in absorption as 

the solar zenith angle is increase. 

Radiance patterns are shown to be primarily determined by cloud 

and solar geometries with absorption tending to reduce the radiance 

values and only slightly flatten the radiance patterns. If the optical 

depth is increased from 20 to 60 with the sun vertical the finite cloud 

shows a larger increase in fractional absorption than the infinite, but 

even at large optical depths (60) and large absorption values (w
0 

= 0.9) 

the finite cloud still allows a significant fraction of light to escape 

downward from its sides. 
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I. Introduction 

A. Previous Work in the Literature 

Finite clouds play an important but inconspicuous role in the 

radiative and thermodynamic budgets of the atmosphere. With improved 

resolution in satellite imagery their numbers are becoming apparent 

and their radiative effects must now be considered more closely. McKee 

and Cox (1974, 1976) and Busygin et al. (1973) have shown finite clouds 

to be quite different from infinite hor\zontally homogeneous clouds in 

both irradiance and radiance for conservative scattering. Danielson 

et al. (1969} have studied the absorption of visible light vertically 

incident upon a semi-infinite horizontal cloud. Twomey (1972, 1976) 

has used a matrix method to calculate absorption in infinite cloud 

layers over a range of wavelengths. 

The purpose of this contribution is to outline the methods and 

results of Mie absorption upon shortwave radiance patterns of finite 

clouds in contrast to those of infinite clouds for a range of absorption 

and for a range of solar zenith angles. 

B. Monte Carlo computation 

Cashwell and Everett (1959) have described the Monte Carlo method 

in detail. Kattawar and Plass (1971) and Danielson et al. (1969), 

among others, 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 

with conservative scattering. The following description is based upon 

McKee and Cox (1974, 1976). 
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The Monte Carlo technique is uniquely suited for the direct 

simulation of the transfer of radiation in a 3 dimensionally bounded 

medium. The method, in essence, directly simulates the physical 

radiative processes within the cloud. A set of boundaries is defined 

for the limits of these processes. Photons are introduced into the 

cloud travelling in a specified direction. The distance to an inter-

action location is determined and the type of interaction, scattering 

or absorption, is determined. If scattering is selected, a new direc-

tion of travel is selected from the phase function. These steps are 

repeated until the photon is absorbed or escapes through a boundary. 

Random noise in Monte Carlo calculations decreases with the 

increasing numbers of photons processed. When large optical depths 

are used, computer time increases proportionately and may become 

prohibitive in cost. A method of photon weighting has been devised in 

which photons are assigned a weight which can be allowed to escape in 

fractions of the actual photon energy. Photons are then forced to have 

collisions until their entire energy has escaped. The same answer is 

obtained as though direct simulation had been pursued. 

In the non-weighting mode the simulated photons scatter until 

escape, absorption, or maximum number of allowed encounters is reached. 

Photons retain their initial weight of one unit until they are termi-

nated. In the weighting (forced collision) mode photons begin with a 

unit weight but at each scattering encounter the weight is decreased 

by a fraction proportional to the amount of energy that would be trans-

mitted to the boundary of the cloud in the original direction before 

the scatter. This fraction traverses the cloud and is counted as it 

exits the cloud. The remaining fraction of weight is allowed to 



3 

scatter in a new direction and forced to have another encounter. Hence, 

in the weighting mode, the only light exiting the cloud is composed of 

those fractions allowed to escape before each scatter. This fraction 

which escapes varies in an inverse manner with the distance from the 

scattering encounter to the boundary in the original direction of 

travel. In the weighting mode, the photon weight decreases with each 

encounter and the photon is terminated when a minimum allowed weight is 

reached. 

Photons travelling horizontally are dropped if the distance to the 

next collision is greater than a preset distance, corresponding to a 

preset probability. This horizontal-termination mechanism functions in 

both the weighting and non-weighting modes. 

One of the unique features of the Monte Carlo method is its ability 

to conserve energy. Every photon and every photon weight may be 

accounted for either by escape, absorption, or by being terminated for 

exceeding allowed limits. In most cases the amount of weight due to 

termination is less than 1%. In each Monte Carlo computer run 20,000 

simulated photons are usually entered into the cloud, in groups of 

2,000. Statistical analyses based upon these 10 groups gives some 

indication of the amount of random noise in any single run of 20,000 

photons. The weighting mode produces about a 1/3 smaller maximum 

standard deviation than a non-weighting run (Table 1). However the 

weighting mode runs about twice as long as the non-weighting mode. 

The present simulation is for an isolated cloud with no surround-

ing atmosphere and a ground surface with an albedo of zero. The 

volume scattering coefficient and phase function have been obtained 

from Deirmendjian (1969) for a water cloud C.l and a wavelength of 



-Table 1. Intercomparison of Monte Carlo modes for w = 
0 

1.0 and WO ::: 0.99 for a 
T = 20 , e0 = 0 infinite cloud. 

Maximum CDC 
Directional Standard 7600 

Mode WO Reflectance % Absorbed Deviation CPU 

Weighting 1.0 . 63221 0 .09 263 s 

No weighting 1.0 .63360 0 .29 135 s 

No weighting selective .99 .45383 32.6 .30 102 s 

Weighting selective .99 .45331 32. l . 12 187 s 

Weighting partitive .99 .45173 32.7 .09 251 s 

No weighting partitive .99 .45279 32.4 .23 138 s 
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0.70 µm. The cloud was composed of water droplets with a size 

distribution given by 

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

which is a model for a cumulus cloud where n represents the number of 

droplets cm-3 for a given radius r {figure 1). This results in a 

volume scattering coefficient of 16.73 km-l and a liquid content of 

0.063 g m-3 for l00
1

particles per cubic centimeter. Geometric depth 

and optical depth are related linearly by the liquid water content 

(figure 2). A 1.5 km deep cloud with a T = 20 , has a liquid water 

content of 0.05 g m-3. 

The distance travelled between collisions is directly simulated. 

The fraction of radiation transmitted through a given distance is also 

the probability of a photon travelling the same distance, i.e. 

{ 1) 

relates the probability PR to the optical depth T , with the volume 

scattering coefficient B , and distance s. The method of simulation 

is to choose a random number RN for PR and to calculate the optical 

depth to a collision by determining the upper limit of integration of 

~5ads = T = - Zn(l - RN) . (2) 

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

distribution of the radiation following a scattering event. The 

scattering angle a is measured from the direction of propagation be-

fore the collision to the direction after the collision. The phase 

function used (Deirmendjian (1969), Cl, A= 0.70 µm) is characterized 
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by a very strong forward scattering peak (figure 3). The normalized 

phase function, integrated over solid angle, w , 

J p(a)dw = 1 , 

is independent of the second angle needed to define the direction of 

propagation after a collision. The second angle y is a rotation about 

the direction of propagation prior to the collision. The angle y is 

picked randomly between 0 and 2n. 

The probability of a photon being scattered between 0 and a is 

given by 

PP(a} = 2,, J "P(a.}d(cosa) . 
0 

A random number is chosen for PP(a) and Eq. (3) is solved for the 

upper limit of integration, yielding the scattering angle a. The 

probability of scattering between 0 and a is shown in figure 4. 

Fifty percent of the radiation is contained within the first 10° of 

the forward direction. 

Two different cloud geometries are used in the computations, a 

(3) 

cubic cloud and a semi infinite slab cloud. Figure 5 shows a sketch 

of a cubic cloud with the coordinate system used. Incident sunlight 

is always in the (Y,Z) plane which restricts direct sunlight to the 

top and +y face of the cube. The incident solar beam is assumea to be 

a plane parallel beam, and photons are randomly entered along the top 

surface and side surface in proportion to the incident solar angle. 

The cube is 1.5 km along an edge. The semi-infinite slab is 500 km 

by 500 km by 1.5 km deep. 

The two angles used to specify exiting radiation are the zenith 

angle e measured from the Z axis and an azimuth angle ~ measured 
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from the -Y axis. A ¢ value of zero is opposite from the sun and a 

~ value of n is towards the sun. Subsequent graphs will show rela-

tive radiance values averaged over a finite solid angle 6w , where 

lw = 6 case 6¢ , 

for ~case= 0.1 and 6¢ = 15°. All radiances are relative to a solar 

irradiance of n. A relative radiance of unity in all directions would 

be radiated by a perfectly diffuse reflecting surface so illuminated. 

Two examples of equal solid angle are shown in figure 6. The 

solid angle shown near the zenith has a much larger span of zenith 

angle than the solid angle shown near the horizontal. The radiances to 

be presented represent averaging over a complete face of the cloud and 

over a finite solid angle, to allow direct addition of radiances from 

the top and sides. 



!::,. cos 8 = 0.1 
!::,. cp = 15° 

x 

Figure 6. Example of equal solid angles. 

z 

.. y 



II. Method 

A. Absorptive modes in Monte Carlo computations 

Mie absorption may be directly simulated using the single 

scattering albedo ~o , which is the fraction of the incoming energy 

that is scattered at each encounter. Hence the probability of an ab-

sorption event is 1 - w0 . In the selection mode a random number between 

0 and 1.0 is called and compared to 1 - ~o to determine if scattering 

or absorption occurs. In the partitive mode a constant fraction equal 

to 1 - w times the existing weight of the photon is absorbed at the 
0 

position of the encounter and the remaining weight is allowed to 

scatter. The partitive mode decreases the weight of each photon by a 

constant fraction at each encounter. The selective mode does not 

decrease the weight at each encounter, the entire weight is either 

absorbed or scattered. 

Figure 7 illustrates the effects of the two modes upon the mean 

weight of all the photons at each encounter. The selective and parti-

. d - ( 0 ) h t1ve mo es for w0 = 0.9 e0 = 0 , T = 20 are s own with the conser-

vative case (~0 = 1.0) shown for reference. The effect of the forced 

collision-weighting mode is shown by the conservative case. The selec-

tive mode is identical to the conservative case until the random. selec-

tion of absorptive events is a large fraction of the photons existing 

at an encounter. At that point the selective mode begins to wander 

randomly about the pure weighting case (w
0 

= 1 .0). The partitive mode 

reduces the mean weight more rapidly than the selective mode. The mean 

weight is reduced until the minimum weight allowed (.01) is reached. 

The entire photon is killed and its remaining weight is counted. The 
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partitive mode will reduce the weight in an exponential manner so that 

the encounter at which the minimum weight is reached may be estimated 

by: 

where N is the encounter m1mber 

or for N = 44 

Figure 8 shows the number of photons existing at each encounter number 

for the conservative case and for ~o = 0.9 for the selective and 

partitive modes. 

Figures 9 and 10 show the relative radiance from all ~ boxes 

versus cosine e for the infinite cloud model and the finite cloud 

model respectively. The infinite cloud model was modified to function 

with or without weighting in either the selective or partitive mode. 

Figure 9 shows the infinite cloud model for L = 20 , 8 = 0° 
0 ' 

w
0 

= 1 .0, for the weighting and non-weighting modes, and at ~o = .99 

for the selective and partitive modes in both the weighting and non-

weighting modes. Few photons exit at small values of cosine theta 

resulting in a higher random noise problem. Figure 9 illustrates that 

that weighting and non-weighting modes are quite similar as are the 4 

modes of absorption. 

The finite cloud model was modified to function in the weighting 

mode with either the selective or partitive mode in use. Figure 10 

shows results from the finite cloud model for T = 20 , e = 0° 
0 ' 

w
0 

= 0.99 for the selective and partitive modes. The results are 

identical within the noise level of the Monte Carlo methods. 
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B. Verification of Monte Carlo absorption modes 

1. I.U.G.G. 

Comparisons of the absorptive infinite cloud model were made to 

the Spherical Harmonics method (Dr. Devaus) and the Asymptotic Method 

(Drs. Germogenova and Konovalov) in the Standard Procedures to Compute 

Atmospheric Radiative Transfer in a Scattering Atmosphere--Numerical 

Comparisons of the Methods, July 1976 and December 1976, by the Inter-

national Association of Meteorology and Atmospheric Physics (I.U.G.G.), 

Radiation Commission. Table 2 shows the results of the 5 cases studied. 

In all cases the Monte Carlo method is within 2% of the upward flux 

calculated by the Spherical Harmonic. The results from the Asymptotic 

Method are quite similar to the Spherical Harmonic. The comparisons in 

percentage absorbed are equally good. Figure 11 shows the relative 

radiances (intensities) in the upward direction for cases 4 and 5. The 

agreement in the conservative case is extremely good but in case 5 

(w
0 

= 0.9) there are some discrepencies. It is interesting to note 

that if one integrates the Monte Carlo radiances with respect to cosine 

theta to obtain an upward irradiance, that value agrees with the stated 

upward flux. If the same approach is taken with the Sperical Harmonic 

radiances, the calculated irradiance is not in agreement with its 

stated upward flux. 

2. Others 

Danielson, et al. (1969) used a Monte Carlo method to calculate 

absorption in semi-infinite layer clouds, with a 0.1 reflecting ground 

surface. They used a Henyey-Greenstein phase function of g = 0.875, 

which is quite smooth compared to Deirmendjian's cloud C.l. Cloud 

model C.l. contains a much sharper forward peak and also more back 



Table 2. Comparison between Spherical Harmonic method and Monte Carlo, flux relative relative 
to 7T irradiance. 

Spherical Harmonic Monte Carlo 

Phase Optical 
80 

Upward % Upward % 
Case Function Depth WO Flux Absorption Flux Absorption 

l HAZE L l 1.0 ao .1736 0% . 1704 0% 

2 HAZE L 0.9 oo .1236 47.8% . 1261 47.9% 

3 HAZE L 0.9 60° .2255 67.3% .2226 67.3% !'\.) 

4 CLOUD Cl 64 1.0 oo 2.6587 0% 2 .6725 0% 

s CLOUD Cl 64 0.9 oo .3733 88.1% .3693 87.5% 
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scatter than the Henyey-Greenstein phase function (figure 12). Table 

3 contains values estimated from figure 8 of Danielson et al. (1969) 

and results from the present Monte Carlo method. The present Monte 

Carlo method seems to consistently have a higher percentage reflected. 

This can in part be explained by a larger backscatter component in the 

cloud C.l. phase function than in the Henyey-Greenstein function. 

Figure 13 compares values estimated from figure 5 of Danielson et al. 

(1969) to the finite cloud model extended to form a semi-infinite slab 

cloud for A = 20 , 0 -e
0 

= O , w
0 

= 0.999. 

Other investigators have calculated absorption in infinite layers 

over broad spectral regions making direct comparisons difficult. 

C. Comparison of finite cloud model to infinite cloud model 

The absorbing finite cloud model was expanded to provide an infi-

nite slab cloud (xc = 250 km, a horizontal optical width of 6667) and 

run at T = 20 , e0 = o0 , ~o = 0.9 in the partitive weighting mode. 

Figure 14 shows the relative radiance in all $ boxes versus cosine 

e for the finite cloud model slab cloud and the infinite cloud model 

infinite cloud. The results indicate that the two methods are quite 

similar and hence the finite cloud model functions correctly with 

absorption. The results to be shown in Section III are all for the 

finite cloud model in the partitive weighting mode to eliminate inter-

modal or inter-model differences. 
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Table 3. Comparison of infinite cloud model to 
Danielson, et al., for w = 0.99 , 
80 = 0. 0 

Danielson, et al. PHATINP 

T = 20 
Absorbed 33.% 

Reflected 38.% 

Transmitted 29.% 

T = 50 
Absorbed 53.% 

Reflected 44.% 

Transmitted 3.% 

33.% 

45.% 

22.% 

48.% 

50.% 

2.% 
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III. Results 

Results are shown for the infinite slab cloud (T horizontal = 6667) 

and the finite cubic cloud (T horizontal = 20) for solar zenith angle 

(e
0

) of o0
, 30°, and 60° for an optical thickness (T) of 20. Three 

degrees of absorption and the conservative case were modelled by set-

ting the single scattering albedo (~0 ) to 0.9, 0.99, 0.999 and 1.0 

respectively. A few select cases at T = 60 , 0 e0 = 0 were also run. 

A. Irradiance results 

Figures 15 to 19 illustrate the effects of varying amounts of 

absorption upon directional reflectance, downward irradiance, fractional 

absorption and the fraction of the absorption occuring in each of the 

three cloud layers. For these figures a probability scale was chosen 

along the abscissa to provide the necessary spacing in ~0 . Points 

were plotted at w
0 

= 0.9 , ~o = 0.99 , ~o = 0.999 and freehand 

curves were drawn to fit the data. Tables 4 and 5 contain the original 

data. 

Figure 15 compares the directional reflectance of the finite cloud 

to the infinite cloud values for the three amounts of absorption and 

the three solar zenith angles. The finite cloud is shown to have a 

lower directional reflectance at moderate to small absorption vaJues 

and at all solar zenith angles. Photons that enter a finite cloud top 

near an edge have a much greater probability of escape by exiting the 

cloud sides heading downward, than by exiting the top, or sides, upward. 

This edge effect helps to produce the drastic changes from infinite to 

finite clouds. In figure 15 the infinite cloud shows a steady increase 

in directional reflectance with decreasing amounts of absorption, while 
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Table 4. Irradiance results infinite cloud, T = 20. 

Fraction Absorbed (%) in Layer 
Directional Downward Fractional 

Case Reflectance Irradiance Absorption (%) 1 2 3 

8 = 0° 
0 

WO = 1.0 .621 .379 0 0 0 0 
WO = 0.999 .603 .354 4.3 43.8 36.7 19.5 
WO = 0.99 .453 .224 32.4 47.6 35.3 17.2 
WO = 0.9 .119 .012 86.8 73.6 21.9 4.5 

e = 30° 
0 w 

WO = 1 .0 .657 .343 0 0 0 0 +::-

WO ::: 0.999 .626 .331 4.3 46.0 35.3 18.6 
WO = 0.99 .485 .200 31.4 51.2 33.2 15. 6 
WO ::: 0.9 .134 .010 85.6 77 .6 18.8 3.7 

8 = 60° 0 
WO = 1. 0 .747 .253 0 0 0 0 
WO = 0.999 . 719 .244 3.7 53.2 30.7 16 .1 
WO ::: 0.99 .585 .145 27.0 59. 1 27.9 13. 1 
WO = 0.9 . 214 .006 78.0 87.1 10.9 2 .1 



Table 5. Irradiance results finite cloud, T = 20. 

Fraction Absorbed (%) 
Directional Reflectance Downward Irradiance Fracti anal in Layer 

Case Total Top Total Bottom Absorption (%) 2 3 

e = o 
0 

w = 1.0 
0 

.468 .239 .532 .066 0 0 0 0 

WO = 0.999 . 461 .237 .522 .064 l.7 60.3 29.6 10 .1 
WO = 0.99 .397 .211 .456 .051 14.7 62.5 28.3 9.2 
WO = 0.9 .138 .091 .172 .005 69.0 79.4 17.9 2.7 

e = 30° w 
0 <.n 

w = 1 0 0 . .408 . 177 .592 . l 62 0 0 0 0 
WO = 0.999 .403 . 177 .583 .159 1.4 51.4 30.4 18.2 
WO = 0.99 .349 . 157 .526 .143 12.5 53.0 28.9 18 .1 
WO = 0.9 .129 .068 .253 .072 61.8 63.6 22.0 14.5 

e = 60° 
0 

WO = 1.0 .430 . 178 .570 .194 0 0 0 0 
WO = 0.999 .421 .176 .565 .190 1.4 42.2 31.7 26.1 
WO = 0.99 .368 .156 .506 .175 12.6 42.4 31.4 26.2 
WO = 0.9 .149 .068 .232 .083 62.0 48.6 27.2 24.3 
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the finite cloud levels off with decreasing absorptions. The edge 

effect in the finite cloud reduces the effects of small absorption 

since the photons may escape before being absorbed. The infinite cloud 

shows higher directional reflectances with increasing solar zenith 

angle (e
0

) as photons enter in an increasingly tangential manner and 

are able to escape in an upward direction. The finite cloud shows a 

maximum directional reflectance when the sun is vertical and a minimum 

at a larger solar zenith angle. Once the sun is tipped off the vertical 

photons enter the +y face and the edges between the +y and the x faces 

allow light to exit the x faces after travelling only a short distance 

within the cloud. At e
0 

= 60° photons entering the top or +y face 

need only be scattered upward by greater than 30° to contribute to the 

directional reflectance from either the top or the sides. Table 5 

shows the influence of the sides upon directional reflectance and down-

ward irradiance by subtracting the total value by either the top value 

or the bottom value respectively. 

The downward irradiances for these cases are shown in figure 16. 

At w = 0.9 almost no light is going downward from the infinite cloud 
0 

while the finite cloud is allowing approximately 20% of the incident 

light to escape downward. The infinite cloud shows decreasing downward 

irradiance with increasing solar zenith angle. The finite cloud shows 

a minimum downward irradiance at e
0 

= o0
, and a maximum at a larger 

e0 . The reasoning is analogous to that given above. 

The probability of a photon being totally absorbed increases as 

the photon remains within the cloud. Tangential entry and multiple 

edge effects decrease abosrption in clouds. Figure 17 shows the frac-

tion of the incident light absorbed versus ~o for the three sun 
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angles for the finite and infinite clouds. The finite cloud shows less 

absorption in each case than the infinite cloud. The infinite cloud 

shows the greatest amounts of absorption when the sun is vertical and 

the least when the solar zenith angle is 60°. The finite cloud also 

shows a maximum at e
0 

= o0 but slightly less absorption at e
0 

= 30° 

than at e0 = 60°. 

The cloud model was divided into three 0.5 km thick layers and the 

number of photons absorbed in each layer were counted. Figure 18 shows 

the fraction of the total absorption in each layer for the infinite 

cloud cases, figure 19 shows the same for the finite cloud cases. The 

infinite cloud shows the expected decrease in the fraction of absorption 

with depth as fewer and fewer photons survive to greater depths. With 

stronger absorption amounts the middle and bottom layers decrease 

rapidly in importance. With increasing solar angle a larger fraction 

is absorbed in the top layer with a corresponding decrease in the lower 

two layers, with the middle layer showing the greatest decrease. 

The finite cloud (figure 19) shows a more complicated situation as 

photons are able to enter the middle and bottom layer directly along 

the +Y face as the sun is tipped off the vertical. The greatest frac-

tion of the absorption occurs in the top layer with the bottom layer 

usually showing the smallest fraction of absorption at all w
0 

and all 

sun angles. As the sun is tipped off the top layer decreases in impor-

tance as the bottom and middle layers show corresponding increases with 

the bottom layer showing the greater increase. At e0 = o0 the bottom 

layer accounts for less than 11% of the absorption while at 

about 25% is absorbed in the bottom layer. 

8 = 60° 0 
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It should be noted that in the previous discussion absorption has 

been taken to mean the fractional absorption, i.e. the fraction of the 

incident photons that are absorbed. A finite cloud however presents a 

larger cross section to an inclined solar beam than an equal volume of 

an infinite cloud. Hence a ·finite cloud receives 1 + tan e times 
0 

the amount received by an equal horizontal area element of infinite 

cloud. The total absorption is then 1 + tan e
0 

times the stated 

fractional absorption for the finite cloud. Such calculations indicate 

that the finite cloud absorbs more at a solar zenith angle of 30° when 

~o = 0.9 and also at e0 = 60° when ~o = 0.99 and ~o = 0.9. The 

single scattering albedo for natural clouds is usually assumed to be of 

order 0.999 in the visible region of the spectrum. In such a case the 

finite cloud would absorb about the same amount as an equal volume of 

an infinite cloud at e
0 

= 60° , but less at e0 = o0 and 30°. 

Figures 20 to 24 illustrate the effects of increasing the optical 

depth from 20 to 60 for a vertical sun. As the computer running time 

increases with increasing optical depth, only one sun angle was run at 

all four amounts of absorption. Table 6 contains the results which were 

plotted in the same manner as graphs presented earlier. Figure 20 

illustrates the increase in directional reflectance versus w
0 

as the 

optical depth increases from 20 to 60 in both the finite and inffnite 

cases. The effect of increased optical depth is most evident at lower 

absoption abounts and the finite cloud as before seems to be leveling 

off at ~o = 0.999 while the infinite cloud is still getting brighter 

with decreasing absorption. Increasing the optical depth threefold 

seems to bring about only a 20-30% increase in directional reflectance 

in both cases. 
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Table 6. Irradiance results T = 60. 

Fraction Absorbed (%) 
Directional Reflectance Downward lrradiance Fractional in Layer 

Case Tota1 Top Total Bottom Absorption (%) 2 3 

T = 60, Finite, e = 0° 
0 

w = 1 0 0 • .668 .460 .332 .016 0 0 0 0 

i:;
0 

= 0.999 .650 .454 .303 . 012 4.7 74.9 20.5 4.6 

WO = 0.99 .477 .354 .214 .003 30.9 84.2 13 .9 1.9 

w = 0.9 
0 

.130 .112 .060 .000 81.0 99. 1 0.9 o 
.p. 
.p. 

T = 60, Infinite, e = 0° 
0 

WO = 1.0 .865 .135 0 0 0 0 

WO = 0.999 .774 .105 12. 1 56 .1 32 .1 11.8 

WO = 0.99 .480 .014 50.6 74.4 21.1 4.5 

WO = 0.9 .118 0 88.2 98.9 1.1 0 
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Figure 21 shows the decrease in downward irradiance wit~ increasing 

optical depth as a function of the single scattering albedo. When the 

optical depth is increased from 20 to 60 the downward irradiance from 

the finite cloud decreases 38% to 65% (Table 6) as ~o decreases from 

1 .0 to 0.9. The infinite cloud decreases in downward irradiance 64% 

to 98%. The finite cloud always lets more light escape downward than 

a.n equally thick infinite cloud with the same single scattering albedo 

and the percentage decreases in downward irradiance is less in the 

finite cloud with increasing optical depth than in the infinite cloud. 

With an increase in optical depth an increase in the number of 

encounters occurs allowing a greater fraction of the light incident to 

be absorbed. Photons in a finite cloud have a greater opportunity to 

escape after a few encounters than photons in an infinite cloud. 

Figure 22 illustrates the increase in the fraction of the incident 

photons that is absorbed for two optical depths as the single scattering 

albedo is decreased in both the finite and infinite cases. At w = 
0 

0.999 the infinite cloud and finite cloud both show an increase of about 

180% in fractional absorption while at ~ = 0.99 the infinite cloud 

shows a 56% increase while the finite cloud shows 110% increase. At 

w = 0.9 the infinite cloud shows only a 1.5% increase while the finite 

cloud increases 17.4%. With stronger absorption the photons are being 

absorbed before they can escape from a finite cloud resulting in in-

creases with optical depth greater than for the infinite cloud. 

Figures 23 and 24 show the fraction of total absorption by layers for 

T = 20 and T = 60 for the infinite and finite clouds respectively. 

As the optical depth increases more photons are absorbed in the top 

layer and tne middle and bottom layers show less absorption. At 
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w = 0.9 virtually all of the absorption occurs in the top layer in 

both the finite and infinite clouds of T = 60. 

Increasing the optical depth of finite and infinite clouds from 

T = 20 to T = 60 with the sun vertical produces about a 25% increase 

in directional reflectance in both cases, a larger increase in absorp-

tion in the finite cloud than the infinite, and smaller decrease in 

downward irradiance in the finite cloud than in the infinite cloud. 

B. Radiance results 

The following graphs compare the radiance values from the total 

infinite cloud, the total cube cloud, and the cube top or bottom alone, 

as a function of cosine e for an optical depth of 20. The first of 

the two graphs in each set shows the relative radiance in all ¢ boxes 

as a function of cosine e from directly upward (case= 1.0) throu9h 

horizontal (case= 0.0) to directly downward (case= -1.0). This type 

of graph could be integrated to provide the upward irradiance and the 

downward irradiance. The second graph in each set of two illustrates 

a scan from the -Y axis in the phi box 0°-15° through the vertical Z 

axis and down to the horizontal +Y axis in the phi box 165°-180°. It 

represents a scan of the cloud viewed from above in a slice containing 

the solar plane (see figure 5). The dashed line on this graph . 

represents the cube top alone. 

The conservative cases jllustrate the basic differences due to 

geometric considerations. The conservative case (w0 = 1.0) with the 

sun vertical (a
0 

= o0 ) is shown in figures 25 and 26. The solid line 

represents the infinite cloud, the dotted line represents the total 

cube cloud and the dashed line represents the cube top or cube bottom 
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alone. Figure 25 for all ~ boxes indicates that the infinite cloud 

top monotonically decreases in brightness as you go from the vertical 

to the horizontal. The infinite cloud bottom monotonically increases 

from horizontal to directly downward. The cube top and cube bottom 

show similar patterns but with much lower values and less slope. The 

total cube cloud shows a much flatter response in the upward direction 

due to the addition of light from the sides going upward. The upward 

values from the cube top and sides are considerably less than the 

infinite cloud and greater than the cube top alone. In the downward 

direction the cube top and sides show monotonically increasing values 

with a large spike heading nearly directly downward. This spike is 

due to light entering the top and exiting the sides heading downward 

at small angles with respect to the sides. The cube cloud shows a 

lower upward irradiance and a higher downward irradiance than the 

infinite cloud as a result of light exiting the cube sides in a downward 

direction. 

Figure 26 illustrates the vertical scan for the conservative case 

with the sun vertical. This type of graph exhibits much more Monte 

Carlo noise than the all phi graphs as a result of limiting the output 

to two ~ boxes of only 15° each. The infinite cloud exhibits a some-

what symmetric distribution with the cloud appearing brightest near the 

vertical. The cube top demonstrates a similar pattern but at lower 

values. The total cube cloud shows a much flatter response with higher 

values than the cube top alone. The light exiting the sides in an 

upward direction must increase from the vertical towards the horizontal 

to produce such a flattened response. 
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When the sun is tipped off the vertical light is now incident upon 

the +Y face of the finite cloud. Since the light is uniformly distri-

buted over the incident faces and travelling in a slant direction, some 

light may enter an edge of a face and exit the cloud through the adja-

cent edge after only a few encounters. Figures 27 and 28 illustrate 

the conservative case with the solar zenith angle equal to 30°. The 

infinite cloud in Figure 27, shows again a monotonic decrease from ver-

tical to horizontal but with a flatter response than at 8
0 

= 0°. The 

infinite cloud's downward response shows again a monotonic increase 

from horizontal to vertically downward. Light entering an infinite 

cloud at an acute angle to the top surface need only be turned a small 

angle through scattering to escape the top, hence infinite clouds be-

come brighter as the sun is tipped off the vertical. The finite cloud 

top produces a flatter response at 30° than at 0° due to this edge 

enter-exit effect with the sides contributing some light which exits 

the top of the cloud. The total cube cloud produces a similar pattern 

but with higher values due to light from the sides. In the downward 

direction at e
0 

= 30° , the edge effect produces a downward spike 

around case = -0.85. This is evtdent in the bottom only response 

(dashed line) and also in the total cube downward response {dotted line). 

The total cube downward spike is larger due to the addition of light 

entering the -Y, X edge and exiting the -Y face after only a few 

scatters. 

The scan in cosine 8 graph with 80 = 30° produces a slight 

shift of the maximum from the vertical towards the incident sun angle 

and a secondary maximum at about cos e = 0.2 in the r1> box 0°-15°. 

This pattern is due to light being scattered a few times and exiting 
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the top of the cloud. This secondary maximum is observed in all three 

lines, the infinite cloud, the total cube cloud, and the cube top alone. 

The shifted center maximum is a backscatter phenomena. 

Figure 29 and 30 illustrate the conservative case with the sun 

tipped off at 60°. The pattern of upward radiance at all ~ now 

changes to a nearly monotonic increase from vertical to horizontal in 

all three cases. At 60° photons need only scatter 30° to be heading 

upward. The vertical scales on figures 29 and 30 have been changed 

from 1.0 to 0.5 and 1.4 respectively. The reduced values on the all 

phi graph are due to the decreased input as a result of increased zenith 

angle. The cube top and total cube in the downward direction show a 

peak at cosine e = 0.5 due to edge effects. 

Figure 30 illustrates the upward scan from -Y to +Y axes. The 

infinite cloud shows increasing values with low angles above the -Y 

axis as a result of light entering only 30° above the surface being 

scattered a few times and escaping upward at low angles. The secondary 

peak at case = 0.5 in the ~ 165° - 180° box is a backscatter phenom-

ena. The cube photons entering at e
0 

= 60° have a greater opportunity 

to escape the sides heading downward than to escape the top going up-

ward. The total cube shows only slightly greater values above the -Y 

direction than the top alone. In the +Y direction the sides contribute 

about as much as the top alone. 

The effects of absorption with the sun vertical upon the radiance 

patterns of the infinite cloud are illustrated in figure 31 and 32, and 

for the finite cloud in figures 33 and 34. In these figures all four 

values of the single scattering albedo are shown with the solid line 

representing ~o = 1.0 , the dotted line representing w0 = 0.999 , the 
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the dashed line representing w = 0.99 , and the dash-dot combination 
0 

representing w = 0.9. 
0 

The relative radiance from the infinite cloud at w
0 

= 0.999 is in 

general reduced only 1-6% from the conservative values in the upward 

direction for all ~ (figure 31). The reductions in relative radiance 

in the total cube appear smaller than those of the infinite cloud. At 

w = 0.999 the fractional absorption is about 4% for the infinite cloud 
·O 

and about 1.5% for the finite cloud at T = 20 (Tables 4 and 5). In 

the upward hemisphere scan graphs (figures 32 and 34) the reductions in 

radiance values from the conservative case are small and within the 

Monte Carlo noise at w0 = 0.999. 

At w
0 

= 0.99 the reductions in relative radiance become more 

apparent especially in the infinite cloud with reductions up to 30% in 

the upward direction and 48% in the downward direction for all ~ at 

e = o0 The cubic cloud shows smaller reductions in relative radiance, 
0 

about 15% in the upward direction and about 13% in the downward direc-

tion. At ~ = 0.9 about 80% of the incident photons are absorbed in 
0 

the infinite cloud and about 60% in the cubic cloud (Tables 4 and 5). 

Figure 31 illustrates that the infinite cloud experiences a reduction 

from the conservative case of about 70-80%. Almost no light exits the 

bottom of the infinite cloud with w0 = 0.9. The cubic cloud (figure 

33) experiences about a 65-70% reduction. The downward radiance shows 

a reduction of 50-80% with a significant amount still able to exit the 

cloud. The scan from -Y to +Y (figures 32 and 34} show reductions from 

conservative values of about 80% for the infinite cloud and about 60-80% 

for the cubic cloud. 
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Figures 35 to 38 show the effects of solar angle changes in a 

strongly absorbing case (w
0 

= 0.9). The solid line represents 8
0 

= 
o0 , the dotted line represents 8 = 30° and the dashed line represents 

0 

8
0 

= 60°. At 60° both the infinite cloud (figure 35) ~nd the cubic 

cloud (figure 37) show smaller reductions from the conservative case 

than at o0 or 30°. A complete set of graphs for all the solar angles 

and all single scattering albedo values used are contained in Appendix 

A. 
A study of the graphs presented indicate that the shape of a 

radiance pattern is detemined primarily by the cloud shape geometries 

and the solar zenith angle. Absorption tends to decrease the values of 

the relative radiance without drastically changing the shape of the 

radiance patterns. Absorption tends to slightly flatten out the pat-

terns by reducing the directly upward values more than the horizontal 

values. Photons need to be turned through scattering a larger angle to 

exit the cloud directly upward than to exit near horizontal. The amount 

of absorption in this model increases with the number of scatter en-

counters. The infinite cloud demonstrates a greater reduction in radi-

ance values at a given single scattering albedo than a cubic cloud, for 

the reason just stated. With absorption the infinite cloud shows a 

greater reduction in relative radiance values in the downward direction 

than in the upward direction. The cubic cloud shows slightly less re-

ductions downward than upward. Photons are able to escape out the sides 

of a cubic cloud heading downward after only a few scatters and not be 

absorbed. 
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Increasing the optical depth from 20 to 60 produces a large 

increase in the total number of scattering events with a resulting 

increase in running time. Figures 39 to 46 are for T = 60, e = 0°. 
0 

Figures 39 and 40 illustrate the conservative case for the infinite 

cloud, total cube cloud and cube top or bottom alone. The infinite 

cloud at T = 60 shows about a 30% increase in upward radiance values 

(all ~) compared to T = 20 and a 60-70% decrease in downward radi-

ance values. The shape of the radiance pattern in the upward direction 

remains about the same but in the downward direction the pattern is 

flatter at T = 60 than at T = 20. The total cubic cloud shows an 

increase of 25-55% in the upward direction with a steepened shape from 

T = 20 to T = 60. In the downward direction the total cube shows an 

18-60% decrease with a flattened shape from T = 20 to T = 60. With 

an increased optical thickness photons that might have escaped downward 

out the sides of the cube with only a few scatters at T = 20 , have 

more scatters and apparently exit going upwards. The large spike down-

ward off the sides of the cube is considerably reduced at T = 60. The 

cube top and bottom alone behave in a manner analagous to the infinite 

cloud with very little light exiting the bottom of either cloud. In 

Figure 40 both the infinite cloud and the total cube show increases in 

relative radiance from T = 20 to T = 60 of about 30-60%. With in-

creased optical depth photons have more scatters and are able to be 

turned around and exit upwards. Fewer photons reach the middle and 

lower layers with the sun vertical. 

With absorption added to a thickened cloud the increased number of 

scatters causes more absorption than at a smaller optical depth. 

However the increased number of scatters also causes less light to exit 
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downward and causes a higher directional reflectance. If absorption 

becomes large it will dominate and cause the cloud to be quite dark 

regardless of its optical depth. 

Figures 41 and 42 show the results of T = 60 , 

.999 for the infinite, cube and cube top or bottom. Figure 41 indicates 

that the infinite cloud shows an increase in the upward radiance values 

of about 30% and a decrease of about 70% in the downward radiance values 

when the optical depth is increased from T = 20 to T = 60. The re-

ductions from the conservative case are about 15% in the upward direction 

and a 0-30% reduction in the downward direction at T = 60. These re-

ductions are larger than similar reductions at T = 20 indicating that 

absorptive effects increase with increasing optical depths. The cubic 

cloud shows increases of about 35% in the upward direction and decreases 

ranging from 40-160% in the downward direction compared to values of a 

T = 20 cloud. Reductions from a conservative T = 60 cubic cloud to an 

w0 = .999 cubic cloud are about 3-17% decrease in the upward direction 

and 6-11% decrease in the downward direction. 

Figure 42 indicates that the reductions in the ~ box qraph for 

the infinite cloud are about 10-20% from the conservative case. 

Figures 43 and 44 illustrate w = 0.99 at e = o0 for T = 60 
0 0 

clouds. As absorption increases in a thick cloud absorptive effects 

being to dominate over the effects of increased thickness, however, the 

effects of cloud shape can still be detected. Figure 43 shows that the 

infinite cloud is only slightly brighter in radiance values at T = 60 

w
0 

= .99 than at T = 20. The cube and cube top however are brighter 

at T = 60 than at T = 20 in the upward direction. In the downward 

direction for all <f> at T = 60 only the cube sides contribute a 
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significant amount. The straight down spike is still detectable but is 

reduced to about 60% of its corresponding T = 20 value. In Figure 

44 the infinite cloud is about the same as its corresponding T = 20 

values but the cube top and total cube show increases of about 40-50% 

above corresponding T = 20 values. 

With increasing absorption, absorption effects totally dominate 

aver increased optical thickness and cloud shape effects, except in 

the downward direction where the cube sides are still detectable. 

Figures 45 and 46 illustrate w
0 

= .9 for T = 60 clouds with the 

infinite cloud, cube top and total cube almost indistinguishable in 

the upward direction (Figures 45 and 46} with only the cube sides 

allowing light to exit downward (Figure 46). 

Increasing the optical thickness of conservative clouds from 

T = 20 to T = 60 appears to increase the upward radiance from the 

cube more than the infinite and to decrease the downward radiance 

values from the infinite cloud more than the cubic cloud. Absorption 

with increased optical thickness reduces the upward radiance values but 

severely darkens the bottom of both clouds with the cube sides providing 

the majority of the downward radiance values. 



IV. CONCLUSIONS 

Results of Mie absorption upon shortwave irradiance values and 

radiance patterns of finite and infinite cloud models have been pre-

sented for a range of absorption and a range of solar zenith angles. 

In a finite cloud a smaller fraction of incident light is absorbed 

than in an infinite cloud. Both cloud types show a maximum fraction 

of absorption with the sun vertical. In an infinite cloud as the sun 

is tipped off the vertical the absorption decreases in the lower layers 

of the cloud, while in the finite cloud the lower layers increase in 

absorption as the sun is tipped. The infinite cloud shows an increas-

ing directional reflectance and a corresponding decrease in downward 

irradiance as the solar zenith angle increases. The finite cloud shows 

a maximum directional reflectance and a minimum downward irradiance at 
0 e0 = O . 

The shapes of radiance patterns are determined primarily by cloud 

shape and sun angle geometry. Absorption tends to decrease and flatten 

the pattern but not significantly change the general shape of the 

radiance pattern. The infinite cloud shows a greater change in 

radiance patterns at each amount of absorption than the finite cloud. 

Reductions from the conservative radiance values are greater i~ the 

downward direction than in the upward direction for the infinite cloud 

but the reductions in the finite cloud are greater in the upward direc-

tion than for the downward direction. The reductions from conservative 

values to w
0 

= 0.9 values are less at e0 = 60° than at 30° or o0 in 

both cloud models. 
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Increasing the optical depth from T = 20 to T = 60 with the sun 

vertical produces about a 25% increase in directional reflectance 

except at w
0 

= 0.9. The downward irradiance values decrease more for 

the infinite cloud than the finite cloud with increased optical depth. 

There is a larger increase in fractional absorption in the finite cloud 

than in the infinite. Increased optical depth results in increased 

~pward radiance and decreased downward radiance in both cloud models 

at each absorption amount. The upward radiance patterns keep about the 

same shape with increased optical depth but the downward spike of light 

from the cube sides is reduced with increased optical depth but is 

still evident even at w0 = 0.9. 

Although the finite cloud has been shown to fractionally absorb 

less than an infinite cloud, a finite cloud has a greater number of 

photons incident at non-zero solar zenith angles than an equal volume 

of infinite cloud. Hence a finite cloud may have total absorptions 

greater than an equal volume of infinite cloud at large solar zenith 

angles and small single scattering albedoes. 
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APPENDIX A 

Complete Set of Radiance Results 

Appendix A contains 60 graphs representing the complete set of 

radiance results for the cases studied. The graph on the left of each 

page represents the upward and downward radiance for all ¢ boxes, 

while the graph on the right represents a vertical scan form -Y to +Y 

in the first ¢ box. 

Each of the first twelve pages is for a certain single scattering 

albedo and solar zenith angle at T = 20. Results shown for the in-

finite cloud (solid line), the total cubic finite cloud (dotted line), 

and the cube top only (dashed line). 

The next eight pages are the same results but grouped in a 

different manner with the first four pages for the infinite cloud and 

the next four pages for the total cubic cloud. Each page is for a 

given value of the single scattering albedo with the results for 

s0 = o0 (solid line), 30° (dotted line), and 60° (dashed line) being 

shown on each graph. 

The next six pages contain the same data as presented but grouped 

by solar zenith angle, first for the infinite cloud then the finite 

cloud. Results are shown at the given solar zenith angle for tbe four 

values of the single scattering albedo: 1.0 (solid line), 0.999 (dot-

ted line), 0.99 (dashed line), 0.9 (dashed-dot combination line). 

The last four pages of graphs are for an increased optical depth 

(T = 60) but otherwise are identical to the first set of graphs pre-

sented for the infinite (solid line), total cube (dotted line), and 

the cube top only (dashed line). 
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Figure A47. Same as Figure A41 except for finite 
cloud, (same as Figure 33). 
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Figure A53. Same as Figure Al but for T = 60 
(same as Figure 34). 
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Figure A55. 
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Figure A56. Same as Figure A2 but for ~ = 0.999, 

0 
T = 60 (same as Figure 42). 
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Figure A57. 
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Same as Figure Al but for ~o = 0.99, 
T = 60 (same as Figure 43). 
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Figure A59. Same as Figure Al but for ~o = 0.9, 
T = 60 (same as Figure 45). 
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Results of Mie absorption upon shortwave irradiance values .and radiance patterns of 
finite (cubic) and infinite (layer) clouds are presented over a range of single scattering 
albedoes (w0 ) and solar zenith angles. A finite cloud is shown to absorb a smaller frac-
tion of incident light than an infinite cloud at a~l sun angles and values of sinqle scat-
tering albedo. As the solar zenith angle is increased the absorption in an infinite cloud 
decreases in the lower layers of the cloud, while in the finite cloud the lower layers 
increase in absorption. 

Radiance patterns are shown to be primarily determined by cloud and solar geometries 
with absorption tendinn to reduce the radiance values and only slightly flatten the radiance 
patterns. If the optical depth is increased from 20 to 60 with the sun vertical the finite 
cloud shows a larger increase in fractional absorption than the infinite, but even at large 
optical depths (60) and large absorption values (w0 = 0.9) the finite cloud still allows a 
significant fraction of light to escape downward from its sides. 
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