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Abstract—We present the results from statistical simulation of the albedo and diffuse transmission of the
atmosphere in the visible wavelength region in the presence of overcast and broken cirrus clouds. The main
numerical experiments were performed using the third version of the model proposed by B.A. Baum, P. Yang,
A.J. Heymsfield et al. (a mixture of particles of different shapes and sizes with a very rough surface). To esti-
mate the effects of the random cloud geometry on the solar radiative transfer in the atmosphere, we used the
method of closed equations, proposed by G.A. Titov, and developed within the model based on the Poisson
point f luxes on straight lines. Analysis of how the microstructure of cirrus clouds influences the ensemble-
averaged albedo and diffuse transmission at moderate cloud fractions showed that the average value of the
uncertainty due to the lack of information on the particle shape and size is within ∼ ± 2%. This value is com-
parable to the effect of the random geometry in optically thin clouds; while in optically dense clouds the range
of errors, caused by the neglect of the horizontal inhomogeneity, increases and is ∼ ± 5% in albedo calcula-
tions, with underestimation of diffuse transmission by ∼ 10–20%.
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INTRODUCTION
Despite the fact that cirrus clouds are recognized to

appreciably affect the Earth’s climate system by regu-
lating the radiative energy balance of the atmosphere
[1, 2], our fundamental understanding of their micro-
physical, optical, and radiative properties is still quite
limited. The discrepancies between simulations within
climate models and observations (see, e.g., [3]) are not
only due to problems in reproducing such cloud char-
acteristics as the frequency of occurrence, seasonal
variations, position of cloud layer in the atmosphere,
etc., but also to insufficiently realistic assumptions on
the microphysical characteristics of cirrus clouds, as
well as to radiation codes used in operational algo-
rithms of retrieving cloud parameters and in climate
models.

Operational algorithms for retrieving cloud charac-
teristics from remote sensing data (and, in particular,
optical thickness and particle size) assume that each
pixel is horizontally homogeneous, and the radiation
interaction between neighboring pixels is absent. The
effect the neglect of the real inhomogeneous cloud
structure has on retrievals was studied in several works.
Most of them addressed optically dense liquid water

clouds [4–9]; however, analysis shows that the hori-
zontal inhomogeneity of the cloud field can also show
up in retrievals in the presence of optically thin ice
clouds [10–12].

Because cirrus clouds may be a cause for sign rever-
sal of the cloud radiative forcing [13], intense research
has been conducted in the two recent decades to esti-
mate how the shape and sizes of ice particles influence
the formation of broadband fluxes of solar radiation.
Some of these works in this research direction have
been performed using the horizontally homogeneous
(1D) model of the atmosphere [14, 15]. However,
experimental data accumulated to date show that this
research can account for the effect of such a factor as
the inhomogeneous structure of (3D) clouds using
cloud realizations, either constructed on the basis of
radar, lidar, and radiometric measurements [16–18],
or constructed within new stochastic models of cirrus
clouds [19, 20]. In particular, Buschmann et al.
showed [16] that, in inhomogeneous cirrus clouds
with cloud optical thickness (COT) less than five and
the relative value of COT variations of less than 0.2,
the relative error in the calculations of broadband radi-
ative f luxes, caused by the use of a 1D model, does not
678
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exceed ± 10%. Results of Carlin et al. [17] suggest that
the deviation of the f lux of upward solar radiation at
the top of the atmosphere (TOA), caused by the sto-
chastic cloud structure, reaches 15 W/m2. Estimates,
obtained using generator of cloud scenes of cumulus,
stratocumulus, and cirrus clouds 3DCLOUD [20],
showed that the brightness temperature at the TOA in
the calculations with 1D and 3D models, can differ by
15 K [21]; while in the visible wavelength region, the
difference in cloud reflectance is determined by the
spatial resolution of the model and, depending on the
COT and observation/illumination conditions, can
reach tens of percent [11].

In the publications mentioned above, the effect of
the inhomogeneous cloud structure was studied using
cloud realizations where the horizontal inhomogene-
ity of the field is caused by f luctuations in optical char-
acteristics and concerns mainly the broadband radia-
tive f luxes. The purpose of this work is to compare the
effects of two different factors, i.e., the effects of the
random geometry and the microphysical characteris-
tics of cirrus clouds, on the averaged f luxes of solar
radiation (in the visible wavelength range, as an exam-
ple). In our work, we use a set of publicly accessible
optical models, presented in detail in Section 2, and
the Poisson model of broken clouds [22], making it
possible to estimate the effect of stochastic cloud
geometry on radiative characteristics in the wide range
of variability in the shapes and sizes of ice crystals. We
note that this model had already been used by our-
selves before to estimate the effect of the random
geometry of cirrus clouds on solar radiative transfer in
the atmosphere; however, that simulation was carried
out for a limited set of input parameters [22].

1. MODEL OF THE ATMOSPHERE
AND CALCULATION TECHNIQUES

We consider the multilayer plane-parallel model of
the atmosphere (0–100 km), one layer of which may
be totally or partially occupied by cirrus clouds. A unit
solar radiative f lux is assumed to be incident at the top
of the atmosphere; reflection from the underlying sur-
face is described according to the Lambert law;
molecular absorption is disregarded.

In this work, the simulated f luxes of solar radiation
are analyzed in the visible wavelength range (wave-
length λ = 0.5 μm): (1) in the aerosol-molecular
atmosphere, as well as in the presence of (2) overcast
and (3) broken clouds. The first two cases are calcu-
lated using classical algorithms of the Monte Carlo
method [23], implemented for the case of the multi-
layer horizontally homogeneous atmosphere (direct
simulation, [24]). Averaged (over the set of cloud real-
izations) f luxes of solar radiation taking into account
the effects of stochastic cloud geometry were calcu-
lated within the model on the basis of the Poisson
point f luxes on the straight lines [22]. Clouds are
approximated by rectangular parallelepipeds, elon-
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gated in a single direction (bands), with the average
horizontal sizes Rx and Rу (along the OX and OY axes,
respectively) and height Н. This shape is chosen from
considerations that some cirrus clouds have the form
of separate threadlike elements as white thin threads or
slightly grayish elongated banks and patches, some-
times arranged into bands crossing the sky [25]. Cloud
optical characteristics are assumed to be unchanged
within all cloud elements, not varying from one reali-
zation to another. The model and examples of realiza-
tions of the cloud field were described in detail in [22];
a brief description can be found, e.g., in [26].

The method of closed equations (MCE, [22]), pro-
posed by G.A. Titov, was used to calculate the average
albedo A (at the TOA level) and diffuse transmission
Ts (at the underlying surface). Within the cloud layer,
the interaction of the optical radiation with the aero-
sol-molecular constituent of the atmosphere will be
neglected.

The relative computation error did not exceed 0.5%
in most cases.

2. INPUT PARAMETERS 
FOR THE RADIATION CALCULATIONS

2.1. Molecular-Aerosol Atmosphere
The aerosol model was specified in accordance

with the Optical Properties of Aerosols and Clouds
(OPAC, “continental average”) model [27]; the
molecular scattering coefficients were calculated using
the “midlatitude summer” meteorological model
from [28]. Aerosol and Rayleigh scattering optical
depths at λ = 0.5 μm were τа = 0.17 and τR = 0.14,
respectively. The surface albedo was assumed to be
equal to the albedo of grass cover As (λ = 0.5 μm) =
0.045 [29].

2.2. Cirrus Clouds
Despite the fact that experimental data are difficult

to obtain, abundant data on particle shape, ice con-
tent, and particle size distribution have been obtained
over the past few decades, using lidar, aircraft, bal-
loon-sonde, and satellite measurements in different
regions of the globe. Based on these data, from the
entire variety of particle shapes most common types of
crystal habits have been identified in cirrus clouds
(see, e.g., [30–33]): hexagonal (solid and hollow) col-
umns, hexagonal plates, quasi-spherical particles
(truncated spheres, i.e., droxtals, and prolate and
oblate spheres), bullets (solid and hollow), rosettes
(2D and 3D bullets), aggregates (structures of a few
monocrystals, such as plates, columns, and bullets).
The information on the shape of particles and their
size distribution, as well as modern methods for calcu-
lating the optical characteristics of nonspherical parti-
cles under the assumption of their chaotic orientation,
were used to compile the optical models of cirrus
. 6  2021
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Table 1. Cirrus cloud models

Model Particle shape Effective 
diameter, μm

Asymmetry factor 
μ (0.5 μm)

BYH3 model (model number in given in parentheses in the order of increasing μ)

Aggregates 
of solid columns (ASC) Aggregates of solid hexagonal columns

10 0.746 (1)
30 0.749 (2)
70 0.75 (3)

120 0.75 (4)

General habit 
mixture (GHM)

Droxtals, plates, solid and hollow columns 
and bullets, aggregates of solid columns, 

large and small aggregates of plates

10 0.77 (5)
30 0.783 (8)
70 0.8 (10)

120 0.811 (12)

Solid columns (SC) Solid hexagonal columns

10 0.77 (6)
30 0.782 (7)
70 0.789 (9)

120 0.804 (11)

BYH2 model

Mixture of particles 
of different shapes

Dmax < 60 μm – 100% droxtals; 10 0.777

60 μm < Dmax < 1000 μm – 15% 3D bullets, 
50% solid columns, 35% plates;

30 0.784

1000 μm < Dmax < 2500 μm – 45% hollow 
columns, 45% solid columns, 10% aggregates;

70 0.81

2500 μm < Dmax < 9500 μm – 97% 3D bullets, 
3% aggregates

120 0.865

OPAC model

Cirrus1, temperature of −25°С Hexagonal columns 183.4 0.783

Cirrus2, temperature of −50°С Rosettes of hexagonal columns 114.8 0.77

Cirrus3, temperature of −50°С Cirrus2 model with addition of small particles 68.6 0.763
clouds, which had been widely used to solve the prob-
lems of remote sensing (retrieval of cloud parameters
on the basis of radiometric observations) and interpret
the measurements of reflected radiation [15, 34–40].

Table 1 presents 19 cirrus cloud models used in this
work: two model versions developed by Baum, Yang,
Heymsfield et al., [31, 41, 42] (henceforth, BYH2
(4 variants) and BYH3 (12 variants), i.e., the second
and third versions, respectively) and cirrus cloud
models, presented in OPAC package (3 variants) [27].

The BYH2 and BYH3 optical characteristics were
calculated for microstructure models, differing both in
the particle shape and size distribution, characterized
by the effective diameter Deff. The BYH3 model [42] is
an improved and complemented version of the BYH2
model [31, 41]: it has a much wider spectral range and
includes three types of particle surface roughness,
three types of particle mixtures as functions of particle
shape and size, total scattering matrix for particles
ATMOSPHE
with a strong roughness, a finer grid over the scattering
angle of the scattering phase function, etc. The BYH2
and BYH3 optical characteristics strongly differ
because surface roughness, accounted for in the BYH3
model, levels off the angular behavior of the scattering
phase function and, in contrast to smooth particles,
leads to a less pronounced halo and much weaker
backscattering [35].

The BYH3 model was tested through comparison
with experimental data (see, e.g., [42] and bibliogra-
phy therein). In situ observations were used to show
that the ice water content IWC and the diameter of the
mean mass Dmm best agreed for the model, specifying
the particles shaped as solid columns (SC model);
while the PARASOL-measured reflectivity of clouds
was the closest to the simulations for the mixture of
particles of different shapes with strong surface rough-
ness (GHM model). The optimal correspondence
between COT values, retrieved on the basis of mea-
surements in the solar and IR wavelength ranges, was
RIC AND OCEANIC OPTICS  Vol. 34  No. 6  2021
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Fig. 1. Albedo A and diffuse transmission Ts of overcast cirrus clouds versus particle shape and sizes (Table 1) for different τ and SZA.
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observed when using a model comprising aggregates of
solid columns (ASC). We conclude by noting that the
BYH2 and BYH3 models were used as a basis for the
cirrus cloud models, which were used and are being
used now to develop remote sensing products on the
basis of MODIS measurements: BYH2, collection 5,
and BYH3 (model of aggregates of solid columns),
collection 6 [34, 35].

As already indicated above, the radiation calcula-
tions, in addition to BYH2 and BYH3 models, will
also use ОРАС models, the optical characteristics of
which correspond to three different microstructure
models (Cirrus1, Cirrus2, and Cirrus3), depending on
cloud temperature and particle shape [27]. Pro-
nounced halos at the scattering angles θ1 ≈ 22° and
θ2 ≈ 46° are present in the visible range due to the hex-
agonal shape and smooth surface of ice particles.
Angular structures of the scattering phase function in
the BYН3 and OPAC models were compared before in
[43]. We also note that the asymmetry factor (mean
cosine of the scattering phase function) μ for 18 out
of 19 crystal models, considered here, varies in the
range 0.746–0.811, i.e., for all but BYH2 model (Deff =
120 μm), for which μ = 0.865.

The radiative transfer simulation is performed in the
presence of overcast and broken cirrus clouds for opti-
cally thin (optical thickness τ = 0.3) and optically dense
(τ = 3) clouds [44] occupying the layer of 9–10 km;
cloud single scattering albedo was set to 1.

The illumination conditions were specified in
terms of the solar zenith angle SZA = {30°, 75°} and
solar azimuth angle SAA, counted off from the posi-
tive direction of the OX axis, and was set to 0 in all cal-
culations. In the general case, the SAA can be chosen
to be arbitrary, 0°≤ SAA ≤ 180°, which for fixed hori-
zontal extents of the bands Rx and Ry, makes it possible
to study how the average radiative f luxes change as
functions of illumination conditions. In this work, we
restrict ourselves to the consideration of two extreme
ATMOSPHERIC AND OCEANIC OPTICS  Vol. 34  No
cases, where the direct solar radiation is incident along
and across the bands: in this case, it is sufficient to fix
SAA = 0 and change the horizontal extents of the
bands along the OX and OY axes. The mean horizontal
extents of clouds were chosen to be Rx = 10 km, Ry = 1 km
and Rx = 1 km, Ry = 10 km. The direct solar radiation
propagates along (across) elongated bands in the first
(second) case.

3. RESULTS OF NUMERICAL EXPERIMENTS

This section presents the results of numerical sim-
ulation of the albedo A and diffuse transmission Ts of
the atmosphere at the TOA and underlying surface,
respectively, and estimates, on their basis, (1) the
effect of microstructure in overcast horizontally
homogeneous clouds (subsection 3.1), and (2) the
effects of the random geometry for a fixed optical
model of cirrus clouds (subsection 3.2), as well as dis-
cussion of the joint influence of the microstructure
and 3D effects of clouds on the formation of scattered
fluxes of solar radiation in broken cirrus clouds on the
set of the BYH3 models (subsection 3.3). In this work,
we do not consider the f luxes of direct radiation at the
underlying surface; this is because the effect of the
cloud microstructure is estimated for a fixed optical
thickness and, as such, does not depend on the particle
shape and size spectrum, and is determined only by
the effects of stochastic geometry.

3.1. Effect of Cirrus Cloud Microstructure
(Overcast Horizontally Homogeneous Clouds)

Figure 1 presents the albedo A and diffuse trans-
mission Ts, calculated using 19 cirrus cloud models,
presented in Table 1. The calculations show that A and
Ts weakly vary as the angular structure of the scattering
phase function changes (absence/presence of halo,
elongation degree of the scattering phase function
. 6  2021



682 ZHURAVLEVA, NASRTDINOV
around “forward” direction, etc.) and are determined
mainly by the asymmetry factor μ. In addition, the
dependences of A and Ts on μ for fixed COT and
SZA are close to linear and characterized by a high
correlation coefficient (R > 0.96). Considering that
the mean cosine varies in the range 0.746–0.811 in all
but the BYH2 model (Deff = 120 μm), the f lux calcu-
lations using the BYH3 model (number of variants
NCi = 12) will be considered below because they totally
reflect the A and Ts variations on the set of cirrus cloud
models presented in Table 1.

Obviously, the quality of the radiation calculations
(in particular, when compared to experimental data)
depends on how accurate is the information in the
cloud optical model. Next, we will consider two situa-
tions: suppose that (1) we know only the cloud optical
thickness τ, and (2) in addition to τ, data on the effec-
tive size of ice crystals Deff are available.

In the first case, an important aspect is the rela-
tionship between the optical thicknesses of the clear-
sky atmosphere τclr = τa + τR and cirrus clouds τ, which
can either be less than or comparable to τclr. This factor
will be estimated by comparing the variability ranges
of albedo and diffuse transmission, calculated taking
into account the aerosol-molecular constituent of the
atmosphere (A and Ts), with analogous calculations
performed for an isolated cloud layer (ACi and Ts, Ci). In
the latter case, the variations in albedo and diffuse
transmission depend exclusively on the optical model
of cirrus clouds.

The variability range of F = A, Ts, ACi, Ts, Ci will be
defined by the minimal and maximal values of their
relative differences  i, j = 1, …, NCi = 12, arising
due to the use of different BYH3 models in the calcu-
lations:

(1)

Analysis of results from numerical simulation shows
the following things. If τ is smaller than or comparable
to τclr, the differences, determined by the specific fea-
tures of the ice crystal model, are appreciably smoothed
out. For instance, when τ ≈ τclr ≈ 0.3 (Figs. 2a and 2b),
the range of the differences in albedo and diffuse
transmission between the isolated layer and the cloudy
atmosphere decreases from ∼ ± 12 to ∼ ± 2% and from
∼ ± 5 to ∼ ± 2%, respectively, depending on the
model. As the optical thickness of cirrus clouds
increases while τclr remains unchanged, the effect of
aerosol attenuation and molecular scattering weakens:
when τ = 3, the differences between ΔiACi and ΔiA
decrease insignificantly (from ± 20 to ± 15%), while
ΔiTs, Ci and ΔiTs differ little (± 10%) (Figs. 2c and 2d).
As follows from the results presented, the greater the
difference in the corresponding asymmetry factors, the
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larger the relative differences in the average f luxes,
caused by the variations in optical models; while in the
cloudy atmosphere, as compared to the isolated layer,
the greater the COT for typical values 0.3 ≤ τ ≤ 3, the
stronger the dependence of albedo and diffuse trans-
mission on the model. In addition, f luxes of reflected
radiation are more sensitive to the variations in the
microstructure.

We will estimate how ice crystal shape influences
the albedo and diffuse transmission at a fixed effective
particle diameter. Simulations show (Fig. 3) that the
particle shape effect depends on the COT and increases
with Deff. For instance, when τ = 3, the uncertainty in
the A and Ts calculations due to the absence of informa-
tion on crystal shape increases from ∼ ± 5 to ∼ ± 15%
and from ∼ ± 3 to ∼ ± 8%, respectively, as Deff
increases from 10 to 120 μm. In the optically thin cir-
rus clouds (τ = 0.3), the particle shape effect is much
weaker, not exceeding 2–3% in the entire range
10 μm ≤ Deff ≤ 120 μm considered here.

We conclude this subsection by noting that: from
comparison of Figs. 2 and 3 it follows that the main fac-
tors, on which the uncertainty in the flux calculations
depends, are the cloud optical thickness and particle
shape. Analogous results were also obtained in [18, 44];
however, those findings indicate that the effect crystal
size on the radiative fluxes increases in the presence of
absorption.

3.2. Estimate of the Effect of Horizontal Inhomogeneity 
of Cirrus Clouds

To understand how the random cloud geometry
influences the average f luxes  we
choose the GHM model (Deff = 70 μm) and estimate
the quantities

(2)

where Fo–c is the solar radiative f lux, calculated by
simulating f luxes under the conditions of clear sky Fclr
and overcast clouds F (“open–closed” approximation
[22, 46]); and CF is the cloud fraction in fractions of
unity. This approximation is used to describe the radi-
ative characteristics in clouds, the vertical dimensions
of which are much smaller than the horizontal (stratus
clouds).

We will consider two different situations, associated
with the orientation of cloud bands: (1) Rx = 10 km,
Ry = 1 km (Fig. 4a) and (2) Rx = 1 km, Ry = 10 km
(Fig. 4b). For the analysis, we choose situations with
optically dense cirrus clouds (τ = 3), because with
growing COT, the relative role of cloud sides and the
radiation interaction of individual clouds increase,
and 3D cloud effects become more pronounced [22].

If the solar zenith angle is close to the zenith
(SZA = 30°), the inequality A < Ao–c holds indepen-
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Fig. 2. Variability ranges of (a, c) A and (b, d) Ts with variations in optical models of cirrus clouds, entering BYH3, for different τ
and SZA.
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Fig. 3. Dependence of the (a) A and (b) Ts variations on the shape for fixed effective particle diameter Deff and different τ and SZA.
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dent of the orientation of cloud bands (Fig. 5, left). This
is because the fraction of direct radiation weakly depends
on the cloud field structure for such illumination condi-
tions; and the formula A + Ts ≈ Ao–c + Ts, o–c holds for
scattered radiation in the case of conservative scatter-
ing and small As values. Almost all radiation leaves
through cloud tops and bottoms in the case of stratus
clouds (“open–closed” approximation); while in the
field, consisting of finite-extent clouds, a considerable
ATMOSPHERIC AND OCEANIC OPTICS  Vol. 34  No
part of the radiation may leave through the cloud
sides, experiencing, on average, fewer scattering events
than radiation leaving through the cloud top and bot-
tom. Since the scattering phase function is strongly
elongated in the “forward” direction, radiation leaving
through the cloud sides mostly contributes to trans-
mission, i.e., Ts > Ts, o–c and, hence, A < Ao–c.

For large solar zenith angles (SZA = 75°) the rela-
tionship between A and Ao–c depends on the cloud
. 6  2021



684 ZHURAVLEVA, NASRTDINOV

Fig. 4. Schematic illustration of arrangement of cloud field as a function of orientation of bands for different illumination condi-
tions: direct solar radiation is incident (a) along and (b) across the bands.
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Fig. 5. Dependences of the average albedo and diffuse transmission calculated with and without accounting for the horizontal cloud
inhomogeneity and of their average discrepancies on the cloud fraction for different SZA; GHM model (Deff = 70 μm), τ = 3.
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orientation relative to the direction of incident solar
radiation. If solar radiation is incident along elongated
bands (Rx = 10 km, Ry = 1 km), the role of cloud sides
is comparatively minor, and so we can assume that

(3)

As for SZA = 30°, this leads to the inequalities

(4)

If the radiation is incident across the bands (Fig. 4b),
cloud sides screen the direction “toward the Sun,” and
the contribution of scattered radiation increases in view
of a much smaller fraction of direct radiation, i.e.,
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(5)

For these parameters of the problem this inequality is
so strong that, in addition to the relationship

(6)

the analogous inequality also holds for the albedo,
namely

(7)

These quantitative estimates of the random geom-
etry effects show (Fig. 5) that the deviations due to the
open–closed approximation are maximal for the
fluxes of diffuse transmission: at CF = 0.3–0.5 the
Δ3DTs value varies from ∼ −10 to −20%, depending
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Fig. 6. Uncertainties of simulating (a, c) the average albedo and (b, d) diffuse transmission due to the absence of information on
cloud microstructure and to the neglect of the random geometry effects at CF = 0.5. Gray columns indicate the A and Ts vari-
ability ranges with variations in the cirrus cloud microstructure; horizontal lines indicate the average uncertainties; blue lines
indicate the errors due to the neglect of the horizontal inhomogeneity of the cloud layer.
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on the SZA and direction of the cloud bands. The
effect of the cloud random geometry on the mean
albedo is weaker, not going beyond the interval from 2
(SZA = 30°) to 5% (SZA = 75°) in absolute value. For
small optical thicknesses (τ = 0.3) the effect of the ran-
dom geometry on A and Ts is less significant, being
within 1–3% in absolute value.

3.3. Joint Effect of Microstructure and Stochastic 
Geometry on Average Solar Radiative Fluxes

We will consider the relationship between the
uncertainties in the albedo and diffuse transmission
calculations due to (1) the absence of information on
the microstructure of cirrus clouds ΔiF and (2) the
neglect of the effects of random geometry within a
known ice crystal model Δ3DFi, i = 1, …, NCi. Prelim-
inary calculations showed that the variability range of
the average f luxes due to variations in ice crystal shape
and sizes barely depends on the orientation of cloud
bands relative to the incident radiation; therefore,
ΔiF will be estimated by simulating mean radiative
fluxes for Rx = 1 km, Ry = 10 km.

Analysis of the differences in the average f luxes
among the entire set of the optical models i = 1, …, NCi
ATMOSPHERIC AND OCEANIC OPTICS  Vol. 34  No
shows that the variability range ΔiF does not exceed
4–5% in absolute value, the average being ± 2%, for
the moderate cloud fractions СF = 0.5 in the parame-
ter variability range considered here (Fig. 6). The
microstructure effect is less somewhat in broken than
overcast clouds (Figs. 2 and 6). For instance, ΔiF, i =
1, …, NCi decreases not as significantly (mainly by 1–
2%) at τ = 0.3; while at τ = 3 and SZA = 75°, ΔiTs

decreases by almost a factor of two: from (−6%,
+10%) to (−4%, +5%) for a relatively small change in
ΔiA (by ∼ 1–2%).

In the optically thin clouds, the average value of
uncertainty due to the absence of data on the crystal
shape and sizes ΔiF is comparable to Δ3DF i, i = 1, …,
NCi due to the use of horizontally homogeneous model
in the calculations, and is within 2% in absolute value
(Figs. 6a and 6b). As the COT increases to τ = 3 at
SZA = 75°, the cloud random geometry effect
increases: the neglect of the horizontal inhomogene-
ity in albedo and diffuse transmission calculations
leads to uncertainties in the ranges (−6%, 4%) and
(−20%, −10%), respectively, the average value of ΔiF
being ± 2%. We stress that, while  is underesti-
mated in the simulation of diffuse transmission in the

s
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open–closed approximation, the average albedo cal-
culations may either overestimate or underestimate
this characteristic (causes for this were discussed in
subsection 3.2; see also Fig. 5).

CONCLUSIONS
In this work we consider the results from statistical

simulation of albedo A and diffuse transmission Ts at
the TOA and underlying surface in cirrus clouds (visi-
ble range), with the purpose of comparing how they
are influenced by two factors, i.e., cloud microstruc-
ture and stochastic geometry.

The second and third versions of the model, sug-
gested by Baum et al. (BYH2 and BYH3), as well as
cirrus cloud models available from OPAC model, were
used to study the effect of the shape and sizes of cha-
otically oriented ice crystals. Analysis of the micro-
structure effect in overcast horizontally homogeneous
clouds with the optical thickness 0.3 ≤ τ ≤ 3, per-
formed at the first stage, showed that the scattered
radiative f luxes weakly depend on the angular struc-
ture of the scattering phase functions, and are deter-
mined mainly by the asymmetry factor. The estimate
of relative differences in radiative f luxes, calculated
using the BYH3 model (12 variants, depending on the
particle shape and effective diameter), showed that
the microstructure effect increases with COT: when
τ = 3, the ranges of uncertainties due to the absence
of information on particle shape and sizes are ∼ ± 15
and ∼ ± 10% in the A and Ts calculations, respectively.
As Deff increases from 10 to 120 μm, the crystal shape
effect intensifies, and the range of relative differences
changes from ∼ ± 5 to ∼ ± 15% for A and from ∼ ± 3
to ∼ ± 8% for Ts. In optically thin cirrus clouds with
τ = 0.3, the shape effect on the A and Ts calculations is
much weaker and does not exceed 2–3% in absolute
value.

Estimate of how the stochastic cloud geometry
influences the average f luxes of solar radiation is
obtained by comparing calculations in the Poisson
model of broken clouds in the open–closed approxi-
mation using one of BYH3 variants as an example. It
is shown that the random geometry effect, which is
maximal for moderate cloud fractions CF = 0.3–0.5
and τ = 3, depends on the orientation of elongated
clouds relative to the incident solar radiation and is
manifested most strongly for large solar zenith angles:
the average albedo can either be overestimated or
underestimated within 5%, while the average diffuse
transmission is underestimated within 10–20%.

The joint effect of the random geometry and
microstructure of cirrus clouds on the entire set of the
BYH3 model variants, considered here, is analyzed for
moderate cloud fractions (CF = 0.5). It is shown that
the average uncertainty due to the absence of informa-
tion on the microstructure is within ∼ ± 2%. This
uncertainty is comparable to the random geometry
ATMOSPHE
effects in optically thin clouds (<1–2%), while in opti-
cally dense clouds the range of errors due to the
neglect of cloud horizontal inhomogeneity increases,
being (−6%, 4%) and (−10%, −20%) in albedo and
diffuse transmission calculations, respectively.
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