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Abstract. The influence of a dense molecular atmosphere under a cloud layer on spectral albedo of a
planet is investigated. The lengths of paths of protons in the clouds are calculated. Experimental
spectral transmission functions were used to calculate gas absorption. The results are compared with
experimental data.

Our attempts of numerical modelling of the reflection spectrum have, among numerous
other attempts, the following particular features:

(a) the influence of the molecular underlayer is investigated,

(b) the absorption in bands of CO, gas is taken into account rather completely,
together with multiple scattering and absorption by cloud particles.

1. The Spectral Albedo in the Visual Range

Almost the whole optical thickness due to molecular scattering is in the layer z< 50km.
If the lower boundary of the cloud is not below 50 km, it is reasonable to consider a
two-layer system: the cloud, and the pure molecular atmosphere below it.

The problem was: given the known optical properties of the molecular layer (the
Rayleigh optical thickness, 7y _;; the scattering function, yg (¢); and the single scat-
tering albedo, w=1), and for given models of the cloud layer (the size distribution of
cloud particles and their refractive index), to find the spectral optical thicknesses of
the cloud that reproduce the experimental albedo spectrum.

Two models were considered :

1.1. A cloud layer similar to terrestrial clouds: r,,.4 =10 um, having Deirmendjian’s
scattering function with mean cosine of the scattering angle 0.83. In this case 1,=
=const, and with 7, =60 the calculated albedo corresponds to the measured one, as
Figure 1 shows. The decrease of the albedo A4, with wavelength above 0.6 um is due to
to include absorption. The cross on the curve at 1, =0.55 um denotes. the value of 4,
with w=0.998.

1.2. The second model has r, .4 =1.1 um; n=1.44, as the polarization measurements
suggest. In this case the optical thickness of the cloud and the scattering function
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Fig. 1. The measured (full line) and the calculated (crosses) albedo of Venus for 7 = 60.

TABLE 1
Wavelength dependence of cloud parameters
2 . TR,2 T Nx10-8
(um) (part cm~2)
0.69 79 13.0+1.5 1.5
0.86 33 8.5+0.5 1.2
1.14 1.1 13.54+0.5 1.0

change significantly with the wavelength. The scattering functions are less elongated
than for larger particles. Therefore, the optical thicknesses obtained are smaller, as
Table I shows. The last colum in the table gives the number of cloud particles per unit
cross section in the whole cloud column,

T

N=—,

K

where K is the scattering cross section.
The spectral dependence of N is weak, which confirms our approach.

2. The Infra-Red Range

The difficulty in modelling the infra-red reflection spectrum comes from the line
structure of the absorption spectra of gases. The concepts of the absorption coefficient
and the radiative transfer equation retain their meanings only for monochromatic
radiation. Therefore, calculations of the reflection spectrum of Venus include, as a
rule, multiple scattering and absorption by cloud particles, but only indirect evalua-
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tions of the gas absorption are presented. Such evaluations are insufficient to examine

the possibility of water clouds.
We used the approach to study the paths of photons in a scattering medium of van
de Hulst, Irvine, Romanova, and the Monte-Carlo technique. The reflected flux at the

upper boundary of the atmosphere is equal to:

9

Fy= f Jar(l) Pay[My; + Q&;I] exp[— 0] dl.
0 .

Here J,, is the distribution of paths / of photons for pure scattering of the reflected
light. This function was calculated by the Monte-Carlo method. P,, (M ) is the trans-
mission function for CO,. Experimental data for Av=25 cm~! were used. M, is the
gas mass along the slant path above the cloud:

M,, = (sec{ + secf)jg(z) <plfz)> dz,
o

where z, is the upper boundary of the cloud; p, the pressure, p,=1 atm; {, the zenith
distance of the Sun; {, the mean zenith angle of propagation of the reflected light above
the cloud; g, is the mean density of CO, within the cloud, or in the upper part of the
cloud; a,;, the spectral absorption coefficient of cloud particles.

An ice cloud model was considered. In Figures 2 and 3 models of ice clouds (n=1.33;
r=1.1 ym) are given, without (Figure 2) and with (Figure 3) absorption by CO, mole-
cules. In both cases M =0, i.e. the absorption above the cloud is neglected.

The spectral geometric albedo is considered relative to its value at A=1.85 um. The
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Fig. 2. The spectral albedo without CO:z absorption. Curves 1 and 5 — the averaged data of Kuiper
and Bottema: 2 — calculations for { = 45°, 7 = 20; 3 — ditto but { = 70°; 4 — ditto but { =45, 7 = 10.
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Fig. 3. The spectral albedo with COz absorption. Curves: 1 - experimental data as in Figure 2;
2 — calculations for {=70°; 1=20; 3 - ditto but {=45° 4 — ditto but {=10°

thick line is the averaged experimental data of Kuiper (at A<1.8 um) and Bottema
(at A>1.8 um). The figures show that the ice absorption is small compared to CO,
absorption. So the suggestion of an ice cloud may not contradict the reflection
spectrum.

The optical depth of the cloud was varied in the range 10-20 with little influence on
the reflection. It is still less influenced by the medium under the cloud. The figures
show the effect of the zenith distance of the Sun - the bands become deeper as the Sun
rises. In Figure 4 the calculations are compared with the corresponding experimental
data and the fine spectral structure is shown. Figure 5 gives the results of calculations
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Fig. 4. The reflection spectrum with fine spectral structure. Full line - measurements; dashed
line — calculations.
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Fig. 5. The calculated reflection spectrum for a = 67°. Curves 1 and 2: two cloud layers with upper
boundaries at z; = 70 km and z2 = 72, curve 1: t* = 1, curve 2: t* = 2, curve 3: only the lower cloud.

for two-layer cloud models. The absorption of CO, above and between the clouds is
also taken into account. The calculations were made for a phase angle « of 67°.

3. Conclusions

The following conclusions were drawn from the consideration of the two cloud layers:

The addition of a thin upper cloud leads to a decrease of the band equivalent
widths, compared with the case of one lower cloud. The intensity of the reflected
radiation is very sensitive to the small optical thickness t* of the upper cloud. The
sensitivity is especially significant for strong bands.

The explanation of the phenomena described is that the number of photons reflected
from the upper cloud increases with t*, and for these photons the abundance of CO,
along the path is small.

In dealing with Venus we have to remember that there may be several cloud layers,
and the situation is much more complicated than is usually considered in the spectro-
'scopic evaluations of the water vapour abundance.

The optical thickness of the lower cloud is 30, its upper boundary at z; =70 km.
The lower cloud is in the layer 71-72 km, its optical thickness is 1 or 3.
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