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Clouds of Venus: Evidence for Their Nature

Abstract. The linear polarization of sunlight multiply scattered by the atmo-
sphere and cloud particles of Venus has been computed and compared with
observations over the wavelength range from the ultraviolet to the infrared region.
The following properties of the visible cloud layer are derived: the refractive
index of the cloud particles is 1.45 == 0.02 at a wavelength of 0.55 micron, and
there is an indication of a slight decrease in the value from the ultraviolet to the
near-infrared region; the mean particle radius is very near 1 micron, and most
of the particles are spherical; the cloud layer occurs high in the atmosphere
where the pressure is about 50 millibars (equivalent to an altitude of approxi-
mately 20 kilometers on the earth). The results for the index of refraction
eliminate the possibility that the visible clouds are composed of pure water or
ice.

The polarization of sunlight reflected
by Venus was first measured by Lyot
(1) in 1922. The amount of polariza-
tion observed was small (Fig. 1), but,
because of the high accuracy of the
measurements and the sensitivity of the
polarization to the optical properties of
the scattering medium, the observations
contain a large amount of information.
Coffeen and Gehrels (2) extended the
measurements to several wavelengths
from the near-ultraviolet region (A
= 0.34 p) to the near-infrared region
(A =0.99 p).

The fact that the mass of the Venus
atmosphere is large (p ~ 100 atm)
(3) assures that the polarization obser-
vations refer primarily to photons mul-
tiply scattered within the atmosphere
and not to reflections from a solid
planetary surface. A complete theoreti-
cal interpretation of the observations
must, therefore, be based on solutions
of the radiative transfer equation,
which takes multiple scattering into ac-
count. Exact solutions for a Rayleigh
atmosphere (gaseous molecules or par-
ticles with radius » < A) have been
obtained by Chandrasekhar (4), but,
as shown in Fig. 1, Rayleigh scattering
produces a polarization at visible wave-
lengths that is much larger than the
polarization observed on Venus.

Laboratory measurements, as well as
theoretical calculations for single scat-
tering by spherical particles, indicate
that the polarization of Venus is char-
acteristic of scattering by particles with
r~ A Using his laboratory measure-
ments, Lyot (1) estimated that clouds
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composed of water drops (refractive
index n, ~ 1.33) with r ~ 1.25 p would
be in agreement with his observations
of Venus. Coffeen (5), on the other
hand, compared the observations of
Coffeen and Gehrels (2) with calcula-
tions for single scattering by spheres
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and concluded that 1.43 <n,<1.55
and r ~ 1.25 p.

We have obtained numerical solu-
tions to the exact equations for the
multiple scattering of light (including
polarization) from a plane parallel at-
mosphere consisting of a mixture of
spherical particles and a Rayleigh gas
(6). The results are integrated over
the visible part of the planetary disk
to allow a comparison with the ob-
servations of Venus. The multiple scat-
tering calculations depend upon the
phase matrix for single scattering,
which may be calculated from the Mie
theory. The phase matrix, in turn, de-
pends upon the real refractive index
(7) and the particle size distribution
(8). The calculations were found to
be sensitive to the mean particle radius
and to the dispersion about the mean
radius, but insensitive to higher mo-
ments of the size distribution. For the
results presented below, the dispersion
of particle size about the mean radius
was adjusted to give close agreement
with the observed polarization. Hence,
the results, which are presented in Figs.
2 to 4, showing polarization as a func-
tion of the planet’s phase angle, depend
upon two parameters: the index of re-
fraction, n,, and the mean particle ra-
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Fig. 1. The pluses represent Lyot’s measurements of the polarization of the visual light
reflected by Venus (I). The theoretical curves are for Rayleigh atmospheres of dif-

ferent thicknesses.
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Fig. 2. The crosses show the observations of Coffeen and Gehrels of the polarization
of Venus at a wavelength of 0.99 u« (2). For each refractive index n. the theoretical
calculations are for the particle size giving best agreement with the observations: 7
= 0.6, 0.8, 1.1, 1.1, 1.2, and 1.2 u, respectively, beginning with n. = 1.33. The curves
for n. = 1.44 and 1.45 are indistinguishable for phase angles greater than 110°. The
albedo of Venus is assumed to be ~ 90 percent at A = 0.99 .
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Fig. 3. The crosses show the observations of Coffeen and Gehrels at A = 0.365 « (2).
The theoretical curves are computed with a fraction fr of the phase matrix being
Rayleigh scattering and a fraction -(1 — fr) being the Mie phase matrix for n. = 1.46
and 7 = 1.1 u. The albedo of the planet is assumed to be ~ 55 percent.

670

dius, 7. For observations at short wave-
lengths, where Rayleigh scattering is
important because of its 1/A* depen-
dence, the fractional contribution of
Rayleigh scattering was an additional
parameter.

The sensitivity of the theoretical
computations to changes in the refrac-
tive index is illustrated by Fig. 2 which
includes Coffeen and Gehrels’ observa-
tions at A = 0.99 u. For each refractive
index that particle size is shown that
gives the best overall agreement for all
wavelengths from 0.34 to 0.99 p. The
minimum near a phase angle of 15°
is the glory, which arises from surface
waves generated on spherical particles
by edge rays; the glory is very broad
at this wavelength because of the small
size parameter x = 2 7 #/A. The broad
maximum near a phase angle of 30°
is the primary rainbow, which arises
from rays internally reflected once in
spherical particles; this feature becomes
increasingly distinct toward shorter
wavelengths.

At visual and shorter wavelengths
there is a nonnegligible contribution
from Rayleigh scattering, which may
be estimated best from the ultraviolet
observations. Figure 3 shows the re-
sults of calculations at A =0.365 u
for a model with a uniform mixture of
spherical cloud particles and Rayleigh
scatterers (9). The derived amount of
Rayleigh scattering may then be used
to obtain the pressure at a level of
significant optical depth (v~ 1) in
the clouds (5, 10); the result is ~ 50
mb, which, for comparison, corre-
sponds to the pressure in the earth’s
stratosphere at ~ 20 km.

The visual observations of Lyot and
the intermediate-bandwidth observa-
tions of Coffeen and Gehrels at A =
0.55 pu are shown in Fig. 4. The theo-
retical curves illustrate the sensitivity
of the polarization to variations in the
particle size, and they indicate that
the mean particle radius is ~ 1.1 .
The agreement is closer with the in-
termediate-bandwidth observations of
Coffeen and Gehrels than with the
broad-bandwidth observations of Lyot;
this result is not surprising since the
calculations are monochromatic, The
discrepancy with Lyot’s observations
for phase angles greater than 150°
may not be too significant because the
observations are least certain there and
because the accuracy of the plane paral-
lel approximation at large phase angles
has not yet been determined. However,
the discrepancy would be reduced with
a narrower distribution of particle sizes,
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and it is significant that this positive
polarization feature would be lost from
the theoretical curves for broad size
distributions.

A study of all of our results shows
that the best fit to the observations oc-
curs with a refractive index which de-
creases from ~ 1.46 in the ultraviolet
region to ~ 1.43 at A = 0.99 pu; the
uncertainty in 7, is 0.02 at each wave-
length (/7). The mean particle radius
is 1.1 =0.1 u.. Most of the particles
must be spherical: the glory and rain-
bow are predicted for spheres but they
are not expected for irregular particles.
It cannot be argued that irregular par-
ticles might appear “fuzzy,” and hence
nearly spherical, for wavelengths
A ~ r because the rainbow becomes in-
creasingly sharp for shorter A, as sharp
as predicted for spherical particles.
The dispersion in particle sizes in a unit
volume and over the whole planet
(within the upper cloud layer) is
amazingly small; this result is unex-
pected for dust, but it is not unusual
for a liquid in which condensation-
evaporation is the primary determinant
of particle size. The particle shape and
the dispersion of particle sizes taken
together strongly suggest that the cloud
particles are liquid.

It should be emphasized that the
cloud properties derived from the
polarization refer to the top part of
the clouds. Intensity measurements,
for example, of absorption lines, in-
clude information on deeper layers
where the cloud particle properties
may differ and the pressure is certainly
greater. This must also be borne in
mind when one considers the color and
spectral reflectivity of Venus. Never-
theless, the “polarization clouds” must
be equated with the “visible clouds” of
Venus; the “polarization clouds” have
a significant optical depth on a planet-
wide basis. The fact that these clouds
have a substantial optical thickness
high in the atmosphere, where p s 50
mb, only makes them all the more
puzzling. It should also be emphasized
that the visible clouds are composed
of particles with a single refractive
index (note, for example, the sharp
rainbow in the ultraviolet); they can-
not be composed of a mixture such as
dust and water.

The above results stringently narrow
the list of possible materials compos-
ing the visible clouds of Venus; indeed,
most of the materials that have been
proposed may be ruled out. The polar-
ization data are incompatible with solid
particulates such as SiO,, NaCl,
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NH,CI, and FeCl, on several grounds,
including their refractive indices. The
refractive indices for pure water
(H,O0) and ice are much too small,
whereas the refractive indices for Hg
and Hg compounds are much too
large. Of course, the polarization re-
sults do not rule out the possible exist-
ence of these materials in some cloud
deck beneath the visible clouds.
There are some cloud particle mate-
rials that have been discussed in the
literature but that have uncertain re-
fractive indices. Lewis (12), using the
observed abundances of HCI and
H,0, predicted that cloud particles
composed of an aqueous solution of
hydrochloric acid (HCI-H,0), with
~ 25 percent HCl by weight, should
exist at the ~ 50 mb level if the tem-
perature in this region is as low as
205°K. The Mariner 5 results are un-
certain at this altitude but are not nec-
essarily inconsistent with temperatures
this low (I3); theoretical models (14)
predict temperatures on this order. The
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refractive index of HCI-H,O is 1.39
for an HCl concentration of 25 per-
cent at 291°K and A = 0.589 u (15);
the refractive index does not increase
significantly for the lower temperatures
expected in the Venus clouds (76).
On the basis of presently available
data, it appears that clouds composed
of HCI-H,O are not in agreement with
the polarization results.

Carbon suboxide (C40,), which has
been proposed as a cloud particle ma-
terial (17), has a refractive index of
1.454 at A = 0.589 u for a tempera-
ture of 273°K (18), and hence it is
not clear whether or not C30, has an
acceptable value at T = 200° to
240°K. However, the primary difficulty
with C30, is the spectroscopic upper
limit on the abundance of its vapor
(19), which is a few orders of magni-
tude less than the amount required in
the stratosphere of Venus for equilib-
rium with the condensate of the mono-
mer. Although the low polymers of
C3;0, have a lower vapor pressure and
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Fig. 4. The pluses represent the visual observations of Lyot (), and the crosses are
the intermediate-bandwidth observations of Coffeen and Gehrels at A\ = 0.55 u (2).
The theoretical curves are for n. = 1.45 with several values for the mean radius 7.
The albedo of Venus is assumed to be ~ 87 percent, and the Rayleigh scattering de-
termined in the ultraviolet region (fr = 0.045) is included after reduction by a \* law.
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are yellowish like Venus, there are
many unanswered questions about the
substance (Are the low polymers
liquid? Is their vapor pressure low
enough for the gas to go undetected?
What is the refractive index? Are the
low polymers stable at the expected
temperatures and pressures? Are suf-
ficient production rates plausible?).
Carbon suboxide is hence a very un-
certain material, but laboratory studies
of it would be useful.

It is conceivable that water of hy-
dration could reduce the refractive in-
dex of some minerals to n,~ 1.45
(20) or that dissolved salts may raise
the refractive index of water sufficient-
ly. However, such possibilities are very
speculative without independent evi-
dence for a particular material.

In summary, the comparison of po-
larization observations with theoretical
calculations has accurately yielded the
optical properties of the visible clouds
of Venus. These properties rule out
most of the materials that have been
suggested for these clouds, including
water and ice. An aqueous solution of
hydrochloric acid (HCI-H,0) and
carbon suboxide (C3;0,) are not abso-
lutely excluded, but the likelihood for
either is not high. A new look at the
question of the Venus cloud composi-
tion seems in order.

JaMEes E. HANSEN
ALBERT ARKING
Goddard Institute for Space Studies,
National Aeronautics and Space
Administration, New York, New York
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Microbial Degradation of Organic Matter in the Deep Sea

Abstract. Food materials from the sunken and recovered research submarine
Alvin were found to be in a strikingly well-preserved state after exposure for
more than 10 months to deep-sea conditions. Subsequent experiments substan-
tiated this observation and indicated that rates of microbial degradation were
10 to 100 times slower in the deep sea than in controls under comparable

temperatures.

On 16 October 1968, the research
submersible Alvin of the Woods Hole
Oceanographic Institution sank in
about 1540 m of water, 135 miles
southeast of Woods Hole, Massachu-
setts. The accident occurred when, be-
cause of a broken cable, the vessel
dropped into the sea with an open
hatch and sank after the crew of three
escaped safely. A photograph taken on
13 June 1969 by U.S.N.S. Mizar prior
to the retrieval operations showed the
position of the vessel on the sea floor,
the hatch still being open (Fig. 1).
On 1 September 1969, Alvin was
brought to the surface (/). Among

the items recovered was the crew’s
lunch consisting of two thermos bottles
filled with bouillon and a plastic box
containing sandwiches and apples.
From general appearance, taste, smell,
consistency, and preliminary bacterio-
logical and biochemical assays, these
food materials were strikingly well-
preserved. When kept under refriger-
ation at 3°C, the starchy and pro-
teinaceous materials spoiled in a few
weeks.

Possible implications of this unex-
pected finding led us to make some
additional observations. The environ-
mental conditions at a depth of 1500
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