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Abstract—Spatial-angular characteristics of reflected solar radiation in broken clouds are simulated in the
spherical model of the atmosphere using statistical algorithms developed in the Institute of Atmospheric
Optics, Siberian Branch, Russian Academy of Sciences. The patterns of formation of radiance fields of scat-
tered radiation, caused by the finite cloud extents, mutual cloud shading, and radiation re-reflection by
neighboring cloud elements are considered by the example of individual cloud realizations. It is shown that,
for small and moderate cloud fractions, the specific features of the radiance field of reflected solar radiation
are mainly determined by cloud localization relative to the viewing direction and direction “toward the Sun”.
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INTRODUCTION

Operational algorithms, designed to retrieve the
optical and microphysical characteristics of clouds
and aerosol from data of satellite measurements of
solar radiation, are based on solution of the radiative
transfer equation in the horizontally homogeneous
model of the Earth’s atmosphere. This approximation
assumes that the radiative properties of an individual
pixel depend on surrounding elements. At the same
time, many studies have shown (see, e.g., [1—4]) that
the intrinsic inhomogeneous cloud field structure has
a significant effect on retrieved cloud properties. No
less important task is to account for the cloud effect on
retrieved aerosol characteristics (aerosol optical depth
(AOD), the Angstrom exponent, fine fraction) in cloud
gaps near cloud pixels [5—9]. Based on analysis of
ground-based and satellite radiation measurements, a
number of authors [6, 8—10] note an increase in sky
radiance in these regions of space.

Aside from the effect of instrumental features of
radiometers, the reasons for radiance enhancements
near clouds are conventionally divided into two groups:
cloud-aerosol interaction (increases in sizes and con-
centration of aerosol particles, the presence of cloud
particles leaving out the cloud “borders”, etc. [8, 11,
12]) and 3D cloud effects [5, 9, 13]. To date, there are
no estimates of the relative contribution of each of these
components to changes in the spectral-angular charac-
teristics of reflected solar radiation. At the same time,
studies of satellite data confirm that certain regularities

in the behavior of sky radiance (brightness of cloud-free
gaps increases stronger on sunlit side and near optically
dense clouds, as well as at shorter wavelengths) may be
just due to 3D cloud effects [7, 9, 13, 14].

Theoretical estimates of sky radiance variations
near clouds are scarce and obtained using quite simple
cloud models: isolated clouds shaped as a rectangular
parallelepiped [15], an infinitely long cuboidal bar
[16], and a horizontal semi-infinite cloud [17, 18]. In
the present work, we consider the results of numerical
simulation of angular characteristics of reflected solar
radiation in the presence of an isolated cloud (inverted
truncated paraboloid) and mesoscale cloud fields
(modeled on Poisson point fluxes in space) in the vis-
ible spectral range. The purpose of the paper is (1) to
identify the main factors, determining specific fea-
tures of formation of radiance fields of broken clouds;
and (2) to compare the sky radiances in the absence
and in the presence of clouds for different geometries
of experiment and configurations of clouds in space.

1. MODEL AND METHOD OF SOLUTION

The angular characteristics of the radiation field
were simulated in the spherical model of the atmo-
sphere, specified in a global Cartesian coordinate sys-
tem OXYZ (GCS), the center of which coincides with
the Earth’s center (point O), while the OZ axis is
determined by the position of the detector (point 4) at
the top of the atmosphere (TOA). The results of the
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Fig. 1. (a) Local and global coordinate systems for obser-
vations from space and (b) geometry of cloud position in
local coordinate system.

numerical simulation are represented in the local
coordinate system O'X'YZ (LCS), defined by its cen-
ter O' = O and the O'Z axis, passing through the
observation point A' on the Earth’s surface (Fig. 1a).
Directions “toward detector” and “toward the Sun”
in LCS are defined by zenith and azimuth angles: @y, =

(édet! (pdet) and (DSun = (éSum (pSun)' Zenith angles are
measured from the positive direction of the O'Z axis.
The positive direction of O'X" axis is chosen such that
Q4o = 180°. The azimuth angle @g,, = 0 corresponds
to the configuration when in the O'X'Z plane the
detector and Sun are on opposite sides of 0'Z axis;
while at @g,,, = 180°, the Sun is “behind” the observer.
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Conversion from LCS to GCS is performed by means
of elementary formulas.

The number of cloud centers N in a realization with
the area S is simulated according to the Poisson law
and is determined from the formula [19]:

N = min{i : Hak <e ™,
k=0
1’]:—1]’1(1—0.1|CF)/Ssec’

where CF is the cloud fraction (varies from 0 to 10);
and S, is the cloud base area. Uniformly distributed
points (cloud centers) on a curvilinear surface are sim-
ulated in accordance with approach [20]. Clouds are
approximated by inverted truncated paraboloids of
rotation with base semiaxes R, = R, and geometrical
thickness H 4. Since the cloud amount is determined
at random and cloud bases may intersect, after simu-
lation of a realization we calculated the actual cloud
fraction CF, which could differ from the specified CF
in formula (1). In this work, for simulating the radia-
tion characteristics we selected such cloud field reali-
zations, in which the difference |CF — CF,| did not
exceed 0.1. The cloud center was determined in the
shifted local coordinate system (O — A') X'Y'Z' by
distance between the observation point A' and projec-
tion of the paraboloid center onto the Earth (C), azi-
muth angle @4 between the rays A'X" and A'C, and
height of the cloud base center above the Earth’s sur-
face Z,4 (Fig. 1b).

The scattered solar radiation in the deterministic
horizontally and vertically inhomogeneous atmo-
sphere was simulated using our statistical algorithms
based on the method of adjoint walks [21, 22]. In
accordance with efficiency estimates, the radiation
characteristics were calculated using different modifi-
cations of this method, differing in the way of simulat-
ing the free path length: canonical procedures of ana-
logue simulation in slightly overcast situations and
method of maximal cross section for large cloud frac-
tions [23]. The molecular absorption was accounted
for by assuming that the transmission function of
atmospheric gases is represented as short exponential
series (k-distribution method).

Parallel flux of monochromatic solar radiation with
the power 1S, is incident at the top of the atmosphere
(TOA = 100 km). The incident radiation is reflected
from the underlying surface according to the Lambert
law. The optical characteristics of the vertically inho-
mogeneous aerosol-molecular atmosphere (extinction
coefficients, scattering phase functions and single scat-
tering albedo of aerosol particles, molecular scattering
and absorption coefficients) are specified in the form of
piecewise constant functions according to the models
[24, 25]. In spatial regions occupied by cloud elements,
the optical characteristics are determined according to
standard mixing rules in the medium consisting of dif-
ferent components (clouds, aerosol, air molecules).

(1
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Fig. 2. (a, ¢) Schematic illustration of sensing of isolated cloud for different illumination conditions; (b, d) the dependence of sky
radiance in the presence of cloud for different observation conditions compared to clear-sky conditions (straight lines /—4).

In this work, we present the results of simulation of
sky radiance in the visible wavelength range (0.55—
0.555 wm). Cloud parameters are fixed: R, = Hy, =
5 km; Z,4 = 2 km; extinction coefficient 644 = 5 km™;
surface albedo was equal to 0.106 (grass, [26]), aerosol
optical depth was assumed to be AOD (0.55 um) = 0.15.

2. ISOLATED CLOUD

Analysis of numerical simulation results showed
that sky radiance in the presence of isolated cloud
depends on a set of factors that can be conventionally
divided into geometrical (viewing directions and illu-
mination conditions, vertical and horizontal cloud
sizes, cloud position in space) and optical factors
(optical depth, scattering phase function, and single
scattering albedo of cloud particles). Below, we discuss
the effects caused by the effect of geometrical factors.

The spatial and angular characteristics of the sky
radiance field were simulated under the assumption
that the O'X'Y plane, to which the line of sight (LS)
belongs, divides the cloud into two equal parts. Nega-
tive R4 values correspond to a cloud position “to the
left” of the observation point (OP) A' (“closer” to sat-
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ellite detector, @44 = 180°); when R4 > 0 the cloud is
“to the right” of the OP (¢, 4 = 0). We consider
diverse geometries of experiment, differing in the
viewing angles of detector and illumination condi-
tions (Qg,, = 0 and @g,, = 180°).

The case when @g,,, = 0 (detector and Sun “are one
in front of another”, Fig. 2a).

If the cloud is at quite a large distance from the OP,
it has almost no effect on sky radiance (zone 1 and
zone 4, Fig. 2a). For fixed cloud parameters and illu-
mination conditions, the boundaries of these zones
depend on detector zenith angle. For instance, at
gt = 80°, the sky radiances in the presence of cloud
(1.4) and in its absence (/) are almost the same, if the
distance between the projection of the cloud center
and OP exceeds approximately 40 km; for &4, = 30°,
the radius of the cloud impact zone reduces to 20 km
(Fig. 2b). As the cloud approaches LS, its effect will
be manifested as cloud-reflected radiation. However,
additional illumination of the LS is much larger if the
detector is directed toward sunlit cloud side (Qg,, =
180°).
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In zone 2, the cloud is on the LS (point P,) and the
sky radiance /4 is determined by two opposite factors.
On one hand, as cloud approaches the point A', there
are more, as compared to the clear-sky atmosphere,
scatterers on the LS, favoring an increase in radiance.
Considering that the cloud is approximated by a trun-
cated paraboloid, as the cloud moves toward the OP,
the number of scatterers first grows, and then
decreases. On the other hand, of importance is the
photon optical pathlength in the cloud (in terms of the
single scattering theory, it is determined by the sum of
photon optical paths (1) from the point of photon
entry into the cloud to the LS, and (2) from the scat-
tering point on the LS to exit from the cloud). The
greater the photon optical pathlength in the cloud, the
smaller the sky radiance is.

After a cloud “enters” the LS, such factors as the
increase in the number of scatterers and relatively
small photon optical pathlength within the cloud ele-
ment start to dominate. As a consequence, /4 rapidly
increases as compared to clear-sky radiance I,
(points P;(30°) and P,(80°) in Fig. 2b). As the cloud
center approaches the OP, the effect of the second
factor intensifies, causing decay of the sky radiance
and its decrease as compared to /.

The boundary between zones 2 and 3 is the point P,,
when the LS does not transect the cloud and no extra
attenuation of radiation along this direction within the
cloud occurs (Fig. 2a). When the cloud has a fixed size,
the radiance is determined by the cloud position relative
to the OP and illumination conditions: (1) for different
combinations of &, and &g, the lower part of the LS,
adjoining the surface, can be shaded or exposed to
direct solar rays; (2) the length and position of shaded
part of the LS can vary. Since the lower part of the
atmosphere is the most optically dense, these factors
determine the specific features of variations in sky
radiance when the cloud passes zone 3. We will con-
sider the results of simulation for solar zenith angle
Egun = 70° (Fig. 2b).

If& . = 30°, then the position of the cloud center at
the time when it “leaves” LS will be approximately
3.85 km; the OP and lower part of the atmosphere are
shaded by the cloud. As the cloud moves farther away
from the point A', radiances smaller than [, are
observed, primarily because of shading of the LS seg-
ment adjoining the surface. At distance R4 > 20 km,
OP and LS become totally exposed to direct solar
rays and the cloud effect on sky radiance vanishes
(Iclr = Icld)'

For large detector zenith angles (§,, = 80°), the
variations in sky radiance as a function of R, become
more complex in character. When cloud “leaves” the
LS (R 4= —6.35 km), the surface-adjoining part of the
LS, which is brightest owing to a large number of scat-
terers, is sunlit. Moreover, the observation point A' is
exposed to direct solar radiation, causing an additional
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contribution of surface-reflected incident radiation
to 4. The joint effect of these factors leads to an
increase in sky radiance and the appearance of a local
maximum (point P,(80°), Fig. 2b). As the cloud center
moves further, the length of shaded part of the LS
remains the same, but its position is displaced closer to
the surface; thus, cloud shades the lower, brightest,
part of the atmosphere (at the point P, the surface-
adjoining LS segment is shaded maximally; the corre-
sponding position of the cloud center R4 = 0.5 km).
A consequence of this is that / ;4 decreases and the sec-
ond local minimum is observed at the point Ps
(P5(80°), Fig. 2b). As the cloud moves further, the
shaded LS segment decreases (point P,), and the radi-
ance /4 gradually increases and approaches asymp-
totically the clear-sky radiance.

The case when @g,,, = 180° (Sun is “behind” the
observer, Fig. 2c).

As in the case when @g,,, = 0, there are regions of
space within which the cloud has no disturbing effect
on sky radiance as compared to the clear-sky atmo-
sphere (Fig. 2c). However, in contrast to the geometry
of the experiment, considered above, the sunlit part of
the cloud strongly reflects (photon penetration depth
into the cloud is on the average small). In addition,
radiation produced inside a cloud element also con-
tributes to the recorded signal.

When in zone 2, the cloud is intersected by the LS
(point P, in Fig. 2c). The produced /4, enhancement
over [, is observed when the position of the cloud
center is in the intervals from approximately —6.15 to
3.85 km when &4, = 30° and from —40 to —6.35 km
when &, = 80°. In these regions, the sky radiance is
determined by the above-mentioned factors, i.e.,
appearance of additional scatterers and change in
photon optical path length in the cloud. The compet-
ing character of these factors explains the nonmono-
tonic behavior of the sky radiance as a function of R4
(Fig. 2d).

Variations in sky radiance outside zone 2 are deter-
mined by the position of the cloud shadow on the LS.
We will consider two situations: &g, < Ey and &g, >
€ 4t (Fig. 2¢). For conditions when &g, = 30° < ., =
80°, the LS is shaded by the cloud when the cloud
“leaves” the LS at the point P,, (the shadow zone is
highlighted in Fig. 2c). For the geometry of experi-
ment with &g, = 70° > &, = 30°, the shadow region
is formed before the cloud “enters” into zone 2
(point P,, in Fig. 2¢). In both cases, LS shading causes
the sky radiance to decrease versus the clear-sky case:
1,4 < I,. Additional illumination is quite weakly
exhibited for these calculation parameters.

3. MESOSCALE BROKEN CLOUD FIELD

In section 2, we studied the changes in the clear-
sky radiance with the appearance of an isolated cloud
Vol. 30
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Fig. 3. Cloud realizations for two cloud fractions CF: (a) realization 1, (b) realization 2 (CF = 2); (c) realization 3, and (d) reali-
zation 4 (CF = 5). In realizations 1 and 3, the LS does not transect the cloud; and in realizations 2 and 4, the LS transects the

cloud.

in the sky. In the transition to cloud fields, the behav-
ior of sky radiance I, for fixed &, illumination con-
ditions, and optical-geometrical cloud characteristics
is determined by the configuration of the cloud field.
The 1., variations are determined by the cloud pres-
ence/absence on the line of sight, LS shading by
clouds/nonobscuration of direction “toward the
Sun”, as well as possible LS illumination by nearby
clouds. This is complemented by the effects of mutual
cloud shading and radiation interaction, when part of
the radiation, leaving through a cloud lateral surface,
can be multiply scattered by surrounding clouds.

The joint effect of these factors is discussed below by
the example of individual cloud realizations and a fixed
detector angle &, = 60°. The cloud field area was
assumed to be 22 500 km?, the radius of the correspond-
ing “circle” on the surface of the sphere was ~ 84.5 km;
the cloud field center was above the observation point
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(LCS center). We will analyze the situations corre-
sponding to the conditions when 0 < @g,,, < 180°.

Figure 3 presents the projections of four different
cloud field realizations onto the X'0'Y" plane at cloud
fractions CF =2 and CF = 5. Realizations 1 and 3 are
characterized by the absence of clouds on the LS
(Figs. 3a and 3c); while in realizations 2 and 4 the LS
transects the cloud (Figs. 3b and 3d).

We will consider how sky radiance I ;; changes as the
illumination conditions vary in realizations 1 and 3.

Assume that @g,, = 0 (Fig. 4a). When the LS is not
obscured, the sky radiance can be affected by (1) radi-
ation reflected from LS-adjacent clouds and (2) shad-
ing of LS and observation point A' by clouds lying in
the direction “toward the Sun”.

Cloud 4 (Ry4 = 12 km, Fig. 3a) is located near the
observation point in realization 1. For &g, < 55° and
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indicated calculation parameters, the cloud A does not
shade the LS and OP, so that ;. = I ;4. In the angular
range of 55° < &g, < 82°, the LS segment and LS are
shaded, and the sky radiance is less than under clear-
sky conditions. The inequality 7, < /.4, remains valid
as &g, further increases, when the OP becomes unob-
scured to direct solar rays, although the LS is still par-
tially shaded. (This case is described in section 2: the
case with @g,, = 0, cloud center is between points P,
and P;.) An analogous situation is also observed in
realization 3. Since the cloud D, which shades LS, is
closer to the point A' (R4 = 8.6 km), the shading effect
becomes apparent as early as &g, > 45° (Fig. 4a).

The dependence of /4 on the solar azimuth angle
for both cloud realizations is presented in Fig. 4b.
First, we note that, independent of cloud fraction, at
Esun = 60° the sky radiance in the presence of clouds is
less than clear-sky radiance only in the above-men-
tioned narrow range of @g,, < 10°. As @g,, further
increases, the broken-cloud radiance could change
due to partial shading of LS by clouds lying in the
direction “toward the Sun”. However, in the realiza-
tions considered here, the shading effect is suppressed
by additional illumination in the LS by cloud-
reflected radiation, and in the region of @g,,, > 50° the
radiance [ 4 increases over clear-sky radiance.

The dependence of sky radiance on cloud configu-
ration and amount is more significantly manifested as
the solar zenith angle increases (&g,, = 80°). Even
though the LS is free of clouds, the inequality /4 < I,
holds in almost the entire range of solar azimuth angles
for both realizations. This decrease in the sky radiance
is explained by an enhancement of effects of LS shading
(which is manifested for small cloud fractions, realiza-
tion 1) and mutual cloud shading (which increases with
the growing cloud fraction, realization 3). The sky radi-
ance in the cloud field is close to clear-sky radiance
(and even may exceed the latter due to illumination by
nearby clouds) only for those directions of direct solar
rays the propagation path of which is free of clouds.
For instance, in realization 1, Iy = I in the ranges
60° < &g, < 100° and 130° < &g, < 180°; however,
144 < 1y, at @g,, = 120°. The probability that the LS
and OP are shaded by clouds increases with the cloud
fraction. From Fig. 3c it follows that, in realization 3,
only within narrow zone near Qg,, = 130° and @g,, =
180° the clouds are so far from OP that their presence
does not lead to a change in sky radiance relative to
the clear-sky radiance. For all other @g,, values, the
inequality /4 < I, holds.

We will now consider realizations 2 and 4. In these,
the sky radiance is determined by the presence of
clouds B and E on the LS. The LS transects the cloud
tops, which potentially ensures radiance “burst” due
to appearance of additional scatterers in the form of
cloud droplets and due to relatively minor attenuation
Vol. 30
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of radiation on the path from entry into the cloud to
the LS segment on the sunlit side.

The dependence of sky radiance on solar zenith
angle will be discussed by the example of case with
Osun = 0 (Fig. 4a).

In realization 2, the cloud C, in view of its prox-
imity to the observation point, ensures additional
illumination of LS and cloud B. At the same time,
this cloud partially shades the LS and obscures the
access of direct solar rays to OP up to &g, ~ 80° (at
Esun > 80° OP becomes unobscured to unscattered
radiation). However, the simulation results suggest
that shading effect does not affect significantly the
variations in sky radiance in appearance of other
clouds, so that 1,4 > I, for all &g,,.

Comparison of realizations shows that, in contrast to
the cloud B (realization 2), the cloud F (realization 4) is
surrounded by a densely populated circle of clouds.
A consequence of this is enhanced effect of two oppo-
site factors: on the one hand, re-reflected radiation
between cloud elements and illumination of LS by ele-
ment-reflected radiation; and, on the other hand,
mutual shading of clouds and the LS. For &g, < 60°—
65°, the radiance in realization 4 exceeds the radiance in
realization 2, with this relationship remaining valid for
all solar azimuth angles (Fig. 4c). Possibly, this radiance
relationship is due to a stronger manifestation of cloud
radiation interaction in passing from the low-cloud sit-
uation (CF = 2) to a realization with a moderate cloud
fraction (CF=5).

As the solar zenith angle further increases, the rela-
tionship between radiances changes (Figs. 4a and 4c),
and radiance in realization 2 becomes larger than in
realization 4. These results confirm the dominating
role of shading effects for large oblique angles Eg,,,,. We
also note that, when the solar azimuth angle varies, the
sky radiance depends more strongly on the cloud con-
figuration in the low-cloud situation than in the reali-
zation with a moderate cloud fraction (see sky radi-
ances at &g, = 80° in Fig. 4d).

Figure 4c presents values of outgoing TOA radiation
calculated using the “open—close” approximation:

15 =(1-0.1CF)I,, +0.1CF 157", ()
where [ élcdpz 9" is the outgoing radiance in the pres-

ence of an overcast horizontally homogeneous cloud
layer. The “open—close” approximation performs well
when used to treat stratiform clouds, the horizontal
extent of which substantially exceed their vertical sizes

(the aspect ratio Y= H 4 / 2R, < 1); however, its use
to describe the radiation characteristics in clouds with
Y~ 1 may lead to serious errors (see, €.g., [19]). Simu-
lations show that approximation (2), used for the cal-
culation in individual cloud realizations, may lead to
either substantial underestimation or overestimation
of sky radiance relative to values, calculated taking into
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account 3D cloud effects (/, 031]3). For instance, at g, =
80° and CF = 5, for realization 4 the inequality

3D — . . .
I}q = 154" holds; whereas in realization 3 the reverse

istrue, 1,4 < 154"

CONCLUSIONS

The numerical simulation revealed the basic pat-
terns of spatial-angular characteristics of sky radiance
in the presence of isolated cloud and fields of clouds of
vertical development in observations from space. The
spherical model of the atmosphere makes it possible to
estimate the effect of the spatial inhomogeneity of the
deterministic cloud realization on the radiation char-
acteristics of the atmosphere for large viewing and
solar zenith angles (larger than 80°).

With the appearance of an isolated cloud in the
sky, the sky radiance is determined by the cloud pres-
ence/absence on the LS, shading the LS by
clouds/nonobscuration of direction “toward the
Sun”, as well as by illumination of the LS by cloud-
reflected radiation. If the LS transects the cloud, the
sky radiance may substantially exceed the clear-sky
radiance, especially if the point of LS entry into the
cloud is sunlit. Sky radiance decreases due to the
effects of cloud shading of the LS and OP on the
Earth’s surface. The cloud impact zone may exceed
several-fold the horizontal cloud sizes and substan-
tially increases with solar and detector zenith angles.

The cloud fields were imitated using the model of
Poisson point fluxes in space, uniformly distributed
on the surface of a sphere. We considered four differ-
ent cloud realizations for small and moderate cloud
fractions. Considering the random character of the
distribution of cloud elements (characteristic for the
real atmosphere), the radiance for the specified illu-
mination and observation conditions changes from
one realization to another and, depending on the
cloud configuration, may be either higher or lower
than the clear-sky radiance. In the cloud fields, in
addition to the above-mentioned 3D effects of isolated
cloud, there are also the effects of radiation interac-
tion, i.e., mutual shading and the effects of multiple
scattering between the clouds. The results, presented
in this paper, show that the specific features of broken
cloud radiance field are mainly determined by cloud
localization relative to two directions, i.e., the LS and
direction “toward the Sun”. In this sense, for certain
sensing geometries, the difference in sky radiance
between realizations with different cloud fractions
may be less than the variability range of reflected radi-
ation within the same realization. The effect of the
cloud realization on angular characteristics of radi-
ance field is more strongly manifested in slightly over-
cast situations because, as cloud amount grows, the
uniform character of cloud distribution acts to smooth
out the effects characteristic for isolated clouds.
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