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ABSTRACT

The transfer of solar irradiance in plane parallel and broken cloud fields is simulated using a Monte Carlo
method. The angular distribution pattern of radiances exiting the cloud layer is studied with varying cloud
geometries, optical thicknesses, cloudiness, and solar zenith angles. A rather large anisotropy of the reflected
flux is found, usually increasing with solar zenith angle and with patterns that strongly depend on cloud geometry.
The main features are 1) a local maximum of reflected intensity in the forward direction for all cases, 2) a limb
darkening for the plane parallel case, and 3) a limb brightening and a local maximum of reflected intensity in
the backward direction for broken clouds. A parameterization for the azimuth-averaged reflectance function is
developed. It reproduces the Monte Carlo simulation with a reasonable accuracy and illustrates that, when
azimuthally averaged, the reflectance function is dominated by side viewing and intercloud shadowing effects.

1. Introduction

Because of their large and highly variable effect on
the earth and surface radiation budgets, clouds consti-
tute one of the main climate forcings. Numerical sim-
ulations with general circulation models have shown
a large sensitivity to the cloud parameters. It is therefore
essential for climate change prediction to have a good
understanding and modeling of cloud-radiation inter-
actions.

Plane-parallel cloud albedo as a function of cloud
liquid water content was studied by Stephens (1978),
both theoretically and experimentally. This research
was extended to the case of isolated finite clouds (e.g.,
McKee and Cox 1974; Aida 1977; Davies 1978). Fur-
ther research (e.g., Weinmann and Harshvardhan
1982; Clauflen 1982; Kobayashi 1989; Coakley and
Kobayashi 1989) showed that the albedo of a broken
cloud field was rather different than its plane parallel
counterpart. Because radiation can escape through the
cloud sides, the albedo is reduced at low solar zenith
angles, but the enhanced intercepting surface increases
the cloud field albedo at large solar zenith angles. Welch
and Wielicki (1984 ) studied the effect of cloud shape
on cloud albedo. This research leads to parameteriza-
tions of the cloud field albedo as a function of its ge-
ometry and solar zenith angle (e.g., Schmetz 1984;
Welch and Wielicki 1985; Kobayashi 1988).

Although the cloud albedo is a crucial parameter in
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radiation budget studies, the angular distribution of
reflected radiation is also needed for both observation
and modeling. Derivation of reflected flux using single
directional measurements requires the use of bidirec-
tional reflectance distribution functions (BRDFs)—
the ratio of the reflected radiance distribution to that
of an isotropic surface reflecting the same irradiance.
Such functions have been obtained empirically by av-
eraging a large set of observations sorted by surface
type, cloud type, and solar zenith angle (e.g., Ruff et
al. 1968; Minnis and Harrison 1984; Taylor and Stowe
1984) and are used to correct satellite observations
(Jacobwitz et al. 1984; Smith et al. 1986; Wielicki and
Green 1989). Davies (1984) has used a Monte Carlo
method to study the reflected radiance from broken
clouds of varying optical thicknesses, aspect ratios, and
solar zenith angles. He showed large departures from
isotropy, maximal for nadir and limb viewing but
minimal at the 60° viewing zenith angle, suggesting a
preferred usage of this viewing angle for radiation
budget studies.

In this context, the present study’s objective is to
theoretically simulate BRDFs of various cloud types
in order to: 1) understand the processes that lead to
anisotropic BRDFs functions, 2) recognize the cloud
geometry parameters that affect most of the BRDFs,
and 3) develop a parameterization for the directional
reflectance of broken cloud fields as a function of the
cloud field geometry and the solar angle.

In the following section we give a brief description
of our Monte Carlo model. Section 3 compares its re-
sults with other results reported in the literature. Section
4 analyzes model-computed BRDFs for various cloud
types and solar zenith angles. In section 5, we develop
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a parameterization for the directional reflectance of
broken cloud fields. This parameterization is discussed
in section 6 and a conclusion is given in section 7.

2. The radiative transfer model

Applied to optical radiative transfer problems, the
Monte Carlo method (hereafter referred to as MC) nu-
merically simulates the path of photons interacting with
a given medium. These interactions are randomly cal-
culated according to a given optical thickness, phase
function, and scattering albedo. The pathlength, A, be-
tween two interactions within the medium is given by

1

In(RAN;,),

A=—x (1)

ext

where RAN, is a random number between 0 and 1,
and k., is the volume extinction coefficient. The scat-
tering angle, «y, defined by the travel directions before
and after one interaction, is obtained from the phase
function P(«) of the scattering medium by

foao P(a) sin(a)da = RAN, J; P(a) sin(a)da, (2)

where RAN, is another random number between 0
and 1. The other angle required to define the new travel
direction after an interaction, the rotation around the
propagation direction, is randomly chosen between 0
and 2.

The single-scattering albedo, wg, defines the proba-
bility for a photon to be scattered, rather than absorbed,
during an interaction with a cloud droplet (wo = 1: no
absorption; wp = 0: no scattering). Absorption by the
medium can be modeled either by randomly deciding
at each interaction if the photon is absorbed by the
medium, or, as in the case of the more efficient method
used in this study, by giving the photon a weight W
equal to

W = (wo)ne, (3)

where Ny is the number of interactions the photon
undergoes within the medium.

In our model, broken cloud shapes are approximated
by cylinders. Even though broken cloud geometry is
far more complex than simple cylinders, this modeled
arrangement probably represents the real world better
than cubes—the geometry used in most other reported
Monte Carlo simulations. Bradley (1981), for instance,
reported a large number of almost perfect cylinders
when observing growing cumulus. The cubic cloud ge-
ometry was also used in the present study for compar-
ison purposes. In the case of infinite plane parallel
clouds, the optical thickness is the only macroscopic
parameter needed to define the cloud. In the case of
the broken cloudiness, the optical thickness in both
vertical and horizontal dimensions and the mean
cloudiness are parameters that can vary. The simulated
clouds are distributed on a regular square array.
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The model clouds are illuminated through the top
and sides from a given direction defined by the solar
zenith angle 6;. These clouds are to be homogeneous
and embedded in a nondispersing atmosphere, mean-
ing that Rayleigh scattering and absorption by the at-
mosphere are neglected. Surface reflectance is also ne-
glected. Cloud—cloud interactions, however, are taken
into account; i.e., a photon exiting one side of a cloud
can reenter another. Similarly, mutual shadowing ef-
fects at large solar zenith angles are considered.

The cloud optical thickness is equal to the volume
extinction coefficient multiplied by the geometrical
thickness

T = kexeH. (4)

For a given cloud droplet size distribution, there is
a linear relationship between cloud optical depth and
liquid water content. An optical depth of 100 was the
usual limit for our computations, which corresponds
to a precipitable liquid water content of about
0.39 mm.

Deirmendjian (1969) computed and reported a se-
ries of phase functions for various wavelengths and
cloud types. For our study we chose the cumulus type
droplet distribution (C1) at a wavelength of 0.45 um,
giving an optical depth of 1 for a liquid water content
of 3.86 g m™2. The Deirmendjian phase function shows
a very strong forward peak and two weaker backward
peaks—one strictly in the backward direction and an-
other at 35°. For this particular water droplet distri-
bution, 96% of the photons are scattered in the forward
hemisphere, of which 50% are in the first 8°.

Another phase function, the Henyey-Greenstein
function, is often used for MC studies applied to solar
radiation transmission within clouds. This particular
function, with an asymmetry factor g of 0.85, is a sim-
pler analytical approximation of the phase functions
that can be computed using Mie theory. It was also
used in our study for comparison purposes.

3. Comparison with other Monte Carlo models

Many other MC simulation results have been re-
ported in the literature, and we first tried to reproduce
them for validation purposes. The comparison of our
model results with others (e.g., Davies 1978, 1984;
Crétel et al. 1989) has shown an agreement within the
statistical uncertainty inherent to MC computations,
which gave us confidence in the validity of our com-
putations. We also found differences with other re-
ported results. The cases for which significant differ-
ences were found are reported below.

Figure 1 compares the cloud reflectance of a plane
parallel cloud as a function of optical thickness for solar
zenith angles of 0° and 60° as found by our model and
those reported in McKee and Cox (1974) and Davies
(1978). Davies only reported results for an optical
thickness of 73.5.
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FIG. 1. Reflectance of a plane parallel cloud as a function of its
optical thickness, as found by three Monte Carlo methods: the present
study (squares), the McKee and Cox model (triangles), and the
Davies model (circles). Results are given for solar zenith angles of
0° and 60°.

As expected, the general shapes of the two curves
are similar. The cloud reflectance is close to zero for
very thin clouds and tends to 1 for optically thick ones.
For small optical thicknesses, there is very good agree-
ment between our model and McKee’s. For large op-
tical thicknesses, however, we find values lower than
those reported in McKee and Cox (1974). Davies
(1978) did report such differences and expressed con-
fidence in his model after comparisons with other
methods. As can be seen, our results agree well with
Davies’ for the large optical thickness he reported.

Similarly, McKee and Cox (1974) presented some
results with an isolated cubical cloud using the same

"phase function as ours. Those results were later con-
firmed by Davies (1978). Comparisons with our results
are presented in Table 1.

The differences found with McKee and Cox (1974)
results for the lower optical thickness at 30° and 60°
cannot be explained by statistical errors. For the other
reported cases, differences, if any, can be explained by
statistical imprecision and rounding errors. The excel-
lent accord with the Davies results and with the ma-
jority of the McKee and Cox values gives us confidence
in our model. The two cases with significant differences
are not explained.

Welch and Wielicki (1984 ) reported results obtained
with an MC model that are of particular interest for
our validations because 1) they employ an array of
cylinders, a geometry we want to study, and 2) they
give more detailed results showing some angular de-
pendance of the reflected flux (their Fig. 10). Figure 2
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shows the results obtained with our MC model using
the same geometry and scattering parameters as theirs
(cloudiness = 0.7, wy = 0.999, 7 = 49, and Henyey-
Greenstein phase function with g = 0.85). The boxes
on the left of each figure give the percentage of radiation
escaping through the top, bottom, and the four quarters
of the cloud sides. The angular pattern depicts the an-
gular distribution of radiation exiting the cloud sides.
For a given geometry, the “first exit” considers the
photons after they have gone through only one cloud
(no cloud-cloud interactions), whereas the “last exit”
considers the photons after their last interaction with
a cloud. For each angular quadrant and position box,
the scattered radiance percentage as found with our
model is given, and the one reported in Welch and
Wielicki (1984) is in parenthesis. The comparison
shows large differences. Although none of the cases
displays perfect agreement, the largest and more con-
sequential discrepancy is found for the angular distri-
bution of radiation out of the cloud side for the “cyl-
inder’s last exit” case. We found a distribution anal-
ogous to the cube geometry, whereas Welch and
Wielicki reported large differences that were traced to
the size and shape of “holes” between clouds.

Welch and Wielicki’s simulations were performed
with 5000 photons; ours with 100 000. If D is the scat-
tered radiance percentage in one of the bins, the ex-
pected difference between the two simulations is then
on the order of VD /700 (binomial distribution).
Clearly, this statistical uncertainty cannot explain the
differences of the “cylinder’s last exit” case (D values
as different as 1.7 and 8.0).

The large differences were further investigated with
the help of a third, independent MC model (Crétel et
al. 1989). Products similar to Welch and Wielicki’s
were computed and very close agreement with our
model was found (Crétel and Herman 1990,
personal communication ). This agreement is of course
not proof that our model is correct and that Welch and
Wielicki’s is not, since the same error could be present
in Crétel’s and our model’s computations. It should be
pointed out, however, that the two models were de-
signed independently, which gives us confidence in our
model and supports the conclusion that cubic and cy-
lindric geometries lead to similar angular distribution
patterns.

TABLE 1. Cloud reflectance for an isolated cubic cloud as found by
our model, McKee and Cox (1974), and Davies (1978).

Angle Optical McKee
(deg) thickness and Cox Davies This study
0 4.9 0.17 0.175
0 73.5 0.69 0.696 0.697
30 4.9 0.13 0.152
30 73.5 0.58 0.592
60 4.9 0.19 0.214
60 73.5 0.56 0.565 0.564
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FIG. 2. Angular distribution of photons exiting cloud sides and vertical distribution of photons exiting the cylinder clouds at the
first exit (top) and the final exit (bottom). The boxes to the left show the percentage of incident energy that exits each quarter of the
cloud sides. The angular pattern depicts the angular distribution (six 30° increments) out of the sides with concentric circles representing
5%, 10%, 15%, 20%, and 25% (first exit) or 2%, 4%, 6%, and 8% (final exit) of incident energy: The four left-hand diagrams are for
0° solar angle; the others for 60°. Values in parentheses represent Welch and Wielicki (1984 ) results in their Fig. 10.

This conclusion has interesting implications for
Monte Carlo simulations. From these two cases, the
cubic and cylindric geometries, it seems that the cloud
shape is a second-order parameter when investigating
cloud field albedos and reflectance. The parameter of
importance would be the clpud-intercepting surface
(top and sides) rather than the cloud shape.

4. Bidirectional reflectance functions
a. Stratiform cloud fields

The stratiform cloud field is the simplest geometry
as neither side effects nor cloud—cloud interactions
must be considered. Once the scattering parameters
(P, wo, kex) are chosen, the only varying parameters
are the cloud optical thickness and the solar zenith
angle.

Figure 3 presents a typical BRDF function for a plane
parallel cloud. For nonzenith solar angles, a plane par-
allel cloud BRDF presents a maximum in the forward

direction (Fig. 3). The forward peak of the phase func-
tion has a narrow angular width, but multiple inter-
actions broaden the solid angle through which radiation
is primarily scattered and lead to a radiation maximum
in the forward direction. This maximum is rather small
at solar zenith angles lower than 45° but clearly appears
for solar zenith angles of 50° and larger. Figure 3 il-
lustrates that, for a solar zenith angle of 60°, the forward
peak affects viewing angles between 45° and the limb
and is responsible for reflected flux intensities at the
limb up to 2.5 times greater than would be obtained
if the scattering were isotropic. It is clear that, as the
solar zenith angle increases, this effect would affect
viewing angles closer to the zenith.

The other characteristics of plane parallel cloud
BRDFs is a general decrease toward the limb viewing.
This decrease can be seen in Fig. 3 but is more evident
when looking at azimuth-averaged reflectance func-
tions (Figs. 4 and 5). Figure 4 shows how the reflec-
tance function of a plane parallel cloud (7 = 20) varies
with the solar zenith angle. For a sun at the zenith,
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FIG. 3. Bidirectional reflectance function for a plane parallel cloud E —aA—— Opt. Thi. = 10
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there cannot be any forward maximum and the only
feature is the limb darkening. This effect is explained
by the fact that a photon moving in a near-horizontal
direction has a smaller chance of exiting the cloud be-
fore going through another interaction that may redi-
rect it than has a photon moving at an angle closer
to the vertical, which takes a shorter path. As the solar
zenith angle increases, the forward maximum is in-
creasingly present at large viewing angles. Note that
for a sun at the zenith, the limb darkening reduces the
BRDF to about 0.5. The optical thickness effect on
plane parallel cloud BRDFs is presented in Fig. S for
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F1G. 4. Azimuth-averaged reflectance function for a plane parallel
cloud of optical thickness 20 at varying solar zenith angles.
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FIG. 5. Azimuth-averaged reflectance function for plane parallel
cloud of varying optical thicknesses. The solar zenith angle is 45°.

a solar zenith angle of 45°. For rather thin clouds (7
= 10), the photons that have gone through few scat-
tering interactions dominate the reflected flux and we
clearly see the forward maximum effect at large viewing
angles. As the cloud optical thickness increases, more
photons exit the cloud top after many interactions.
These photons have lost the “memory” of their initial
direction and only show the limb-darkening effect,
smoothing in the forward maximum.

b. Single cloud

An isolated cloud is the limit of a broken cloud field
toward low cloudiness. It is a simpler case since neither
cloud—cloud interaction nor shadowing of incoming
radiation is involved. For such a cloud field, the BRDF
shows a strong general increase with increasing zenith
viewing angle (Fig. 6). This feature can be understood
considering that each face of the cloud approximately
emits isotropically. If so, and for a cylinder-shaped
cloud, the radiance R(6,, ¢) scattered by the medium
in a direction of zenith angle 6, would be equal to

cosf, 2 sind,

R(ev, (P)=Ftop_1r'+;Fside-ust (5)

where Fyop and Fige.up are the fluxes exiting the top and
sides, respectively, in the upward direction. This value
is normalized (divided) by (Fiop + Figeup) €080,/ ,
which is the radiance scattered by an isotropic hori-
zontal surface that reflects the same flux. With this
approximation, the BRDF is therefore expected to be
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FIG. 6. Reflectance as a function of viewing zenith angle for an
isolated cylindrical cloud (= = 30) with the sun at zenith. The dotted
curve gives the MC model results; the solid line is the approximation
where each face scatters the radiation isotropically (see text). For
this particular solar angle, all azimuth directions are equivalent.

BRDF(6,, ¢)

. F top g F, side-up
F, top T F, sideeup T F top + F, side-up

tan(8,). (6)

We used our MC method for an isolated cylindrical
cloud of optical thickness 30 and illuminated by the
sun at the zenith; Fy,, = 29% and Fyge.up = 23% of the
intercepted incoming flux. Following our hypothesis
of isotropic scattering by each side, the reflectance
function is expected to be equal to

BRDF(4,, ¢) = 0.55 + 0.29 tan(6,). (7)

Figure 6 shows the results obtained with this ap-
proximation and the MC method. Both are rather sim-
ilar and show that, as stated in our hypothesis, the gen-
eral reflectance function shape can be modeled as if
each cloud face scattered radiation isotropically. Some
differences are found, however: MC model results are
larger than those given by the “isotropic” theory at the
zenith and limb viewing angles. These small differences
are consistent with the results obtained with a thick
plane parallel cloud. The flux scattered by one cloud
face is larger in the orthogonal direction compared to
a pure isotropic scatter (limb darkening effect). For
viewing angles close to the zenith, radiance coming
from the cloud sides is negligible, while the radiance
coming from the top is larger than from a pure isotropic
face. Similarly, at the limb, radiance coming from the
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top of the cloud is negligible, while the radiance coming
from the side is larger than what a pure isotropic face
would produce. Note also the MC result local maxi-
mum at 35°. Since the phase function presents two
local maxima at 0° and 35° in the backward direction,
the first-order scattering results in two radiance maxima
in these directions. The MC simulation radiance max-
ima at 0° and 35° zenith angle result, therefore, from
first-order scattering in the direction of the phase func-
tion local maxima. We repeated this study with other
optical thicknesses ( 10, 20, and 50) and found similar
agreement between the pure MC computations and
the assumption of isotropic scattering through the faces,
the agreement increasing with cloud optical thickness.
The effect of a thick cylindrical cloud on solar radiation
can therefore be modeled, in a first approximation, as
if each face scattered energy as a thick plane parallel
cloud does. This parameterization for nonisolated
clouds will be developed in section 5.

The general increase toward the limb as presented
above is modified by the phase function effect and the
fact that all cloud faces are not lit the same way. Figure
7 presents the results obtained with an isolated cylin-
drical cloud of aspect ratio (diameter/height) equal to
1, optical thickness 50, and receiving the solar radiation
at a zenith angle of 60°.

We now depict two maxima, one in the backward
direction and a smaller one in the forward direction,
similar to what was found with the plane parallel case.
The backward maximum is increasingly present with
increasing optical thickness and can get larger than the
forward maximum, as is the case in Fig. 7. For large
enough optical thicknesses, a small amount of incom-
ing radiation goes from one side of the cloud to the
other. Since most of the photons exit the cloud through
the same face they enter, more photons escape through
the cloud face into the sun than through the others,
which explains the BRDF’s maximum in the backward
direction.

Theta® = 60

Single Cloud

OptThi. = 50

FiG. 7. Bidirectional reflectance function for a cylindric isolated
cloud with an optical thickness of 50 and a solar zenith angle of 60°.
The cylinder has an aspect ratio of 1 (diameter equal to height).
Conventions and contour intervals are the same as in Fig. 3.






