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ABSTRACT
SOLAR ABSORPTION IN CLOUDS OF FINITE HORIZONTAL EXTENT

A model for incorporating droplet and water vapor absorption into
finite cloud, radiative transfer calculations is described. Theoretical
values of directional reflectance, absorption of solar radiation above,
in and below cloud level, and downward scattered radiant power are cal-
culated for infinite and finite cloud volume elements and the results
are compared. Absorption in the regions on the solar and anti-solar
sides of the finite cloud is also calculated.

Directional reflectance values for finite clouds are less than for
the corresponding infinite cloud volume elements. Absorption within the
finite cloud elements may be smaller or greater than in infinite cloud
elements depending upon zenith angle. Radiant power scattered into the
downward hemisphere is greater for the finite cloud case than for the
infinite cloud.

The effects of finite cloud radiative transfer upon estimates of
areal directional reflectance, surface solar irradiance, total absorp-
tion in the atmosphere, and a cloud topped mixed layer model are assess-
ed. Areal directional reflectance estimates for cloud fields over a
totally absorbing surface and estimates of surface solar irradiance
using finite cloud results are greater than or less than corresponding
values calculated using infinite cloud results, depending on zenith angle.

The time averaged disposition of solar radiation is calculated as
a function of latitude for a 20% cloud cover over a totally absorbing
surface for solar geometries corresponding to the equinox and the summer
and winter so]stibes. The results indicate greater amounts of reflected

and smaller amounts of transmitted radiant power for the cloud field in

ii



nearly all cases when finite cloud properties are assumed than when in-
finite cloud characteristics are used. Amounts of radiant power absorbed
in the two cases are nearly equal.

The importance of distinguishing between horizontal and vertical
cloud dimensions in estimating finite cloud cover amounts from satellite
imagery is discussed. A calculation of the time averaged reflectivity,
absorptivity and transmissivity of a region characterized by a totally
absorbing surface underlying a finite cloud field indicates reflectivity
is overestimated and transmissivity is underestimated, especially in
middle latitudes, if vertical and horizontal cloud dimensions are not
distinguished in the satellite image. The calculation indicates that

absorptivity is not greatly affected.
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I.0 INTRODUCTION

An understanding of the interaction of solar radiation with the
earth's atmosphere is essential to the solution of many problems in the
atmospheric sciences. Determination of the planetary albedo of the
earth, calculation of solar heating in the atmosphere and at the earth's
surface, and inference of cloud parameters from satellite measurements
are but a few examples. Theoretical investigations into the nature of
this interaction address themselves to the solution of some form of the
radiative transfer equation.

Until recently, such investigations have been limited to the solu-
tion of the radiative transfer equation in horizontally homogeneous
semi-infinite atmospheres. Recent efforts, employing Monte Carlo tech-
niques, have examined properties of finite clouds and clouds with hori-
zontal inhomogeneities. Examples of such studies are found in Busygin
et al. (1973), McKee and Cox (1974}, McKee and Cox (1976), Van Blerkom
(1971) and Wendling (1977). These studies examine such parameters as
cloud directional reflectance and radiance patterns for different cloud
shapes as a function of cloud optical thickness and cloud-sun geometry.
Results of these studies indicate that the directional reflectance of
finite clouds is generally Tower than that of semi-infinite clouds of
the same optical thickness. Radiance values for the finite cloud can
be higher or Tower than for the corresponding infinite case depending
on the particular cloud-sun geometry.

Another aspect of the transfer problem which has received recent
attention is the absorption of solar radiation by vapors, aerosols and

water droplets. In particular, few computational results have been
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presented showing the absorption profile for solar radiation within
clouds. Liou and Sasamori (1975), present a detailed calculation of
solar absorption in clear and hazy atmospheres as a function of solar
geometry and surface albedo. Calculated absorption for a hazy atmo-
sphere is shown to be as high as 30%. Twomey (1976), examines solar
absorption in continental and maritime water cloud models and also for
an ice cloud model and concludes, that for moderately thick clouds

(1 km), absorption is about 15% at high solar elevations. Welch et al.
(1976), present a detailed account of radiation parameters calculated
for clouds of varying thickness and height in the atmosphere, subject
to changes in the surface albedo, solar zenith angle and 1iquid water
content. Of particular note are in-cloud absorption profiles which
result in solar heating great enough to be considered significant in
dynamic weather prediction models. A1l of these latter studies employ
horizontally infinite cloud models.

The goal of the present study is to investigate solar absorption
in clouds of finite horizontal extent. The model used calculates var-
ious parameters such as cloud directional reflectance and solar absorp--
tion. Radiance fields are not calculated. One objective of the study
is to determine if including absorption in the calculation of cloud
directional reflectance alters the prediction that finite clouds have
Tower values of this parameter than do infinite clouds of the same
optical thickness. Also, a comparison is made between absorption val-
ues in finite clouds and those in infinite clouds of the same optical
thickness. This Tatter comparison is not 1imited to the cloud region
itself but is also carried out for the atmosphere above and below the

cloud. In addition, a comparison is made between values of absorption



in the atmosphere surrounding the finite cloud and an equivalent cloud
free Tayer in order to obtain the magnitude of solar heating outside

the cloud caused by its presence in the atmospheric layer.



2.0 DESCRIPTION OF THE MODEL

Basically, the model consists of a band and droplet absorption
calculation superimposed on a Monte Carlo scattering routine. The scat-
tering routine is employed to record the paths of photons undergoing
pure scattering by cloud water droplets. HNext, the absorption scheme
simulates absorption of photons from the top of the atmosphere to the
point of entry into the cloud and uses the pre-recorded photon paths
to obtain in-cloud vapor and droplet absorptions. Finally, photon
trajectories are simulated from point of cloud exit to exit from the
atmosphere, either at the upper limit or at the earth's surface, in

order to complete the absorption profile.

2.1 Monte Carlo scattering model

The scattering model closely resembles that presented by McKee and
Cox (1974). A rectangular parallelepiped cloud region is specified
with the coordinate origin Tocated at the center of the top face. The
region is subdivided by defining mutually perpendicular intersecting
planes inside the larger parallelepiped, thus defining boxes within the
larger cloud region, (see Figure 5). By assigning appropriate cloud
parameters to selected boxes, a cloud of the desired shape is con-
structed. Photon entry points are distributed in a uniform manner on
the top face of the Targer cloud region. A photon enters the cloud
region with a specified solar zenith and azimuth angle and continues
until it has traversed a distance s at which point a scattering event

occurs. The distance s is given as the solution to the equation

T = 77 = exp(-% 85'31) (1)



where T is the transmissivity of the path s, = the optical depth, and

B is the volume extinction coefficient of the ith cloud box. Since T
is the probability that a photon travels a distance s between scattering
events, a random number can be chosen for T, and s can be determined by
summing along the photon path untjl the right hand side equals the given
random number. At this point a scattering is simulated and a new direc-
tion of travel is determined by selecting values for the Eulerian angles
o and v relative to the old direction. If the photon was travelling
along the z' axis in an x'y'z' coordinate system, the angie y represents
a counter clockwise rotation of the x'y' coordinate axes about the z'
axis to generate new x"y" axes. The value for y is selected from a uni-
form angular distribution ranging from G to 2v. The new direction of
propagation is along the z" axis which is obtained by a counter clock-
wise rotation of the z' and y" axes about the x" axis through the angle
a. The probability of a photon being scattered between 0 and the angle
o 1s given by the normalized integral over solid angle of the scatter-
ing phase function P(w). In the Monte Carlo routine a random number

between 0 and 1 is assigned to this probability and o is then given as

the solution to

P{a) sin o da

PP(a) = (2)

J/. P{a) sin o da
0

where PP(a) has the value of the random number.



2.2 Absorption technique

The absorption by water vapor is calculated according to the empir-
jcal fit of Howard, Burch and WiTliams (1956), in a form modified by
Liou and Sasamori (1975). The mean fractional absorptivity A in the

band of width Av (cm'l) is given by

= 1
A i L +D 10910 (x + x,)1s (3)
where X = u pgégs
and X, = 10°¢/0,

In the above formula K, C and D are empirically derived constants, u is
the optical path of water vapor in precipitable centimeters and Paff is
the effective pressure of the path in mm Hg.

Each photon is assigned the average extra-terrestrial radiant power
characteristic of the band in question. The change in mean fractional
absorptivity is calculated for a segment of the photon trajectory and the
product of this change with the radiant power assigned to the photon is
cqicu1ated. The sum of ail such products for the path segments in a
certain region divided by the total number of photons incident on the
‘region results in the radiant power absorbed in the region.

Absorption due to water droplets is accounted for by using a simple
weighting scheme. If a photon has an energy E before a scattering event,
then the fraction of the surviving energy after scattering is given by

the product wE, where w is the single particle scattering albedo,
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As the photon path is traced through the cloud boxes, the photon's
energy is successively decreased by fractional absorptions due to water
vapor and droplets respectively. In this way, the photon enters each
interaction with the proper amount of energy.

The hybrid model described above appears at first to be a signifi-
cant departure from the pure Monte Carlo approach. However, as envi-
sioned here, the technique is merely an extension of the original .method.
In the original Monte Carlo calculation each photon traces out a certain
path through the cloud due to pure scattering. If the number of photons
was extremely large, it would be 1ikely that groups of photons could be
found that followed similar, although not necessarily identical, paths
through the cloud boxes. If abhsorption by vapor and cloud droplets is
now included some of the photons in each of these groups will be selec~
tively absorbed by the gas and the droplets. The profile for these
processes is exactly that given by the band model for the gaseous case
and the weighting scheme for the droplet case.

When discussing the absorption of solar radiation in finite cloud
structures it is necessary to clarify exactly what is meant when using
the units of power per unit area. [n an infinite cloud calculation
these units are convenient because they allow for simple conversion to
heating rates in units of degrees per unit time. There is no ambiguity
in infinite cloud calculations since the area on which the radiation is
incident is also the horizontal bounding area of the volume being heated
by the solar energy. This is not necessarily the case when one con-
siders finite structures. A finite cloud, for example, can absorb solar
energy which was not incident on the top of the cloud. In this case the

units of power per unit area are somewhat ambiguous because there may be



two different areas involved; one on which the radiation was incident
and one which bounds the volume in which the energy is being absorbed.
For this reason, in this research, the units of power per unit area
shall always refer to the radiant power absorbed in & volume element
divided by the horizontal surface area bounding this element. . Thereby,

the usual conversjons to heating rates may be employed.

2.3 Partitioning of the near infra-red spectrum

Once the cloud geometry, the volume extinction coefficient and the
phase function are specified, the photon trajectories are essentially
established for a given random number sequence. The -extinction co-
efficient and the phase function are frequency dependent, however, so
that ideally many Monte Carlo computations should be made for a partic-
ular wavelength interval. Computer time considerations prohibit this.
Instead, an approximation identical to that given in Welch et al.
(1976), is used to divide the near infra-red wavelength spectrum into
two different regions. The first of these is characterized by strong
vapor absorption while in the second the droplet absorption is pre-
dominant. A single volume extinction coefficient and phase function
are assigned to each of these regions by weighting several volume
extinction coefficients and several sets of phase function expansion
coefficients according to the magnitude of the extraterrestrial solar
intensity at various wayelengths within the respective regijons. The
original extraterrestrial solar intensities, volume extinction co-
efficients and Legendre expansion coefficients are given in Zdunkowski
et al. (1967). Table 1 shows the properties of the two regions, and

Figs. 1 to 4 show the derived phase functions [P (a)] and the
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corresponding normalized integrated phase function [PP (a«)]. The
Legendre expansion coeff-cients are representative of a Best droplet
distribution for a liquid water content of 0.1 g/m3. Also shown in
Table 1 are the single particle scattering albedos which were calculated
in a manrer similar to that of the volume extinction coefficients. How-
ever, the model does provide for the use of several scattering albedos
in the determination of droplet absorption, so that these were computed
for band intervals rather than the larger region interval.

In the manner just described it is possible to approximate scatter-
ing due to cloud droplets and absorption due to water vapor and cloud
droplets for the near in“ra-red solar spectrum by using two Monte Carlo
calculations and two pho:on tracking routines.

It is noted here that Rayleigh scattering is not included in the
model. This effect has heen omitted because at the wavelengths in
question the coefficient for Rayleigh scattering is several orders of
magnitude smaller than those for Mie scattering employed in the model.

Also, the calculations have been limited to the near infra-red
portion of the solar spectrum since it is in this portion of the spec-

trum that most of the absorption of solar radiation takes place.

2.4 Finite mode and infinite mode

As discussed up to this point the model simulates radiative trans-
fer in finite clouds. In order to make many of the comparisons in this
study, it is necessary to calculate cgrtain radiative parameters for
finite clouds and for infinite clouds of the same optical thickness.
The infinite cloud calculation is essentially the same as that for the

finite cloud up to the point of photon exit from the cloud. At this
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Regfcn 'ﬂave1engfh Wayelength (wm) | Darived Single | Yolume
Interval of H20 Vapor Particle Extinction
in Band Centers Scattering Coefficients
Micrometers | Included in Albedos Over (km-1)
o . - Region.. .. .. | Band Regions .. . .
.94 .99990825
1.10 99976674
- 1.87. . .. .98886346 . .
2.70 83709146
I1 2.7 - 8.0 3.30 .57787098 39.36
| 6.300 ... .. { .5973509% . .

Table 1. Wavelength intervals, water vapor band center wavelengths,
single particle scattering albedos and volume extinction
coefficients for the two near infra-red band regions.
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Figure 1. Natural logarithm of the phase function P(a) for region I as a function of
propagation angle a.
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Normalized integrated phase function PP{a) for region I as a
function of the propagation angle a.
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Natural logarithm of the phase function P(a) for region II as a function of
propagation angle .
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point, if the photon is exiting one of the vertical sides of an exterior
cloud box, it is forced to re-enter the corresponding vertical face on
the other side of the cloud without change of direction. For example,
if the exit is through the x = Xq plane, at the point (xe, ¥, Z), then
the re-entry point is (—xe, ¥, 2z}, and similarly for exits through the
Y=y, planes. In this way, photons escape only through the top and

bottom faces, and a horizontally infinite cloud is simulated.

2.5 Advantages and disadvantages of the hybrid model

It should be acknowledged, at this point, that the hybrid model is
not intended to be an operational tool. There are certain character-
istics of the model which would make impractical incorporation of the
model into one which is broader in scope. Firstly consider the amount of
execution time. Monte Carlo routines require Targe amounts of machine
time; the amount depending, in this case, on the number of photons pro-
cessed and the optical thickness of the cloud. There is also a large
amount of peripheral time required, which is associated with processing
the magnetic tapes on which the photon paths are recorded. Secondly,
there is a Timitation to how many photon paths can be recorded on a
given length of magnetic tape. As the cloud's optical thickness in-
creases, so does the number of photon path segments, from scattering to
scattering, until the photon exits the cloud. For ciouds of T km
thickness, for example, a sizable fraction of the photons will undergo
several hundred scatterings each before exiting the cloud. Consequently
the hybrid model is practically limited to studies of the absorptive
properties of finite and infinite clouds which are optically thin.

There are certain advantages, however, of the hybrid model when

used within its limitations. Once the photon paths are established,
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various properties of the cloud-atmosphere system may be changed and
new results obtained, without expending additional machine time for
another Monte Carlo computation. For example, if the scattering is
assumed to be nearly independent of cloud temperature, the absorption
can be examined with the cloud in any of several different atmospheres.
Water vapor in the cloud can also be adjusted as well as the cloud's
height in the atmosphere. Additionally, desired statistical parameters
concerning photon path lengths, scattering angles or points of cloud
exit are easily obtained. Finally, the relative contributions of vapor
and droplet absorptions may be examined as a function of variation of

any of the above mentioned variables.



3.0 SPECIFICATION OF AN ATMOSPHERE AND CLOUD TYPES

In the subsequent sections two basic cloud structures and one
atmosphere are used. Calculations are performed for cubic clouds 210 m
(1 = 7.15) and 630 m (t = 21.45) thick as well as for the corresponding
210 m and 630 m thick infinite clouds, When the clouds are immersed in
an atmosphere, the U.S. Standard Tropical Atmosphere of 1962 as pre-
sented in McClatchey et al. (1971} is used. Cloud top for both éiouds
is 1.5 km and a saturation water vapor density of IS.Zg/m3 is specified,
A surface albedo of O is assumed in all cases. Calculations are made
for solar zenith angles of 0°, 30° and 60°. Both the horizontally in-
finite and the finite clouds are divided into three equal layers. In
addition, the finite clouds and corresponding infinite cloud volumes
are resolved into sub-cloud cubical boxes of the same dimension as the
thickness of the cloud layers. This results in the finite cloud and
the corresponding infinite cloud volume being sub-divided into 27 cubes.
When the finite cloud is immersed in the atmosphere, it is bordered
on each of two sides by additional boxes of clear atmosphere, in order
to allow for the examination of absorption of solar radiation near the
cloud on the solar and anti-solar sides, and also, to allow for the
proper optical path summation for photons entering the cloud at the

30° and 60° zenith angles, see Figure 5.
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Figure 5. Structure of the finite cloud (stipled volume) and surrounding clear
region in relation to the incoming solar radiation.



4.0 PRECISION AND ACCURACY OF THE RESULTS

The precision to which any quantity may be calculated by a Monte
Carlo method is proportional to the square root of the number of photons
used in the simulation. In the present calculations the values of
absorbed solar radiation in the finite cloud boxes have been derived
from a smaller number of photon trajectories than any other calculated
parameter. Examination of the convergence of these numbers toward some
mean value gives a wors: case indication of the amount of noise in the
calculation. Such an examination is most conveniently provided by tak-
ing advantage of symmetries which exist in the 0° zenith angle calcula-
tion. For example, it “s clear that in this case each of the corner
boxes in a particular layer should absorb the same amount of radiant
power. This is also true of the four boxes in each layer between the
corner boxes. An exper‘ment was carried out at the outset of this
research in order to determine the number of photons necessary to
achieve reasonable prec’sion. In the experiment the model was applied
to a 24 km by 24 km by 210 m thick cloud and the standard deviation of
the symmetrical absorption values calculated. Figure 6 shows a plot of
these standard deviations expressed as a percent of the mean of the sym-
metric absorption values. On the basis of this test the figure of 20,000
photons was adopted for purposes of this research.

A continual check vas made of similar errors in the infinite cloud
calculations which were subsequently performed. The most serious errors
were found for the bottcm layer of the cloud where 1ittle energy is
available for absorptior. For this layer, the r.m.s. error was typi-

cally 2.0% of the mean ret fiux divergence in that layer. Corresponding
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errors in the middle and top layers were 1.5% and .75% respectively.

No such check could be made for the finite cloud boxes, for the
off-zenith cases, since only pairs of boxes exist in each layer which
should exhibit the same absorption characteristics. In order to examine
the precision for the off-zenith finite cloud case, the following check
was made. Using the 630 m thick cloud geometry with a 60° solar zenith
angle, including in-cloud as well as atmospheric absorption, three iden-
tical calculations were carried out with the exception of a change in the
random number sequence. The precision of the results is then indicated
by the consistency of the three calculations in predicting the various
parameters. The largest discrepancy among the three pairs of results
for all parameters of interest was noted. The largest percentage error,
about 12%, was found in the net flux divergence values for the corner
cloud boxes which receive the smallest irradiance, that is, the two out-
side boxes in the bottorr cloud layer on the anti-solar side. The per-
centage error values were found to rapidly decrease in all the other cases.
The remaining bottom Taver boxes show errors on the order of 5% for the
middle row énd 2.5% for the bottom boxes on the solar side, For the top
boxes, the values are typically near the 1% level. The largest discrep-
ancy in the directional reflectance values resulted in 0.43% error with
respect to the mean of the three values.

Verification of th2 accuracy of the model was accomplished by mak-
ing a comparison between absorption values calculated by the hybrid
model in the infinite mide, with corresponding values calculated by a
doubling model. Both mydels were used to calculate the absorption pro-
file within a 210 m thizk (r = 7.15) cloud, with zero surface albedo,

no absorption above the cloud, a saturation water vapor density of
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20 g/m3, for a zenith angle of 0°, and us'ing identical values for volume
scattering coefficients, single particle scattering albedos and Legendre

expansion coefficients. The results are shown in Table 2.

Cloud tayer Solar absorption Solar absorption

in meters {hybrid method) (doubling method)
in watts-m 2 in watts-m"2

210 - 140 155.0 155.0

140 - 70 50.9 51.6

70 - 0 . o251 ... . 2488

Table 2. Comparison of absorption values calculated
by the hybrid model with corresponding values
from a doubling method calculation.

Generaily, this study consists of comparisons between parameters
calculated for finite clouds and identical parameters calculated for
infinite clouds. The hybrid model is used for both the infinite and
finite calculations. Hence, the model was accepted as displaying

sufficient precision and accuracy to generate such comparisons.



5.0 THE EFFECT OF ABSORPTION ON THE CALCULATION OF DIRECTIONAL
REFLECTANCE IN FINITE CLOUDS

McKee and Cox (1974), present calculations which indicate that the
directional reflectance >f finite clouds is substantially lower than
that of infinite clouds of the same optical thickness. This effect is
due mainly to cloud photons which exit the sides of the finite cloud in
a downward direction. In an infinite cloud many of these photons would
enter an adjacent cloud czlement and would have a certain probability of
being scattered back in the upward direction. McKee and Cox (1974),
used a scattering phase function corresponding tc a wavelength of 0.45
um with no absorption. Table 3 shows ratios of directional reflectance
of finite cloud to corresponding values of infinite clouds of the
same optical thickness. Values were taken from the above mentioned
study. Cloud thickness and solar zenith angles are given to facilitate

comparison with the results of the present study.

Cloud thicknz2sses (m) . 0° . 30° .. .60°
210 .74 .54 .50
630 . Y £ I . Y A .h6

Table 3. Ratios of directional refiectance
values, finite to infinite, from
Mc<ee and Cox (1974}.

Similar values were calculated with the hybrid model with no

absorption acting and thz results are shown in Table 4.
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Cloud thickness (m) . . 0° 30° .60°
210 7 .58 .51
630 77 .63 . ..58

Table 4. Ratios of directional reflectance
values, finite to infinite, from
present calculations with no
absorption.

It can be seen that the results are similar to, although not identical
with those of the previous work (McKee and Cox, 1974}. 1In all cases the
directional reflectance is smaller for finite clouds than for the corre-
sponding infinite clouds. In addition, this effect becomes more preva-
lent with increasing so¢lar zenith angle for both cloud thicknesses. The
latter is merely an indication that as the sun is tipped off the zenith,
more photons scatter out of the finite cloud volume through the edges
of the cloud. In the finite case, for downward propagating photons,
this edge effect merely allows easier escape of the photon down to the
ground. In the infinite cloud this results in a higher probability
that the photon will scatter upward in the adjacent cloud volume.

Table 5 shows the results corresponding to those above (Table 4)

with the addition of cloud droplet absorption and water vapor absorp-

Cloud thickness.(m) 0° 30° 60°
210 .85 .64 .56
630 . .. . .87 ... .72 . .62

Table 5. Ratio of directional reflectance val-
ues, finite to infinite, in-cloud
absorption included.
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Although the same general features are apparent for the conserva-
tive case, the in-cloud absorption has reduced the differences in the
directional reflectance values between the two types of cloud. The
following explanation is offered. A photon traversing a certain path
in a finite cloud will suffer the same amount of absorption as a photon
traversing an {dentical path, in an {dentical volume element, of an
infinite cioud. After exiting the finite cloud a photon travels to the
~ground or to the upper limits pf the atmasphere without further deple-
tion of energy. However, the photons which, as previously mentioned,
enter the adjacent volume element of the infinite cloud (and thereby
enhance the directional reflectance by being scattered in a upward
direction), haye their energy depeleted by additional droplet and water
vapor absorptions. The net result is a conyergence of directional re-
flectance values.

If the absorption {s allowed in the atmosphere above the cloud as
well as in the region sur-ounding the finite cloud, the results given

in Table 6 are obtained.

Cloud thickness (m) .. 0°. . .. . 30° .. 60°
210 g4 b5 .48
630. . . ... ...78. . ... .63.. ... .56

Table 6. Ratios of directignal reflectance val-
ues. finite to infinite, cloud and
atmcspheric absorption.

The results indicate that the inclusion of atmospheric, as well as

in-cloud absorption, has resulted in values of the directional



-26-

reflectance ratios being similar to those of the conservative case.
Part of the explanation for these results is that photons exiting the
finite cloud in the upward direction now suffer absorption (by water
vapor) in the atmospheric clear layer acjacent to the cloud, before
reaching cloud top level. This additioral absorption in the surround-
ing layer reduces the values of the ratios of directional reflectance
from those in the preyious case. Different path length distributions
for upward travelling photons, after clcud exit, alsc influence the
results. This is discussed more fully in section 6.3.

These results, which include absorption due to droplets and water
vapor for the entire atmospheric and cloud photon path, are representa-
tive of a portion of the solar spectrum containing about half of the
total extraterrestrial solar energy. If the results of McKee and Cox
(1974), are taken as representative of the remaining half of the spec-
trum, where absorption is of 1ittle significance, then the conclusion
that finite clouds have lower values of directional reflectance, appears
to be valid for the solar spectrum as a whole,

While atmospheric plus in-cloud absorption has not changed signifi-
cantly the ratios of directional reflectance of finite to infinite
clouds, it has substantially reduced the values of directional reflec-
tance themselyes. For completeness, Table 7 presents all values of
directional reflectance computed in this study. In considering the
effect of absorption on the values of directional reflectance it should
be remembered that absorption plays a significant role in the wave-
Tength region to which these yalues apply. Such reductions are about
twice what should be expected if directional reflectance values for the

entire spectrum are being considered.
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Type of Cloud. Absorption 00 300 60°
210 m Finite None .30 .25 .30
oo n In-cloud oniy 22 19 - .23
mowoow Atmosphere plus.cloud . . .13 . .11 .12
210 m Infinite None .39 43 .59 .
e In-cloud only .27 --29 4]
TR it AtmOSphere_p]us cloud . . .. 8. .19 .24
630 m Finjte None .53 .45 46
Wenoow In-claud only .35 .30 31
neoww Atmosohere plus cloud .22 .18 .17
630 m Infinite None - .69 A .79
0w " In-c1sud Qn]y A0 A .50
wowoow Atmosohere plus.cloud... .28 .. .29 .. .37

Table 7. Directignal reflectance results for the 210 m and 630 m
thick, finitz and infinite cloud types, with varying
degrees of absorption.
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It is noted that although finite clouds exhibit lower values of
directional reflectance than the corresponding infinite clouds, the
radiant power reflected into the upper hemisphere by finite clouds can
be, in some cases, greater than the radiant power reflected by an in-
finite cloud of the same optical thickness for an equal amount of cloud
volume. This is so because a larger amount of solar radiation is re-
ceived by finite clouds than the infinite cloud. For example, the ratio
of directional reflectance, finite to infinite, for the 210 m thick
cloud and for a solar zenith angle of 60°, is read from Table 6 to be

.48, or

Radiant power reflected. (finite)

Radiant power incident {finite)

.43,
Radiant power reflected (infinite)

Radiant power incident (infinite)

However, the ratio of radiant power incident, finite to infinite, is

‘proportional to (1 + tan ¢), where o is the zenith angle. So that,

Radiant power reflected.(finite)

= .48 (1 + tan o).
Radiant power reflected (infinite)

Thus, for the 60° zenith angie, this ratio becomes 1.31. Table 8 1lists
the ratios of reflected radiant power, finite to infinite, for cloud

elements of equal volume.
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Cloud thickness.(m}  0° . 30° 60°
210 74 .87 1.31
630 .. . . . .. .78 . .99 1.53

Table 8. Ratio of reflected radiant power,
finite to infinite, for equal
volume cloud elements.



6.0 ABSORPTION OF SOLAR RADIATION IN FINITE VERSUS INFINITE CLOUDS

The theoretical considerations of the previous section indicate
that the finite cloud geometry has a dramatic effect on calculated val-
ues of directional reflectance. This phenomenon is the result of pho-
tons exiting the sides of the finite cloud in the downward direction.
The increased probability of photon exit from the finite cloud relative
to the infinite cloud, suggests that on the average, photon optical path
Tengths may tend to be shorter in the finite cloud than in the corre-
sponding infinite cloud. Since absorpticn of solar radiation by water
vapor is crucially dependent on optical path Tength, and since water
droplet absorption is proportional to the number of scattering en-
counters which increases with path length, one may hypothesize that the
absorption of solar radiation in finite clouds is less than in an in-
finite cloud yolume of the same optical thickness.

Conversely, as the sun is tipped off the zenith, the finite cloud
receives more power from the sun than the corresponding volume of in-
finite cloud. With this information, one may argue that the absorption
of solar radiation in finite clouds should be greater than in infinite
clouds for other than the 0° zenith case.

Values of absorbed solar radiation calculated in this study are
g%ven in Table 9 for three layers of equal thickness in the 210 m (1 =
7.15) and 630 m (T = 21.45) thick finite and infinite clouds and for cloud
free layers of the same thickness, for zenith angles of 0°, 30° and 60°.

The results show that for the 0° zenith cases, the total absorption
in the finite clouds is only a Tittle more than half of the correspond-
ing values in the infinite cases. As the zenith angle is increased to

30°, the finite cloud absorptions have increased to around 70% of the
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Cloud Solar | Cloud Layer Absorbed Solar Radiation
Thickness| Zenith | (m above in watts.m

(m) | Angle | cloud base) Infinite | Finite [ Clear

210 - 140 16.5 12.5 4.0

210 0° 140 - 70 i2.2 - 6.6 3.8

70 - Q 7.7 1 3.0 3.7

“OTAL 363 | 22.1 1.5

210 - 140 14.7 1.2 3.5

210 30° 148 - 70 9.8 6.6 3.3
70 - 0 5.8 4.5 3.2 -

TOTAL -30.3 22.3 10.0

210 - 140 8.6 6.3 2.1

210 60° 40 - 70 3.5 4.3 2.0

70 - 0 1.8 3.8 1.9

TOTAL 13.9 14.4 6.0

630 - 420 47.8 31.7 11.5

630 0° L20 - 210 24.2 8.5 9.9

210 - 0 3.9 2.1 8.9

TOTAL 81.9 42.3 30.3

630 - 420 39.1 28.0 10.0

630 30° 420 - 210 17.7 10.7 8.7

210 - 0 7.2 6.0 7.7

TOTAL 64.0 44.7 26.4

£30 - 420 14.8 14.5 5.9

630 60° 420 - 210 5.4 8.7 5.1

210 - 0 2.3 6.3 4.5

TOTAL 22.5 29.5 15.5

Table 9. Calculatéd values of absorbed solar radiation for the
210 m (T = 7.15) and 630 m £t = 21.45) thick finite
clouds, infinite clouds and clear layers, for zenith
angles of 0°, 30° and 60°.
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210 m (v = 7.15) and 630 m (T = 21.45) finite and in-
finite cloud volumes.
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infinite cloud values. With a 60° zenith angle the results show that
the increased incidence of solar energy is dominant over the decrease
in average path length, and the respective finite cloud values are 1.04
and 1.31 times as great as the values for the 210 m and 630 m thick in-
finite clouds. It is censistent with the above that the middie and
bottom layers of the firite cloud are primarily responsible for the
finite cloud's ‘increasec absorption cver that of the infinite case.
These layers are expgsec on one side; to direct solar radiation in the
finite case, whereas in the infinite case, the twe layers in question
receive only the radiation which survives the encounters in the top
layer and continues in a downward direction. An extreme case is seen
in the bottom layer of the 630 m thick, 0° zenith, where the ratio of
finite to infinite absorption is only 0.21. When the zenith angle is
at 60° the same ratio increases by a factor of 13 to a value of 2.77.
Figure 7 shows a plot of the total cloud absorption values listed
in Table 9. Of note is the crossover point, where the amounts of
absorbed solar radiation in the two cloud geometries are equal. Al-
though there is not sufficient data to establish the trend of the curve
connecting the crossover points, it is seen that for the types of cubic,
finite clouds considered here, the crossoyer tends to take place at

Tower values of the solar zenith with increasing cloud optical depth.

6.1 Horizontal distribution of solar absorption in finite clouds

The previous section compared absorption of solar radiation in
finite clouds to that in equal yolume elements of infinite clouds.
Table 9 gave layer by layer comparisons of such yalues. The model also

provides for the calculation of the horizontally non-homogeneous values
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of absorption in the finite cloud boxes which make up the cloud layers.
Figures 8 through 13 depict values for the top middle and bottom thirds
of the 210 m and 630 m thick finite clouds, for zenith angles of 0°,

30° and 60°. The value to the left of the cloud boxes is the mean solar
absorption in the layer, while the values in the indiyidual boxes are
adjustment factors, which when multiplied by the mean value, give the
amount of solar absorption in the various boxes. A1l values were cal-
culated for the in-cloud plus atmospheric absorption case and are pre-
sented unsmoothed. For more accurate vaiues, when symmetries exist,
averages should be taken to smooth the numbers. For other than the 0°
solar zenith case, the solar radiation is incident on the cloud from the
right hand side of the figure.

It is readily seen that the finite cloud structure has an appreci-
able influence on the horizontal distribution of solar absorption. In
gach case, cloud boxes which have the smallest probability of receiving
photon energy, exhibit the lowest values of absorption. In the zero
degree zenith angle case, for a given cloud layer, this probability
depends only on the number of cloud box sides which are exposed to
radiation, either direct or diffuse. In the 30° and 60° solar zenith
angle cases, or, for boxes not in the same layer, the probability of
receiving photon energy also depends, inversely, on the distance from
the cloud box to the points of photon entry into the cloud. The cloud
box in the center of each layer becomes relatiyely more important as a
photon sink for the lower two cloud layers when the sun is at 0°. The
opposite is true for the 30° and 60° zenith angle cases. This is
caused, in the two latter cases, by the fact that it {s no longer the

center box which has the highest probability of receiving photon energy.
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Figure 8. Mean layer solar absorptions {left) and cloud box

adjustment factors {(right) for the top, middle and
bottom thirds of a 210 m thick finite cloud and for
a solar zenith angle of 0°.
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Figure 9. Mean layer solar absorptions (left) and cloud box
adjustment factors (right) for the top, middle and
bottom thirds of a 210 m thick finite cloud and for
a solar zenith angle of 30°.
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Figure 10. Mean layer solar absorptions (left) and cloud box

adjustment factors (right) for the top, middle and
bottom thirds of a 210 m thick finite cloud and for
a solar zenith angle of 60°.
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Mean layer solar absorptions (left) and cloud box
adjustment factors (right) for the top, middle and
bottom thirds of a 630 m thick finite cloud and for
a solar zenith angle of 0°.
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Figure 12. Mean Tayer solar absorptions (left) and cloud box

adjustment factors (right) for the top, middie and
bottom thirds of a 630 m thick finite cloud and for
a solar zenith angle of 30°.
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Figure 13. Mean layer sclar absorptions (left) and cloud box

adjustment factors (right) for the top, middle and
bottom thirds of a 630 m thick finite cloud and for
a solar zenith angle of 60°.
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Rather, the boxes on the sclar side, with one face exposed to direct
radiation, receive and absorb more solar radiation relative to the
other boxes in the layer.

It is interesting to note, that in the bottom layer of the 630 m
cloud with a solar zenith angle of 60°, the solar absorption varies by
a factor of 10 across the cloud. Perhaps more significant for purposes
of this study is, that if the absorption of solar radiation were com-
puted using the infinite cloud model, the value arrived at for the
boxes on the solar side of the above layer, would be conly 1/6 of the
value calculated using the finite cloud model.

6.2 Absorption of solar radiation in the atmospheric region surround-
ing a finite cloud.

Another topic of interest which may be explored with the Monte
Carlo technique is the absorption of solar radiation in the water vapor
region surrounding the finite cloud. Such absorption is calculated as
the loss of energy, per unit area per unit time, by photons traversing
the region either before entry into the cloud or after exit from the
cloud, including photons of the direct solar beam. These values were
not originally enyisioned as an important part of the study but are
presented here because of the significant variation of absorption in
the regions on the solar and anti-solar sides of the cloud. The cases
considered are the same 210 m and 630 m cubic clouds, for solar zenith
angles of 07, 30°, and 60°, The calculations included the effects of
atmospheric water vapor absorption above the cloud. Figs. 14 to 16
present the values of absorption, Each box depicts a region of the
atmosphere having the same dimensions as an entire cloud Tayer, so that

the surrounding region extends two cloud widths on either side of the
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Sotar absorption values in watts-m~2 for the regions surrounding the 210 m (top)
and 630 m thick (bottom) finite clouds for a 0° zenith angle. Also given are
cloud free layer values (left) and in cloud layer values {center).
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Figure 15. Solar absorption values in’watts-m™2 for the regions surrounding the 210 m (top)

and 630 m thick (bottom) finite clouds for a 30° zenith angle. Also given are
cloud free layer values (left) and in cloud layer values (center).
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cloud free layer values (left) and in cloud layer values (center).
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cloud. In the 30° and 60° solar zenith angle cases, the sun's rays
approach the region from the right hand side of the figure. Also de-
picted is the line of the geometric cloud shadow on the anti-solar side
of the cloud. The absorption in a clear atmospheric layer without the
influence of the cloud is given at the left of each layer. Also, the
mean cloud Tayer absorptions are repeated here for the reader's con-
venience.

In the 0° solar zenith cases the effects of photons scattered from
the cloud are confined almost totally to cne cloud width on the solar
and anti-solar sides. The 210 m cloud case does show slight absorption
due to scattered photons in the most distant boxes. Similar results
hold in the 30° solar zenith cases where, again, the 210 m case shows
higher values than the "no cloud" values in the most distant boxes. The
most distant boxes in the 630 m cloud case aré virtually unaffected by
scattered photons, which gives an indication of the increased optical
paths (compared with those in the 210 m structure) to these boxes from
the points of photon entry into the cloud. For the 60° solar zenith
case both the 210 m and 630 m cloud surroundings show the effect of the
scattering of the photons to the most distant boxes. This is attributed
mainly to the increased number of photons scattered into the surrounding
boxes. This increase in number, especially of reflected photons from
the 630 m thick cloud, more than compensates for the longer paths taken
in the larger cloud surroundings.

The boxes adjacent to the clouds on the solar side show moderately
higher values of absorption than would be expected if the cloud were

absent. This is expected because of the reflection of photons from the
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solar side of the clouds. Also expected are the lower values of

absorption indicated in the geometric shadows of the clouds, {see

Figs. 15-16).

6.3 Absorption of solar radiaticn in the atmosphere above and below
finite and infinite clouds.

Just as differences exist between the amounts of solar radiation
absorbed in infinite clouds compared to the corresponding amounts in
the finite cloud cases, there is also reason to expect differences in
the absorption values above and below the different cloud elements.
The calculated absorptions above the cloud result from photons tra-
versing the water vapor in the atmosphere above the cloud before
entering and aiso after being scattered into the upward hemisphere by
the cloud. Below the cloud, absorption is due only to photons which
have been scattered by or passed directly through the cloud into the
downward hemisphere. Although in either case the actual absorption
takes place in a large region of the atmosphere above or below the
finite cloud, the present calculations were carried out as if all the
absorption takes place in the volume of the atmosphere above or below
the cloud, which contains the paths of the parallel radiation striking
the cloud. This is done in order to permit weighting the values for
the regions above or below the finite case by the amount of the adjust-
ed fractional area of cloud cover, and combining this value gith the
values from clear sky calculations (weighted by the complementary frac-
tion) to obtain an estimate for the absorption above or below a cloud
field. The adjusted fractional cloud cover area referred to can be
calculated as the product of the geometric fractional cloud cover area

and the quantity (1 + tan 8), where ¢ is the solar zenith angle (see
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Fig. 18 and Section 8.5). Table 10 1ists the calculated absorption values
for regions above the 210 m (t = 7.15) and 630 m (v = 21.45) thick clouds
for solar zenith angles of 0°, 30° and 60°. Also given are corresponding
values for the regions above the infinite cloud and above the no cloud

case. It should be remembered that the cloud volume elements are immersed

in a tropical atmosphere and that cloud top is at 1.5 km in both cases.

Cloud Solar Absorbed solar radiation above
Thickness Zenith -2
(m) Angle | ... cloud top.in watts-m °
. Infinite | Finite | .No.Cloud
210 b 0°. . .| .. ..292 ..f{ ..293...|. . .272
210 . S30°. .. 264 .. |...259 . | .. 244
210 e0%. b o T70. | 0169 . | 160
630. . | ..0° | ... 299. . .|. 302 .. 272
630 30° . 269. . 265 244
630 60° 174 . 170 160

Table 10. Values of absorbed solar radiation above the
210 m (T = 7.15) and 630 m (T = 21.45) thick
finite and infinite clouds, and for a corres-
ponding region with no underlying clouds.

The values in Table 10 may be used directly to obtain heating rates
for the respective volume elements., Note that the cloud elements are of
equal volumes but the regions above the cloud elements, to which the values
in Table 10 refer, are not of equal volume. The region above the finite

cloud has a volume which is larger by the factor {1 + tan ¢) [see Fig. 18].
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To more closely examine the absorption of the reflected radiation
one must remove the absorption due to the parallel beam on its way down
to the cloud, see Table 11, which also gives the asscciated values of
the reflected radiant power absorbed above the clouds. These values
eliminate the effects of the different surface areas being considered

above the finite and infinite clouds.

Cloud Solar Absorption of reflected Corresponding
ThE;?ness iﬁ;jzh ~radiation only.(watts-m'z) r?g;ggsaiggfr
Infinite - Finite Infinite Finite
210 0° 20 21 .9 .9
210 30° 20 15 .9 1.0
210 60° 10 9 A 1.0
630 0° 27 30 10.7 11.9
630 30° 25 21 9.92 13.1
630 60° 14 | 10 5.56 10.8

Table 11. Absorption of reflected radiation and corresponding amounts
of reflected radiant power.

The results indicate that the amount of radiant power absorbed
above the finite cloud is in every case greater than or equal to that
absorbed above the infinite cloud. An analysis of the results in Table
5 makes these findings somewhat more credible, Table 5 gives ratios of
directional reflectance, finite to infinite, for the case of absorption
in the cloud elements only. Although these ratios do not include
absorption of photons on the way down to the cloud elements, which

should be essentially the same in both cases, the values do suggest
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that, in all but the 0° solar zenith angle cases, finite clouds scatter
more radiant power into the upper hemisphere than the corresponding in-
finite elements. (The finite clouds recejve [1 + tan e} more radiant
power than the infinite volume elements). The higher absorption values
at 0° zenith indicates that photons which exit the finite cloud in the
upward hemisphere have a greater chance of doing so at larger angles,
with respect to the vertical, than do the photons which exit the .in-
finite cloud. In this way such photons traverse a relatively larger
optical path, especially in the first few layers above cloud top. For
example, Figure 17 shows frequency histograms of the angle of exit from
the cloud for photons travelling in the upward direction for the 210 m,
0° zenith angle finite and infinite clouds. Such behavior is also con-
sistent with the changes in the directional reflectance ratios, seen

by comparing the values of Table 5 with those of Table 6.

The amounts of solar radiation absorbed below the cloud structure
are presented in Table 12. Again in the finite case, the absorption
has been calculated as if it were confined to a volume which is the
atmospheric column of the geometric cloud shadow. For cloud elements
of the same volume this region is again larger beneath the finite cloud
than the volume below the infinite element by a factor of (1 + tan 8).
Cloud base for the 210 m and 630 m thick clouds are at 1.29 km and at
0.87 km respectively.

In view of the previous results and discussion, which referred to
the relative amounts of radiant power received by the different cloud
geometries, it {s expected that absorption below the finite cloud ex-
ceeds that below infinite cloud in the 30° and 6Q° solar zenith angle

cases. Because of the increased probability of photons being scattered
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Cloud Solar Absorbed solar radiation below
Thz;?ness iﬁg{gh cloud base in watts-m 2

- Infinite Finite No Cloud
210 0° 31.7 44.3 48.1
210 30° 23.5 38.0 41.8
210 60° 7.1 18.2 24.4
630 - 0°. 7.1 19.3 30.6
630 30°. | . 4.33 18.4 26.6
630 60° 1.73 8.8 15.5

Table 12. Absorption of solar radiation in the atmo-
spheric layers below the 210 m and 630 m
thick, finite and infinite cloud elements
and also for the corresponding cloud free
case.

from the sides of the finite cloud in the downward direction, it is
consistent that this is also true in the 0° zenith angle case. Perhaps
the most significant result in the table is that for the thin 210 m

(r = 7.15) finite cloud, absorption below the clcud is almost 75% of
the value in the no-cloud case. Even for the thicker 630 m {t = 21.45)

thick finite cloud these values remain over 50% of the cloud free amounts.



7.0 SOLAR TRRADIANCE AT THE SURFACE BENEATH
THE FINITE AND INFINITE CLOUDS

The final but perhaps one of the most important radiative para-
meters which is examined in this research is the amount of solar irra-
diance which reaches the earth's surface beneath the finite and infinite
cloud volumes. The surface temperature of the earth, which is greatly
influenced by the amount of solar irradiance incident at the ground, is
crucial in controlling the exchange of water vapor and sensible heat
between the earth's surface and the boundary layer. Large discrepancies
between values of solar irradiance at the earth's surface, calculated by
the finite vs. infinite cloud models, should be taken into account in
any attempt to model the boundary layer.

In the last few sections of Chapter 6, values of absorbed solar
radiation aboye or below the finite cloud case were calculated as if
the absorption was confined to a volume element larger than that corre-
sponding to the infinite cloud volumes by the factor (1 + tan ¢), where
¢"is the solar zenith angle. This same procedure is used to present
the solar irradiance at the earth's surface. The reason for adopting
this method of presentation becomes apparent, especially when consider-
ing this last of the calculated parameters. If one attempts to estimate
the differences in solar irradiance at the surface, for a field of
clouds, using finite cloud calculations instead of infinite cloud cal-
culations, it {s necessary to weight the calculated values in some
fashion, according to the amount of area cloud eover. When employing
values of surface solar irradiance calculated by the infinite cloud
model, it {s normal to simply weight these results by the fractional

amount of cloud cover and combine these numbers with clear sky values
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weighted by a complementary fraction. However, the hypothetical, cubic,
finite cloud used in this model will intercept a Targer fraction of the
parallel solar beam than the equal volume element in an infinite cloud
calculation for other than a 0° zenith angle. When attempting to weight
the values of irradiance at the surface calculated by the finite model,
it must be remembered that the amount of surface area which is in the
geometric shadow of the cloud volume is larger than the amount assigned
to an equal volume of infinite cloud. Thus, when calculating the ratio
of cloud to clear area, which should be used for cloud field calcula-
tions using the finite cloud model, the fractional area of finite cloud
cover should be multiplied by the factor (1 + tan ). Figure 18 illus-
trates the geometry for the two types of weighting for a solar zenith
angle of e degrees. OQObviously such a weighting scheme can be employed
for fractional area cloud covers less than or equal to 1/(1 + tan s).
For larger amounts of cloud cover one could assume 100% cloud cover when
using the finite values. However, in such a case, it is likely that the
reflected radiation from one cloud which interacts with neighboring
clouds would become important. Since such interaction has not been
incorporated into this model, such applications would be questionable
here. The results shown in Table 13 indicate that the values calculated
by the finite cloud model are significantly different than those which
would be derived from an infinite cloud calculation. The relative
differences increase with zenith angle for a given optical depth and
also increase with optical depth for a given zenith angle, at least
for the values of such parameters employed in this study.

Although the results of Chapter 6 may be accepted as representative

of the entire solar spectrum {because nearly all absorption takes place
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Figure 18. Geometry depicting the amounts of weighting which should be used in cloud field
caltculations using the infinite and finite cloud models.
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Cloud ~Solar Solar irradiance at the earth's
Th?fg?e??, ',gﬁg;gh surface in watts.m‘z

Infinite.|. Finite.} .No Cloud
210 - Q° ‘ 175.8 196.0 316.0
210 30° - 137.4 182.1 266.4
210 6Q° 54,1 88.6 134.3
630 g° 76.0 123.5 316.0
630 30° v 59.6 127.0 266.4
630 | 60° | 248 | 66.9 .| 1343

Table 13. Solar irradiance at the earth's surface for

the 210 m (T = 7.15)'and 630 m (t = 21.45)
thick, finite and infinite cloud elements
and also for the cloud free case.
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within the wavelength region being studied), the results of Table 13
cannot. In addition to the solar irradiance at the surface which is
- calculated in this study, one must account for the soiar irradiance
striking the ground in the shortwave portion of the spectrum from 0.3
microns to 0.8 microns. The latter is depleted on its way to the ground
by droplet scattering as well as by Rayleigh scattering. An approxima-
tion of the amount of solar irradiance at the surface, in this part of
the spectrum, can be made utilizing the directional refiectance values
as presented in McKee and Cox (1974), which are applicable at a wave-
length of 0.45 microns. In the approximation of this part of the
spectrum, absorption is neglected since it is small and Rayleigh
scattering is assumed to scatter 8% of the total extra-terrestrial solar
radiation back in the upward direction. Combining this approximation
with the values of Table 13 results in values of solar irradiance at
the earth's surface for the entire solar spectrum as shown in Table 14.
The results of Table 14 indicate that including an approximation
for the remainder of the solar spectrum does not change the relation-
ships between the yalues of surface solar irradiance calculated by the

finite and infinite cioud models.
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Cloud Solar Solar irradiance at the earth's
Thickness Zenith surface (entire solar spectrum)
(m) Angle in watts-m~2
Infinite.|. Finite No Cloud
210 0° 605.4 675.1 932.8
210 30° 485.5 616.8 800.7
210 60° 208.,9 | 321.2 443.2
630 0° 317.7 460.7 932.8
630 30° 250.1 464.3 800.7
630 60° . 107.8 .250.9 443,2
Table 14. Solar irradiance at the earth's surface for

the 210 m (=

= 7.15) and 630 m (7 = 21.45)

thick, finite and infinite cloud elements
estimated for the entire solar spectrum.



8.0 IMPLICATIONMS OF THE RESULTS

The preceeding chapters have indicated that the hybrid model used
in this study predicts values of directional reflectance, absorbed solar
radiation and surface solar irradiance which are substantially different
for finite clouds than analogous values calculated for infinite clouds.
The present chapter is an attempt to demonstrate what effects such find-

ings may have on certain topics within the atmospheric sciences.

8.1 The effect of finite cloud results on albedo caicuiations

One of the most obvious applications of the directional reflec-
tance results is the calculation of the earth's albedo. Since finite
clouds have been shown (see Section 5.0) to reflect different amounts of
energy compared to infinite clouds, albedos estimated by infinite cloud
calculations will not yield the same results as those calculated from
the finite cloud model. Although such calculations are complex, re-
quiring detailed knowledge of types and amounts of cloud cover, surface
characteristics and cloud scattering features, a simple calculation
showing the importance of the finite geometry on areal directional re-
flectances can be made. The directional reflectance of the region can
be defined as the radiant power reflected into the upward hemisphere by
a-certain area of the earth-atmosphere system divided by the direct
solar radiant power incident on the area. In order to obtain directional
reflectance values represehtative of the clouds (assumed to be finite)
of the region, the directional reflectance values from McKee and Cox
(1974), are employed for wavelengths below 0.7 um. These values are

combined with the results of the present research, which represent wave-

lengths from 0.7 to 8.0 um, according to the amount of extra-terrestrial
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radiant power in each wavelength region. The clouds are assumed to exist
above a totally absorbing surface and a simple weighting calculation is
used to obtain the areal directional reflectance values. The ratios,
finite to infinite, of areal direction reflectances are 0.74, 0.86 and
1.34 for 0°, 30° and 60° zenith angles in the 210 m thick (t = 7.15)
case. Analogous ratios for the 630 m thick (t = 21.45) cloud are .76,
.92 and 1.52 for the solar zenith angles of 0°, 30° and 60°. These
ratios simply demonstrate the enhanced downward scattering characteris-
tics of the finite cloud at small zenith angles to decrease the ratio
and the increased receipt of radiant power by the finite cloud for larger
zenith angles to increase the directional reflectance of the finite cloud
above that of the infinite cloud volume. If the clear atmosphere is
assumed to make a non-zero contribution to the directional reflectance,
the calculated ratios, finite to infinite, are no longer constants but
vary with amount of cloud cover. Figures 19 and 20 show the results of
such a calculation in which the clear portion of the atmosphere is assumed
to contribute a directional reflectance of 5% to the weighting scheme.
The directional reflectance values of the finite clouds are multiplied by
the factor (1 + tan 8) in the calculations in order to account for the
greater amount of incident radiant power in the finite cloud case. The
ratios of directional reflectance are plotted as a function of area cloud
cover up to the point at which the surface would receive no direct solar
radiation in the finite cloud case.

The results indicate that areal directional reflectance values are
zenith angle dependent. At zenith angles of 60°, the increased receipt
of solar radiation is dominant over the decreased values of directional

reflectance in the finite clouds and the calculated ratios are
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Ratios of calculated areal directional reflectances,
finite to infinite, vs. fractional area cloud cover
for the 210 m thick cloud (T = 7.15) and solar zenith
angles of 0°, 30° and 60°.
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correspondingly higher. Although calculations of areal directional re-
flectance in the manner described above are an extreme simplification
of the problem, they represent first order appfoximations, and as such
indicate that resulting values calculated over cloud fields may be
significantly in error if finite scattering properties are ignored.

Also, if measured directional reflectance values are used to infer
various other atmospheric properties such as cloud thickness, cloud
height or amount of area cloud cover, then similar errors may result
if finite cloud scattering properties are ignored.

It is noted that the calculated ratios are alsc highly dependent
on the directional reflectance value assigned to clear regions. For
example, if the clear region is assigned a directional reflectance
value of 0.20, then at 30% cloud cover the calculated ratio in the
630 m thick cloud for 60° zenith angle is ,923.

8.2 The effect of finite cloud calculations on estimates of surface
solar irradiance

Chapter 7 compared values of surface irradiance beneath the finite
and infinite cloud volume elements. Using the values Tisted in Table
14 a simple approximation may be made for the solar irradiance at the
surface beneath a broken cloud field. To stress the importance of the
finite cloud geometry, the same calculation is compared to one using the
infinite cloud results. The area weighting for the different cloud geo-
metries is the same that has been used throughout this study. Figure 21
shows plots of the ratios of mean syrface solar irradiance which result
from a simple calculation using the values of Table 14, The yalues for
the 30° and 60° solar zenith angle cases have heen plotted only to the

point at which the adjusted fractional cloud cover equals unity.
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Ratio of estimated mean surface solar irradiance
(finite/infinite), vs. fraction of area cloud
cover for the 210 m (r=7.15) and 630 m thick
clouds: (t=21.45) for solar zenith angles of 0°,
30° and 60°.
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As is indicated by the graph, for a fractional area cloud cover of
less than 0.5, the finite and infinite calculations Tead to values of
mean surface solar irradiance which are within 5% of each other for the
210 m, 0° zenith case as well as the 210 m and 630 m 30° zenith cases.
For this same amount of cloud cover, the 630 m, 0° zenith values differ
by more than 10%. At 0.3 sky cover differences of 10% and 20% are evi-
dent in values calculated for the 210 m, 60° and the 63C m 60° cases
respectively. MNote that the ratios calculated for the 0° zenith angle
cases are greater than unity. 1In these cases, since the different cloud
geometries contribute identically in the weighting scheme, it is only
the enhanced scattering in the downward direction which accounts for the
higher irradiance values. Also it is apparent that the ratio of surface
solar irradiances is zenith angle dependent. Thus, any conclusions re-
~garding the differences existing between values of surface irradiance,
beneath finite and infinite clouds, over an extended period of time,
should be drawn from values which have been integrated over time.

8.3 An application of the finite cloud resuits to a model of the mixed
layer

Many models of atmospheric processes include the energy input from
solar radiation in some form or another. Modeling of the lowest layers
of the earth's atmosphere in particular requires some input of the
variation of solar energy into the system. One example is Lilly's
cloud-topped mixed Tayer model which was used by Schubert (1976), to
examine the properties of the mixed Tayer subject to a diurnally varying
radiative flux. Basically the model is applied to a mixed Tayer capped
by non-precipitating stratocumulus and trade cumulus clouds. The model

assumes horizontal homogeneity and the radiative flux is entered as net
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upward Tongwave flux minus a diurnally varying absorption of solar
radiation by the cloud. Although the clouds are considered to be uni-
form in the horizontal, in reality stratocumulus clouds are composed of
closed convective cells, therefore, such a cloud field may display cer-
tain features of the finite cloud field. In particular, if the regions
between cells are less optically thick, significant amounts of radiation
may enter the sides of the cells. Thus, the absorption may tend to
behave as it does in finite clouds described in Chapter 6.0. The for-

mulation of the net radiative flux is given as

(2wtd)

.202 + .779 cos —sT

90.0 ~ 69.77 max wattsem
0]

2
AFRINF

The first right hand side term is the net upward longwave flux, while
the second term is the solar radiation absorbed by the c¢loud and td is
the time of day measured in hours from Tocal noon. The effect of the
finite cloud geometry may be included by using the results of Chapter 6
concerning absorption in finite vs. infinite clouds. First, the ratio
of absorptions in the 630 m thick cloud, finite to infinite is plotted
versus zenith angle, and zenith angles are calculated as a function of
td for a particular day number. Secondly, the ratio plot is fitted to
the time of day and this factor is then used to multiply the second
term in the radiative flux expression. Such a procedure carried out

for day 200 results in the following expressian



-66-

202 + .779 cos (74—)

- /.584 (_?Z_) + .525 Vwatts.m °.

Figure 22 shows a plot of AFRFIN and AFRINF' Since fluxes of water
vapor plus Tiquid water and moist static energy are highly correlated
with the radiative flux, significant variation in these fluxes may
result if finite absorption characteristics were included. Thus,
modeling of the mixed layer may be significantly affected. For example,
Figure 23 shows the effect of including finite cloud properties on the
thickness of the stratus layer and on the product of the latent heat of
evaporation times the flux of 1iquid water plus vapor just below the top
of the mixed layer. Although the diurnal variation of the thickness

of the stratus deck is not greatly affected, the model does indicate
that the diurngl variation of the flux of liquid water and water vapor
is significantly changed. The dashed Tine in the bottom part of Fig.

23 is an upper Timit of the finite cloud effects in such a model since
the curve was derived from incorporation of the absorptive properties
of an isolated finite cloud into the mixed layer model. Typical curves
for a cellular stratus deck would lie between the solid and dashed

curves shown in Fig. 23.
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8.4 Effect of finite ¢loud characteristics on the daily shortwave
radiative budget.

It has been shown that the effects of the finite cloud geometry on
estimated directional reflectance values and surface solar irradiance
values are zenith angle dependent, (see Sections 8.1 and 8.2)}. Con-
sequently, the impact of the finite cloud éharacteristics on the daily
shortwave radiative budget of a particular area must be evaluated by
examining the time averaged role of the finite cloud geometry. Iﬁ this
section the time averaged disposition of incoming solar radiation is
calculated for a hypothetical cloud field using both finite and infinite
cloud properties and a comparison of the results {s then made.

As a starting point the disposition of solar radiation for the
finite, infinite and cloud free cases is presented in Tabie 15. The
following assumptions have been made. The values of incident, reflected,
absorbed and transmitted radiant power pertain to the coiumn containing
the parallel rays striking the finite and infinite cloud volumes. Thus,
the horizontal cross-sectional area of the finite cloud's column is
larger by the factor (1 + tan 8), where ¢ is the solar zenith angle.

2; Reflected radia-

The solar constant is assumed to be 1368 watts-m”
tion is calculated utilizing values of directional reflectance obtained
from McKee and Cox (1974), combined with those of the present research.
Rayleigh scattering is assumed to contribute 8% of the incident irra-
diance to the reflected component. The radiant power attributed to
Rayleigh scattering is included in the amounts of reflected radiation.

Absorption values refer to the radiant power absorbed above, in or be-

Tow the cloud tayer in the respective columns. Absorption is assumed
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Cloud Solar Disposition Power per unit area
Thickness | Zenith of Solar (watt .‘-2)
(m) Angle | = Radiation watts-m
..... Infinite!| Finite | Clear
Incident 1368.0 | 1368.0} 1388.0
210 0° Reflected 410.8 331.8¢ 109.4
Absqrbed 351.8 361.1] 325.8
Transmitted - 605.4 675.11 932.8
Incident 1184.7 | 1184.7 | 1184.7
210 300 Ref1 ected 388.6 255.3 94.8
Absorbed 310.5 313.6] 289.2
Transmitted . 485.5 616.8| 800.7
Incident 684.0 684.0| 684.0
210 60° Reflected 288.5 169.8 54.7
Absorbed 186.6 193.0| 186.0
Transmitted 208.9 321.2| 443.2
Incident 1368.0 | 1368.0| 1368.0
630 0° Reflected 671.2 532.2| 109.4
Absorbed 379.1 375.0| 325.8
Transmitted 317.7 460.7 | 932.8
Incident 1184.7 | 1184.7 | 1184.7
630 30° Reflected 605.0 385.9 94.8
Absorbed 329.6 324.4| 289.2
Transmitted 250.1 464.3 | 800.7
Incident 684.90 684.0t 684.0
630 60° Reflected 382.6 | 237.1| 54.7
Absorbed 193.7 196.0} 186.0
Transmitted . 107.8 250.9 | 443.2
Table 15. Disposition of solar radiation for the 210 m (v = 7.15)

and 630 m thick (T =

21.45) finite and infinite clouds

and for the cloud free case, for solar zenith angles of
0°, 30° and 60°.
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to be negligible at wavelengths less than 0.7 um. The results are
summarized for the 210 m and 630 m thick, finite and infinite clouds
and also for the cloud free case for zenith angles of 0°, 30° and 60°.

Data from-TabTe+15 are used in conjunction with the amount of frac-
tional cloud cover to obtain values of fractional reflection, absorp-
tion and transmission for the region according to the following

formulas,

b

inf = Xnf © T T Xep - (1-T), and

Xein = Xgip f+(1+tans) + Xeqp © [T-Ff(1+ tan 8)].

In the above formulas X.
inf

of a parameter calculated using values of the parameter characteristic

and Q%in represent the area averaged values

of infinite clouds, Xing> OF finite clouds Xesoe Also, f is the
fractional cloud cover and 6 is the solar zenith angle.

Table 16 shows values of fractional reflection, absorption and
transmission for a cloud field over a totally absorbing surface,
calculated using infinite cloud characteristics for a fractional cloud
cover of 0.2. The 630 m thick (t = 21.45) cloud characteristics are

used.
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Solar Fractional Fractional Fractional
Zenith Reflection Absorption Transmission
Angle S v

0° .16. .25 59

30° A7 .25 .58

60° . . .18 27, .55,

Table 16. Values of fractional reflection, absorp-
tion and transmission using infinite
cloud characteristics for a fractional
cloud cover of 0.2 and zenith angles of
0°, 30° and 60°.

If finite cloud characteristics are used the results of Table 17

are obtained.

Solar Fractional Fractional Fractional
Zenith Reflection Absorption Transmission
Angle o o . o ,

0° .14 .25, .61

30° .16, .25 .59

60° .23, .28 .49

Table 17. Values of fractional reflection, absorp-
tion and transmission using finite cloud
characteristics for a fractional cloud
cover of 0.2 and zenith angies of 0°,
30° and 60°,

In order to obtain an average of the effects over an extended time
period the values in Tables 16 and 17 are fitted as a function of zenith
angle in terms of a parabolic equation. The equation is integrated over

hour angle for a significant portion of the daylight period and an



-73-

average value obtained, Tables 18 to 20 show the time averaged values
of radiant power per unit area reflected, absorbed and transmitted by
an atmosphere populated by 20% sky cover of broken clouds calculated
with the infinite and finite cloud results. The values are presented
as a function of latitude for days corresponding to the equinox as well
as the summer and winter soistices. Although the parabolic fit was
determined for zenith angles less than 60°, some integrations at high
Tatitudes include larger zenith angles and thus are extrapolations even
though the hour angles were constrained to local times from 0800 to 1200.
The results indicate that in most cases the reflected component is
greater when finite cloud results are used than when infinite cloud
results are employed. This indicates that the solar zenith angle is at
large enough values throughout a Tong enough segment of the averaging
period so that the increased receipt of solar radiation by the finite
cloud more than compensates for its lower value of directional reflec-
tance. Only for 5° on the equinox and for 15°, 25° and 35° on the
summer solstice is this not true. The values for time averaged atmo-
spheric absorption are nearly equal with the finite cloud treatment
absorbing a slightly greater amount in all cases. In contrast to the
reflected component, the transmitted component {s greater in the in-
finite treatment in almost all cases. This results from the increased
shadow effect of the finite clouds at the large zenith angles which
predominate in the averaging process. The results are presented in a
slightly different form in Figures 24 to 26 as time averaged reflec-
tivity, absorptivity and transmissivity values. The plots show the
fraction of the ayerage incoming solar radiation which is reflected,

absorbed and transmitted. The most prominent feature of the graphs is



Latitude Reflected * Reflected Abosrbed Absorbed Transmitted Transmitted
Component Component Component Component Component Component
(Infinite) in (Finite) in (Infinite) in (Finite) in (Infinite) in (Finite) in
wattsem™ wattsem 2 watts-m 2 wattsem 2 watts.m 2 wattsem 2
5o 188.8 185.6 286.1 288.2 652.1 653.1
15° 184.1 184.9 278.6 281.2 630.1 626.6
25° 174.6 182.7 263.6 267.2 587.1 575.4
35° 160.4 177 .6 241.2 245.9 b25.2 503.2
45° 141.3 167.7 211.6 217 .4 447 .0 414.9
55° 117.6 150.5 175.1 181.5 356.2 316.9
65° 89.2 123.6 132.0 138.2 256.9 216.3
75° 56.5 84.7 83.0 87.9 153.3 120.2
85° 19.7 0 32.0 ~ 28.8 30.8 50.1 35.8
Table 18. Time averaged disposition of solar radiation for a 20% cloud covered totally absorbing

surface using finite and infinite cloud characteristics for northern or southern
hemisphere latitudes on the equinox.
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Latitude Reflected Reflected Absorbed Absorbed Transmitted Transmitted

Component Component Component Component Component Component
(Infinite) in (Finite) in (Infinite) in (Finite) in (Infinite) in (Finite) in
wattsem 2 watts-m™? watts-m % wattsem 2 watts-m? wattsem™?
5° 182.6 185.0 276.1 279.0 622.5 617.1
15° 191.3 187.0 289.9 291.9 662.1 664 .4
25° 195.2 187.9 296.0 297.9 679.6 685.1
35° 194.2 188.4 294.4 296.3 674.1 678.0
45° 188.3 188.1 285.0 287.6 646.0 643.5
55° 177.6 186.2 267.9 271.7 596.4 584.1
65° 161.8 180.7 243.2 248.2 527.8 503.9
75° 141.1 169.6 211.1 217.2 443.2 4038.6
85° 115.5 150.2 2 171.8 - 178.4 . 346.5 305.2

Table 19. Time averaged disposition of solar radiation for a 20% cloud covered totally absorbing
surface using finite and infinite cloud characteristics for the summer solstice of the
northern and southern hemispheres.
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Reflected Reflected

Latitude Absorbed Absorbed Transmitted Transmitted

Component Component Component Component Component Component

(Infinite) in (Finite) in (Infinite) in (Finite) in (Infinite) in (Finite) 1in

watts-m 2 watts-m wattsem 2 watts.m 2 watts.m 2 watts-m™2
5° 168.9 180.6 254.6 258.6 562.5 546.7
15° 150.4 171.9 225.7 230.9 484.9 458.2
25° 127.0 156.4 189.6 195.6 393.2 357.7
35° 98,8 131.7 146.6 152.7 291.6 252.5
45° 66.0 - 95,2 97.3. 102.5 - 184.6 150.2

Table 20. Time averaged disposition of solar radiation for a 20% cloud covered totally absorbing

surface using finite and infinite cloud characteristics for the winter solstice of the
northern and southern hemispheres.
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Figure 24. Average reflectivity, absorptivity and transmissivity
for a totally absorbing surface with 20% cloud cover
calculated with infinite (solid) and finite (dashed)
cloud characteristics for northern and southern
latitudes on an equinox.
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Figure 26. Average reflectivity, absorptivity and transmissivity

for a totally absorbing surface with 20% cloud cover
calculated with infinite (solid) and finite (dashed)
cloud characteristics for the winter solstice.
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the increased reflectivity and decreased transmissivity of the cloud
field when treated with finite cloud results.

It is noted that a more detailed calculation may alter the above
results. Inclusion of a non-zero surface albedo would have the effect
of decreasing the relatively higher reflected component of the finite
cloud field calculation. In fact, for large surface albedo, the finite
cloud calculation may result in less reflected energy than for the in-
finite treatment, (see Section 8.1). Extension of the averaging period
may act in the opposite sense since larger zenith angle behavior would
then be included.

8.5 The importance of vertical and horizontal cloud dimensions for
finite cloud radiative transfer calculations.

Several of the preceding sections have indicated that calculated
values of reflectivity, absorptivity and transmissivity, using the
finite cloud model, are dependent on the vertical extent of the cloud
as well as the horizontal areal cover. The calculations in this re-
search have all assumed a definite finite cloud geometry and have
assumed that the horizontal cross-sectional area of the cloud was
known. In this manner it was possible to formulate what has been
termed "the adjusted fractional cloud cover" by multiplying the sky
cover represented by the horizontal cross-sectional area of cloud
cover by the factor (1 + tan 8), where § is the solar zenith angle.
Obviously, it is not always possible to obtain an accurate estimate of
the true horizontal cross-sectional area of cloud cover nor the vertical
extent of cloud development. Ground observations indicate an amount of
cloud cover which is derived from the magnitude of the horizontal cloud

dimensions which must be differentiated from vertical cloud development



-81-

subject to the complication that almost all clouds are viewed at an
angle. Even cloud cover estimates of finite clouds which are obtained
from satellite observations do not give the correct horizontal cross-
sectional cloud cover area. This can be seen in Figure 27 which de-
picts a geosynchronous satellite in relation to a single finite cubic
cloud at latitude ¢. If the cloud has sides of length £, the satellite

image appears to have an area given by
2
Area = & (sin ¢ + cos ¢),

assuming that it is not possible to differentiate the vertical extent
of the cloud from the horizontal dimension. In the same manner if a
satellite views a field of such clouds whose true horizontal cross-
sectional area comprises a fraction f of the total sky cover, then the

satellite image will indicate a fraction f', where
f' = f (sin ¢ + cos ¢).

Apparently then there are two geometrical factors which influence
parameters calculated from finite cloud models. In the case of the
cubic cloud these factors are functions of solar zenith angle and
latitude. For clouds whose vertical and horizontal dimensions are not
of equal magnitude, the ratio of horizontal dimension to vertical
dimension is also important.

These two corrections can lead to a variety of different effects
depending on cloud-sun geometry and cloud satellite geometry. While it

is not the purpose here to explore these effects in detail, a computation



Figure 27.
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Depiction of geosynchronous satellite in relation to a single finite cloud at latitude ¢ and
the amount of cloud cover which would be estimated from a satellite image.

-28-



-83-

is made which includes both correction factors. In order to facilitate
comparison with the results of Section 8.4, it will be assumed that it
is desired to calculate the reflected, absorbed and transmitted com-
ponents of an area characterized by a totally absorbing surface under-
lying a cloud field whose true horizontal cross-sectional area con-
stitutes 20% of the total sky area. Further, it is assumed that the
apparent amount of cloud cover is estimated from information gathered
by a geosynchronous satellite.

If such is the case the parameter ifin which would actually be

calculated using the estimate cloud cover is given by,

Xein = xfin'f'(] + tan 9} (sin ¢ + cos o)

* X e[l - F (1 + tan 8) (sin ¢ + cos ¢)1,

where x is the value of the parameter for an individual finite cloud,

fin
Xe1p the value for the cloudless atmosphere, f the true cloud cover, 8
the solar zenith angle and ¢ the latitude. Assuming that the indicated
amount of cloud cover persists for a reasonable period of the day, we
may, in an analogous fashion to section 8.4, obtain an average trans-
missivity, absorptivity and reflectivity by averaging over a consider-
able portion of the daylight hours., Figure 28 presents the results of
such a computation as well as the results of the analogous case of
Section 8.4. Again the 630 m thick (t = 21.45) cloud results have been
used. The calculations were made according to the solar geometry on

the equinox. Although absorptivity values have not been greatly

affected, reflectivity is especially enhanced in middle latitudes, while
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Figure 28. Time averaged reflectivity, absorptivity and trans-
missivity for a 20% cloud covered totally absorbing
surface on the equinox calculated by the finite
cloud model for true cloud cover (dashed) and cloud
cover which would be derived from geosynchronous
satellite imagery (solid).
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transmissivity is diminished in a consistent manner.

The above results as well as those of section 8.4 point out the
importance of considering vertical as well as horizontal cloud dimen-
sions in calculations of the shortwave radiation budget in regions
populated by fields of clouds whose horizontal and vertical dimensions

are of similar magnitude.

8.6 - Other areas of application

The previous sections have demonstrated the effects of finite cloud
geometry on calculated values of directional reflectance, surface irra-
diance and absorption. These findings suggest that closer attention
should be given to other topics upon which the finite cloud structure
may have an important impact. For examp]e; the finite cloud effects
may play a significant role in the dispersal of ground fogs, which are
usually treated as being horizontally homogeneous, but are often ob-
served to be patchy in nature. Such effects may manifest themselves in
two ways. First, the large zenith angles of the morning sun would in-
dicate greater absorption by fog droplets in patchy fog than in a hori-
zontally homogeneous medium. At small zeniths, the increased down-
ward scattering by the finite cloud structures may create a greater
amount of surface heating which would evaporate the fog from below. On
a global scale, detailed investigation could include cloud interactions
with other clouds and cloud interactions with the surface, especially
in estimating the receipt of solar energy by the earth-atmosphere
system in the tropics and subtropics, Parameters which may be affected
are evaporation rates and heat storage in the oceans of this region of

the globe. On a much smaller scale, the distribution of solar heating
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in clouds for Targe zenith angles may be important in the initial stages
of cloud growth. For larger clouds, the solar heating near the walls of
the cloud may effect the properties of the air entrained into the cloud
during the more rapid stages of growth. From a purely radiative point
of view, properties of a growing cloud may prove interesting. Such a
study could include variations of scattering and absorption properties
in the vertical and horizontal for several stages of cloud growth. The
1ist is certainly not exhaustive. Other areas of application will come

to mind depending on the background of the reader.



9.0 CONCLUSIONS

A model for including the effects of water vapor and droplet ab-
sorption in finite cloud radiative transfer calculations has been
described. The model has been utilized to examine the properties of
reflected, absorbed and transmitted solar radiation, in the 0.7 um to
8.0 um region. The model has been applied to cubic, finite clouds,
210m {t = 7.15) and 630 m (r = 21.45) on a side, and to volume elements
of infinite clouds with identical dimensions for solar zenith angles of
0°, 30° and 60°. Comparison of the results leads to the following con-
clusions.

1. Ratios of directional refiectance, finite to infinite, in the
conservative case decrease with increasing zenith angle from .77 at 0°
to .51 at 60° for 210 m (T = 7.15) thick cloud elements, and from .77 to
.58 for 630 m (t = 21.45) thick cloud elements, (see Table 4). The
effect of water vapor and dropiet absorptions within the cloud elements
is to increase these ratios somewhat. As the zenith angle increases
from 0° to 60°, the ratios decrease from .85 to .56 for the 210 m (7 =
7.15) thick clouds and from .87 to .62 for the 630 m (r = 21.45) thick
elements, {see Table 5). If water vapor absorption is included in the
atmosphere above the cloud elements and alse in the region surrounding
the finite cloud, the ratios of directional reflectance decrease with
increasing zenith angle from .74 at 0° to .48 at 60° for the 210 m
(t = 7.15) thick clouds, and from .78 at 0° to .56 at 60° for the 630
m (t = 21.45) thick elements (see Table 6). Although the ratios of
directional reflectance do not change greatly when absorption is

included in the calculation, the individual values of directional
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reflectance are reduced to approximately half of their conservative
case values, (see Table 7).

2. Absorption of solar radiation within the 210 m (1 = 7.15)
thick finite cloud ranges from 61% to 104% of the corresponding values
in the infinite cloud element as the zenith angle increases from 0° to
60°. Absorption of solar radiation in the thicker 630 m {r = 21.45)
finite cloud is from 52% to 130% of the values calculated for the
corresponding infinite volume element as the zenith angle increases
from 0° to 60°, (see Table 9 and Figure 7).

3. The vertical and horizontal distribution of absorption in the
two finite clouds has been examined for zenith angies of 0°, 30° and
60°. In the 0° zenith angle case, the maximum absorption in each of
three layers of equal thickness is found in the center of the layers and
the minimum near the corners. The average absorption in a given layer
decreases from cloud top to cloud bottom. For the 30° and 60° zenith
anlges the maximum absorption in each layer is near the middle of the
vow on the solar side and the minimum is near the corners on the anti-
solar side, (see Figures 8 to 13).

4. Values of solar radiation absorbed by water vapor in the re-
gions surrounding 210 m (¢ = 7.15) and 630 m {r = 21.45) thick finite
clouds on the solar and anti-solar sides have been calculated. Results
indicate that absorption of scattered photons is negligible in regions
more than two cloud thicknesses away from the cloud, (see Figures 14 to
16).

5. Calculations of absorbed radiant power per unit area above the
cloud volume elements show that the absorption above the 210 m (t = 7.15)

thick finite cloud ranges from 101% to 97% of the values above the
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corresponding infinite cloud element as the zenith angle increases from
0° to 6C°. 1In the 630 m (7t = 21.45) thick elements the values above the
finite cloud range from 101% to 98% of the corresponding infinite cloud
values for the same change in zenith angle, {see Table 10). The absorp-
tion values were normalized according to the horizontal cross-sectional
area of the beam of paraliel radiation incident on the two volume ele-
ments.

In terms of reflected radiant power absorbed above the cloud ele-
ments, values above the 210 m (t = 7.15) thick finite cloud are from
100% to 250% of the values above the corresponding infinite cloud
volume element as the zenith angle increases of 0° to 60°. For the 630
m (t = 21.45) thick clouds the values in the finite case range from
111% to 194% of the corresponding infinite values for the same variation
of zenith angle, {see Table 11).

6. ¥hen normalized according to the horizontal cross-sectional
area of the cloud shadow, the radiant power per unit area absorbed be-
Tow the 210 m (¢ = 7.15) thick finite cloud is from 140% to 256% of
the values for the 210 m thick infinite case as the zenith angle in-
creases from Q° to 60°. For the thicker 630 m (¢ = 21.45) clouds the
values in the finite case are 272% to 509% of the values in the infinite
case as the zenith angle increases from 0° to 60°, {see Table 12}.

7. Calculated values of surface irradiance, for the 0.7 um to
8.0 ym region, below the 210 m (¢t = 7.15) thick finite cloud are from
111% to 164% of the values beneath the corresponding infinite clouds
as the zenith angie {s increased from Q° to 60°, when the values are
normalized with respect to the horizontal areas of the respective cloud

shadows. For the 630 m thick (r = 21.45) cloud elements, surface
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irradiance values beneath the finite cloud are 163% to 270% of the
infinite cloud irradiance values, for the same variation of solar zenith
angle. Including an approximation for the remainder of the shortwave
spectrum does not significantly change these results, (see Tables 13

and 14).

8. The directional reflectance vaiues have been used to calculate
the directional reflectance values for a region characterized by a cloud
field over a surface which contributes 5% to the directional reflectance
in clear sky regions. Ratios of areal directional reflectances finite
to infinite, range from .77 to 1.0% in the 210 m thick {; = 7.15) case
and from .75 to 1.30 in the 630 m (¢ = 21.45) case, (see Figures 19 and
20).

9. Surface solar irradiance is estimated below a cloud field using
finite and infinite cloud transmission properties. For a fractional
cloud cover of less than 0.5, the finite and infinite calculations re-
sult in mean surface solar irradiance values which are within 5% of each
other, for the 210 m (t = 7.15), 0° zenith angle case as well as the
210 m (t = 7.15) and 630 m (¢ = 27.45) 30° zenith angle cases. For
the same amount of cloud cover, the 630 m (t = 21.45) 0° zenith angle
values differ by more than 10%. At 0.3 sky cover differences of 10%
and 20% are evident in values calculated for the 210 m (t = 7.15) and
630 m (r = 21.45) thick cases for a zenith angle of 60°, (see Figure
21).

10. Including finite cloud absorption effects in a cloud topped
mixed layer model has been shown to haye significant effects on the
energy transport by total water predicted by such a model, (see Figure

23).
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11. An accounting of the disposition of solar radiaticn in the
atmospheric column which contains the cloud and its shadow as well as
the parailel radiation striking the cloud shows the major role of the
finite cloud is to reflect less and transmit more radiant power per
unit area than the infinite cloud. Amounts of coelumn absorption for
the two cloud fypes are roughly equivalent, (see Tabie 15).

12. The time averaged disposition of solar radiation for a-cloud
field of 20% cloud cover over a totally absorbing surface indicates in
generail, that the reflected component is larger and the transmitted
component smaller when finite clioud characteristics are used than when
infinite cloud properties are used, with the absorbed component being
nearly equal in both cases, {see Tables 18 to 20 and Figures 24 to 26).

13. The error in estimates of cloud cover obtained from geo-
synchronous satellite imagery is discussed pertaining to finite cloud
radiative transfer calculations. The impact of such errors on time
averaged vaiues of reflectivity, absorptivity and transmissivity for a
region with 20% finite cloud cover, overlying a totally absorbing
surface, for the solar geometry of the equinox is calculated as a
function of latitude. Reflectivity is overestimated and transmissivity
underestimated, {especially in middle Tatitudes), while absorptivity
is correctly given when such satellite imagery is utilized, (see

Figures 27 and 28).
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